

[image: Above and below-ground bacterial communities shift in seagrass beds with warmer temperatures]
Above and below-ground bacterial communities shift in seagrass beds with warmer temperatures





ORIGINAL RESEARCH

published: 08 May 2024

doi: 10.3389/fmars.2024.1374946

[image: image2]


Above and below-ground bacterial communities shift in seagrass beds with warmer temperatures


Luke DA. Walker 1,2,3*, Paul E. Gribben 2, Tim M. Glasby 2,4, Ezequiel M. Marzinelli 3, Deepa R. Varkey 1,5 and Katherine A. Dafforn 1


1School of Natural Sciences, Macquarie University, Sydney, NSW, Australia, 2Centre for Marine Science and Innovation, School of Biological, Earth and Environmental Science, University of New South Wales, Sydney, NSW, Australia, 3School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW, Australia, 4NSW Department of Primary Industries, Port Stephens Fisheries Institute, Taylors Beach, NSW, Australia, 5The Australian Institute of Marine Science, Townsville, QLD, Australia




Edited by: 

Michael Rappe, University of Hawaii at Manoa, United States

Reviewed by: 

Myrsini Chronopoulou, Conidia Bioscience Ltd, United Kingdom

Xia Zhang, Chinese Academy of Sciences (CAS), China

*Correspondence: 

Luke DA. Walker
 luke.walker3@hdr.mq.edu.au


Received: 23 January 2024

Accepted: 28 March 2024

Published: 08 May 2024

Citation:
Walker LD, Gribben PE, Glasby TM, Marzinelli EM, Varkey DR and Dafforn KA (2024) Above and below-ground bacterial communities shift in seagrass beds with warmer temperatures. Front. Mar. Sci. 11:1374946. doi: 10.3389/fmars.2024.1374946



Current rates of ocean warming are predicted to exacerbate ongoing declines in seagrass populations. Above-ground responses of seagrass to increasing temperatures have been studied from a direct physiological perspective while indirect effects, including changes to microbially-mediated below-ground processes, remain poorly understood. To test potential effects of increased temperature on seagrass growth and associated microbial communities, we sampled seagrass beds experiencing ambient and elevated water temperatures at Lake Macquarie, Australia. Sites with warmer water were associated with a plume from a power station discharge channel with temperatures analogous to conditions predicted by 2100 under current rates of ocean warming (+3°C). The microbial community composition in both sediments and leaf tissues varied significantly between warm and ambient water temperatures with higher relative abundances of putative sulphate-reducing bacteria such as Desulfocapsaceae, Desulfobulbaceae and Desulfosarcinaceae in sedimentary communities in warm water. Above-ground biomass and seagrass growth rates were greater at warm sites while below-ground biomass and detrital decomposition rates showed no difference suggesting potential buffering of temperature effects below-ground. These findings suggest a 3°C rise in temperate regions is unlikely to induce mortality in seagrass however, it may shift microbial communities towards more homogenous structure and composition.
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1 Introduction

The world’s oceans have been warming by approximately 0.13°C decade-1 over the past 100 years, with mean global ocean temperatures predicted to rise 1-4°C by 2100 (Howes et al., 2015) Temperatures in shallow estuaries that have restricted water exchange with the ocean appear to be rising at a greater rate than oceanic waters, e.g. 2.16°C over the last 12 years in New South Wales, Australia (Scanes et al., 2020). This rise in temperature is having negative effects on marine and estuarine habitats including macrophytes such as seagrasses (Chefaoui et al., 2018; Babcock et al., 2019). Although slight temperature increases can in some cases enhance seagrass growth rates, once a species’ thermal threshold is reached, there can be negative impacts (York et al., 2013; Anton et al., 2020; Nguyen et al., 2021). For example, prolonged marine heatwaves up to 3°C above ambient have caused seagrass mortality in temperate and subtropical regions (Marba and Duarte, 2010; Thomson et al., 2015; Serrano et al., 2021; Jung et al., 2023). While responses of some seagrasses to temperature changes have been well studied, the response of microbes and the role they play in ameliorating these environmental stressors has rarely been investigated (Garcias-Bonet et al., 2016; Fuggle et al., 2023).

Seagrasses host a wide variety of microorganisms on their leaves, rhizomes, roots, and in surrounding sediments (Weidner et al., 2000; Uku et al., 2007; Garcias-Bonet et al., 2016). Below-ground microbial processes in the plant rhizosphere govern much of the above-ground attributes of plants (Gribben et al., 2017; Wardle et al., 2004; Lugtenberg and Kamilova, 2009). Microbes can also influence growth, health, and productivity of seagrasses, and thus underpin ecosystem services such as nursery habitat, carbon sequestration, and coastal protection provided by seagrasses (Ugarelli et al., 2017; Brodersen et al., 2018). Microbes can have negative effects on plant performance through parasitism, resource competition, and pathogenesis, however, many microbes in the same physical niche can benefit host plant performance through nutrient acquisition and hormone production (Hansen et al., 2000; Mendes et al., 2013; Tarquinio et al., 2019; Tarquinio et al., 2019; Fuggle et al., 2023). Environmental stressors such as warming temperatures may disturb microbes above and below-ground which could in turn have serious implications for seagrass function (Seymour et al., 2018). Therefore, understanding how below-ground processes and microbial communities interact within seagrass meadows may be critical to our understanding of sediment function and important for the resilience and conservation of seagrasses under multiple environmental stressors.

While microbes associated with seagrass leaves, rhizosphere (i.e. root structure and sediment particles in-between and in close contact with the roots), and surrounding sediments all play important roles in the health and functioning of seagrasses, the microbes which occupy the rhizosphere and sediments in seagrass meadows are considered to be the most vital as they can influence below-ground processes in seagrass meadows (Gribben et al., 2017; Brodersen et al., 2018; Gribben et al., 2018; Martin et al., 2020). Seagrasses, commonly thrive in anoxic sediments because they can transport oxygen from their leaves to their rhizosphere (Borum et al., 2007) and their root-associated microbes can oxidise toxic sulphides (Martin et al., 2020). Further, microbes, both above and below-ground, in seagrass meadows can alter biogeochemical processes and maximise the positive metabolic responses required for seagrass to survive under stress (Lehnen et al., 2016; Crump et al., 2018). For example, bacteria provide a mechanism for sulphide oxidation, ammonium production, nitrogen fixation, and absorption of nutrients within seagrasses (Hemminga et al., 1991; Hansen et al., 2000; Cifuentes et al., 2003). In this example, seagrasses provide habitat and energy sources to hosted microbial assemblages through the exudation of nutrients while the microbes are benefiting from protection from environmental stressors (Kirchman et al., 1984; Holmer et al., 2006; Ugarelli et al., 2017). Changes in microbial communities can result in seagrasses becoming more susceptible to disease, environmental change, and competition with invasive species (Gribben et al., 2018; Tarquinio et al., 2019; Fuggle et al., 2023).

Interactions between seagrasses and their associated microbes have garnered increasing attention but little is known about the effects of temperature on seagrass microbes and the consequences for ecosystem functions (Seymour et al., 2018). It is possible that increased water temperature will have the greatest impact on above-ground components (e.g., leaf tissue production) and processes (e.g., photosynthesis and nutrient cycling) because of direct exposure in the water column, while below-ground components may be buffered by the limited water exchange between water column and sediment bed (York et al., 2013; Sawall et al., 2021; Marbà et al., 2022).

Generally, increases in temperature lead to increases in microbial metabolism and growth, until temperatures exceed the optimal thermal range of the microbes (Pendall et al., 2004; von Lützow and Kögel-Knabner, 2009). Different species of microbes have different functions and different thermal tolerances. For example, in plant-microbial interactions, when temperatures exceed the optimal range, above-ground microbes have fewer beneficial effects on plants and can have detrimental effects, such as increased physiological costs (i.e., respiration rates) (O’Brien et al., 2020). Seagrasses can release organic compounds and exudates into the surrounding sediment, which can attract and support different microbes (Mohapatra et al., 2022). This can occur through a variety of mechanisms, including competition for resources, adaptation to environmental conditions, and interactions with other members of the microbial community (Cúcio et al., 2016; Lin et al., 2021). When certain microbial species are favoured or selected over others in a particular environment this is known as selection. As some proportion of microbial composition is selected by environmental conditions (Zhang et al., 2020), we predict that elevated temperatures may reduce variation in diversity of above and below-ground microbial communities because some thermal tolerances will be exceeded, leading to selection of a more consistent group of microbes with similar environmental functions.

The aim of this study was to investigate changes in above and below-ground microbial communities, and seagrass productivity in meadows of the seagrass Zostera muelleri subsp. capricorni (Asch.) (Hereafter referred to as Z. muelleri) in response to consistently elevated water temperatures (+ 3°C above ambient; ambient: 18°C in winter to 26°C in summer; warm: maximum 30°C in summer) created by a coal-fired power station. Specifically, this study determined differences in above- (seagrass leaf biomass and growth rates) and below-ground processes (root and rhizome biomass and detrital decomposition rates) and microbial communities between ambient water temperatures and elevated water temperatures. Z. muelleri was selected as the target species of the study because it has a wide geographical range across temperate and tropical coastal regions in the southern hemisphere (Short et al., 2007) and is susceptible to stressors associated with climate change, particularly temperature (Valle et al., 2014; Lefcheck et al., 2017). Finally, this study also examined which above and below-ground abiotic variables, independent of temperature (e.g., sediment properties and water quality), accounted for differences in seagrass productivity, detrital decomposition, and above and below-ground bacterial communities.

We hypothesised that the warm conditions would enhance seagrass productivity given the thermal optimum for Z. muelleri is ~27°C with negative effects not apparent until 32°C (York et al., 2013). We also predicted that detrital decomposition would be greater at warm sites because decomposition in typical anoxic sediments occurs via microbial mediation which can increase with warming temperatures (Trevathan-Tackett et al., 2017). Due to the temperature sensitive nature of many bacteria, we also predicted differences in composition of both leaf tissue and sedimentary bacterial communities between warm and ambient sites. Specifically, we predicted a reduction in variation between bacterial community assemblages in warm sites both above and below-ground in accordance with the stress gradient hypothesis which suggests that communities may tend towards higher homogeneity in stressful environmental conditions (Bertness and Callaway, 1994).




2 Methods


2.1 Survey location and sampling design

We used a thermal plume in Lake Macquarie (NSW, Australia) as analogue to future estuarine conditions under current rates of warming. Lake Macquarie is one of the largest saltwater coastal lakes in Australia, which has predominantly urbanised catchments. Lake Macquarie is a wave dominated estuary with a restricted permanent opening to the Pacific Ocean to the east, which results in limited water exchange and < 0.1 m tidal variation (Ingleton and McMinn, 2012) and freshwater inputs from Wyee Creek, Dora Creek, and Cockle Creek to the south, west and north respectively. The plume enters Myuna Bay on the western shoreline of Lake Macquarie where estuarine water used to cool Australia’s largest power station has been discharged into the lake since 1980’s (Figure 1).




Figure 1 | Location of study sites within Lake Macquarie, Australia. Orange cross represents the warm water outlet. Blue points represent ambient sites and brown points represent warm sites.



Field surveys of Z. muelleri seagrass beds were conducted across seven sites (three warm and four ambient) in Lake Macquarie (Figure 1). The study sites located within this warm plume experienced an increase in water temperature of 2- 4°C above ambient (Ingleton and McMinn, 2012). Temperatures in this warm plume are analogous to IPCC predictions for global ocean temperature increases by the end of the century (Howes et al., 2015), thus it is an ideal system for investigating seagrass response to elevated water temperatures under current warming scenarios. All study sites were located on the western side of the lake at a minimum distance of 750 m apart (straight line) and were selected based on temperature profiles from previous studies (Glasby unpublished data). All sites were between 0.5-1 m water depth with large beds (extending >100 m from the shore) of Z. muelleri.

All sampling was conducted in the Austral summer during September 2020 and January 2021 (Supplementary Table 1). September sampling included: surveys of water and sediment quality, seagrass biomass, and the bacterial communities associated with seagrass sediments and seagrass leaf tissues while January sampling included seagrass growth rates and detrital decomposition rates. Each of these variables were collected from eight randomly selected plots (30 cm x 30 cm) at each site (total n = 56). Plots (30 cm x 30 cm) were ~2 m apart to maintain independent sampling. It is important to note the difference between warm and ambient temperatures did not change between sampling periods.




2.2 Environmental variables


2.2.1 Water and sediment variables

Temperature, dissolved oxygen (DO), pH and conductivity of the water were measured in situ at each site in September 2020 and January 2021 using a Multiparameter Water Quality Sonde (YSI, USA) deployed 0.5 m below the water surface and ~0.25 m above each replicate plot (n= 56).

Sediment pH and oxidation-reduction potential (ORP) were measured using an Orion Redox combination electrode (Thermo Fisher Scientific, USA) in each replicate plot. The probe was inserted into the sediments to a depth of 5-10 cm to sample around the seagrass rhizosphere and pH and ORP values recorded immediately (Marba et al., 2010).

Within each replicate plot, a 50 ml sediment core was collected from the top 10 cm of the seagrass bed for particle size analysis and to determine organic matter. Any visible organic matter (seagrass matter, shells, leaves, sticks etc.) and excess water was removed from the sample before storage on ice for transport to the laboratory where samples were frozen at -20°C.




2.2.2 Sediment analyses

To determine the particle size distribution at each site and to test for relationships with seagrass productivity and bacterial community measures, particle size analysis by laser diffractometry was conducted on all sediment samples following manufacturer’s protocols with minor alterations (Malvern Instruments 2007). Firstly, a 30 g (wet weight) sediment sub-sample from each replicate plot was treated with hydrogen peroxide (30% H2O2) for at least 12 h to remove all organics. Sub-samples were stirred once for 30 s to ensure complete reaction with the hydrogen peroxide. Sub-samples were then centrifuged at 2,000 rpm for 5 min. Excess hydrogen peroxide was then removed by pouring off the top layer without losing any fine sediment particles. The remaining sediment was transferred into a new beaker. Sub-samples were then wet sieved with a 2 mm aperture sieve, transferred to a new beaker and mixed using a mechanical stirrer to ensure complete dispersion before a subsample was extracted using a pipette. Each subsample was measured in the Mastersizer 2000 laser diffraction particle size analyser (Malvern Instruments, UK) with particle refractive index of 1.54 and water refractive index of 1.33. Each sub-sample was analysed three times using a measurement time of 30 s. The average particle size distribution of the three runs was used as this is considered most representative of the true particle size distribution (Šinkovičová et al., 2017). Grain sizes were classified into two different categories: fines (0.01-62 μm) and sand (62.5-2000 μm).

Loss-on-ignition (LOI) was analysed with a Lindberg Blue box furnace to measure the organic matter (OM) of sediment sub-samples at each site and to observe relationships with seagrass productivity and bacterial community measures. Firstly, the sample was homogenised and ~3 g (wet weight) sediment was sub-sampled into a pre-weighed crucible. Sediments were then dried at 105°C for at least 12 h and weighed again to obtain dry weight. The crucible was then placed in the muffle furnace at 560°C for 12 h. The sample was then weighed immediately after being taken out of the furnace to obtain ash dry weight. The weight before entering the furnace minus final weight equals the percentage of organic carbon loss on ignition (Wang and Wang, 2011).





2.3 Bacterial assemblage analysis


2.3.1 Above and below-ground bacterial assemblages

For assessing the above-ground microbial assemblages, seagrass leaf samples were collected aseptically from each replicate plot (same plots used for measuring seagrass biomass and environmental variables) by cutting 5-10 shoots at their base and placing them in a sterile 50 ml centrifuge tube. To assess below-ground bacterial assemblages, sediment samples were collected aseptically from each replicate plot by inserting a 50 ml centrifuge tube into the top 10 cm of sediment (the same depth as for sediment pH and ORP), ensuring minimal seagrass leaf fragments and infauna were collected. Samples were immediately put on ice and frozen at -80°C within 5 h of collection.




2.3.2 DNA extraction

For the leaf and sediment samples, genomic DNA was extracted from 0.25 g of plant tissue or sediment, using bead beating and chemical lysis with the DNeasy PowerSoil Pro Kit (QIAGEN, Germany) according to the manufacturer’s standard instructions. DNA concentrations and potential contamination were evaluated using a Nanodrop-1000 spectrophotometer (Thermo Fisher Scientific, USA).




2.3.3 Bacterial community characterisation

To examine bacterial community composition, the 16S rRNA gene was amplified with the universal forward primer 27F (V1) (5′-AGAGTTTGATCMTGGCTCAG-3′) and the universal reverse primer 519R (V3) (5′-CGGTTACCTTGTTACGACTT-3′) (Weisburg et al., 1991). The V1-V3 region was polymerase chain reaction (PCR) amplified using 35 cycles at the temperatures of 94°C for 30 s, 55°C for 10 s and 72°C for 45 s. The resultant amplicons were visualised on 1% agarose gel with GelRed (1:10000). We included a positive and no template control in 60 PCR reactions.

Genomic DNA was used to prepare DNA libraries with the Illumina TruSeq DNA library preparation protocol. Sequencing was performed on the Illumina MiSeq platform at Ramaciotti Centre for Genomics (UNSW Sydney, Australia). All raw sequences and meta-data have been uploaded to NCBI Sequence Read Archive (SRA) under BioProject ID: PRJNA925291.





2.4 Seagrass productivity metrics and detrital decomposition rates


2.4.1 Above and below-ground biomass

Within each plot, a seagrass biomass sample was collected by inserting a PVC core (10 cm diameter) 15 cm into the sediments (Jacobs, 1979). The material collected above and below the sediment surface was rinsed with seawater in the field to remove excess sediment and placed in a Ziplock sample bag. All samples were placed on ice for transportation and stored at -20°C until processing.

All biomass samples were washed with tap water to remove all remaining mud, sand, shell grit and gravel. Above-ground seagrass biomass samples (all shoots and flowering shoots) were cut at the point where they intersected the rhizome (Jacobs, 1979). The separated above and below-ground materials were oven-dried at 60°C for at least 72 h to constant weight and then weighed to obtain total above and below-ground biomasses (dry weights). Total biomass was then calculated using the combined weight of the above and below-ground biomass values.




2.4.2 Growth rates

At each site, all Z. muelleri plants within three 5 x 5 cm plots (~2 m apart, depth 0.5-1 m) were marked using a pin prick method to assess growth rates. Specifically, two small holes were made in the sheath region of each shoot using a sharp probe to create two corresponding reference scars (Short and Duarte, 2001). One scar was on the sheath which does not grow, and the other on the leaf blades inside the sheath which continues to grow. All plants within each plot were resampled after 10-11 d using a trowel for collection and were placed on ice for transport and stored at 4°C until analysis.

Plants were rinsed in the laboratory to remove all sediment and the below-ground components of the plants were discarded leaving only the marked shoots. The entirety of each marked shoot was then cut at the bottom of each shoot’s lowest corresponding reference scar and above the highest reference scar (Short and Duarte, 2001). The remaining plant tissue between the reference scars is the new growth which developed between the time of marking and time of sampling. The combined new leaf tissue for the five shoots was oven dried at 60°C for at least 72 h and weighed to obtain an average value of new growth per shoot per day between shoot marking and collection (Short and Duarte, 2001).




2.4.3 Detrital decomposition rates

A detrital decomposition experiment was conducted to examine the rate at which seagrass detritus decomposed within seagrass sediments. Three sample bags (~2 L each) of wet Z. muelleri detritus were collected from each site to prepare litter bags. All detritus was mixed and dried for at least 72 h at 60°C.

For the decomposition experiment, green, senescent Z. muelleri leaf detritus was added to 1.0 mm nylon mesh litter bags (whole leaf detritus ~10 g dry weight in 15 cm × 15 cm bag: nylon mesh from Allied Filter Fabrics Pty Ltd., NSW, Australia). Litter bags enable tracking of seagrass biomass loss and have been used previously in decomposition studies (Harrison, 1989; Mateo and Romero, 1996; Trevathan-Tackett et al., 2020b). To replicate natural decomposition conditions, litter bags were secured to the sediments using metal stakes. Three litter bags per site were secured 10-20 m from shore at a depth of 0.5-1 m, central to the meadow and left 13 - 14 d before being collected. Each bag was then washed thoroughly to remove any sediment from the bags taking care to ensure that no detrital matter was lost. Litter bags were then dried in an oven at 60°C for at least 72 h and then the detritus was weighed. Dry weight after decomposition was then compared to dry weight before decomposition to determine the percentage of detritus that had decomposed.





2.5 Statistical analyses


2.5.1 Bioinformatics

FASTQ files were quality trimmed [maximum truncation lengths of 290 bps (forward) and 260 bps (reverse; maximum expected error of 2 (forward) and 6 (reverse)]. Sample inference was made using the core DADA2 denoising algorithm to reconstruct exact Amplicon Sequence Variants (ASVs) and filter rare ASVs and chimera sequences. After denoising, paired reads were merged to unique sequences and ASV taxonomic classifications were obtained using the SILVA reference database (v. 138). Quality of sampling and processing was also assessed through the calculation of Good’s coverage and rarefaction curves. From this table, chimera removal was done through a consensus method and with a conservative approach (Callahan et al., 2016). Chloroplast, archaea and mitochondria were removed from the ASV table prior to statistical analysis. All steps of this pipeline were done using the dada2 package (Callahan et al., 2016) in R Studio (V.3.6 R Core Team 2017).




2.5.2 Bacterial community

ASVs from sedimentary and leaf tissue bacterial datasets were removed if their total abundance was <0.01% of the total dataset. Each dataset was then standardised for sequencing depth by dividing each cell by total reads per sample.

Sedimentary and leaf surface tissue bacterial community data were compared between temperature category (fixed, two levels: warm versus ambient) and sites (random, 3 levels for warm and 4 levels for ambient) using PERMANOVA (Anderson, 2005) in the PERMANOVA+ add‐on for primer V7 (PRIMER‐E, UK) (Clarke and Gorley, 2006). Bray–Curtis similarity matrices were generated using square root‐transformed relative abundance (community structure) of ASVs or ASV presence/absence (community composition), using 999 permutations of residuals under a reduced model. Bacterial diversity within temperature categories (alpha diversity) was estimated using, Shannon and Chao1 diversity indices on rarefied ASV data.

PERMANOVA was also used to generate estimates of components of variation for fixed and random effects to compare the relative importance of each factor in explaining total variation in the model (Underwood and Chapman, 1996; Anderson, 2007). Multivariate patterns in bacterial assemblages were visualised using non‐metric multidimensional scaling (nMDS) derived from Bray–Curtis similarity matrices (PRIMER-E).

Relationships between environmental variables and bacterial community structure and composition were identified using multivariate multiple regression (DISTLM) within the PERMANOVA+ add‐on (Clarke and Gorley, 2006). Where two or more environmental variables were strongly correlated (R2 > 0.9), just one variable was retained in the model to represent the correlated variables while the others were excluded from the model. Analyses of these relationships used Akaike Information Criterion (AIC) and a stepwise selection procedure to select the best explanatory model.

Differences in the abundances of ASVs between warm and ambient temperatures were identified using the ANCOMBC package (Lin and Peddada, 2020) in R Studio using default parameters (version 3.5.4; R Core Team 2017).




2.5.3 Seagrass and environmental variables

All analyses were performed on untransformed data after first checking data for homogeneity of variance using Shapiro-Wilk test and Levene’s test. All statistical analyses were conducted using R Studio (version 3.5.4; R Core Team 2017) with the lme4 (Bates et al., 2014), and vegan packages (version 2.5–2) (Oksanen et al., 2013).

To determine differences in seagrass response variables (above and below-ground biomass, growth rates and detrital decomposition) between temperature categories (fixed factor with two levels: warm, ambient), a linear mixed-effects models (LMM) was fitted, including site as a random factor nested in temperature.

To examine the relationship between each seagrass response variable and all water and sediment variables, a stepwise model selection procedure and the AIC was used to select the best model. Before fitting models, each abiotic covariate was plotted against each seagrass response variable to check for linearity. No transformations were required as all relationships were linear.

Pearson correlation coefficient was used to determine relationships between highly correlated variables (P>0.8). ORP and sediment pH were the only covariates with a Pearson’s correlation coefficient (R > 0.8) (Supplementary Table 2). Model selection was performed for each seagrass response variable with both ORP, and sediment pH included, and also with one excluding the other. As the model with only ORP included had the lowest AIC value, sediment pH was removed from each stepwise model selection. All remaining covariates were normalised using the formula, X-mean/SD, before the model selection was run.






3 Results


3.1 Water and sediment variables

Water temperatures were consistently higher (~3°C) at warm sites than ambient sites (F1,5 = 33.1, p < 0.05) at both sampling times (F1,103 = 0.01, p (interaction) = 0.93). Temperatures were higher in January (warm mean 29.4°C) compared to September (warm mean 21.5°C) (F1,103 = 7800, p < 0.05; Figure 2). The maximum water temperature recorded in summer was 29.96°C.




Figure 2 | Mean (± SE) water temperature recorded at warm and ambient seagrass sites in Lake Macquarie, Australia during each sampling period (September 2020 and January 2021; N=56).



The above-ground abiotic variables (dissolved oxygen (DO), conductivity, and pH of the water column) did not differ significantly between warm and ambient sites (Supplementary Table 3). However, the below-ground variables organic matter (OM) and sediment pH were greater, and sediments were finer (smaller grain size) at warmer sites, and ORP was greater in ambient sites (Supplementary Table 3).




3.2 Bacterial communities and alpha diversity


3.2.1 Bacterial community structure and composition

Overall, 1135 ASVs were obtained from leaf tissues and 1907 ASVs from sediments. Bacterial community structure (relative abundance of individual ASVs) in leaf tissues and sediments differed between warm and ambient sites (leaf: F1,34 = 3.29, p = 0.02, sediments: F1,34 = 2.42, p = 0.04; Figures 3A, B; Supplementary Table 4). A similar trend was observed for leaf tissue and sedimentary bacterial community composition (presence/absence of ASVs) between warm and ambient sites, although this was not significant (leaf: F1,34 = 2.54, p = 0.05, sediments: F1,34 = 1.98, p = 0.085; Figures 3C, D; Supplementary Table 4).




Figure 3 | Non-metric multidimensional scaling (nMDS) of leaf tissue and sedimentary bacterial assemblages in warm and ambient sites sampled from seagrass meadows in Lake Macquarie (N=35). (A) Structure of leaf tissue communities (square root transformed) (B) Structure of sedimentary communities (C) Composition of leaf tissue communities (D) Composition of sedimentary communities. Data was standardised by total ASV abundances and then nMDS plots were constructed with Bray-Curtis dissimilarity matrices.



Leaf tissue and sedimentary bacterial community structure had less dispersion among replicate samples in warm sites compared to ambient sites (leaf: F1,34 = 18.11, p = 0.0001, sediments: F1,34 = 6.6, p= 0.0001, Figures 3A, B). This was similar to community composition (leaf: F1,34 = 16.71, p = 0.0001, sediments: F1,34 = 6.6, p = 0.0001, Figures 3C, D).




3.2.2 Bacterial diversity

Neither of the alpha diversity measures for leaf bacterial communities differed between warm and ambient sites (Shannon diversity: p = 0.2154; Figure 4A, Chao1 diversity: p = 0.7718; Figure 4B).




Figure 4 | Alpha diversity of microbial communities associated with Z. muelleri leaves and sediments at warm and ambient sites within Lake Macquarie. Mean species richness estimated as (A) Leaf-Shannon index, and (B) leaf-Chao1, and as (C) sediment-Shannon index, and (D) sediment-Chao1. Mean species richness estimated, n = 25.



Of the two alpha diversity analyses for sedimentary communities, one showed no differences between warm and ambient sites (Shannon diversity: p > 0.05; Figure 4C), while the other (Chao1, p < 0.05; Figure 4D) showed warm sites had significantly higher alpha diversity than ambient sites.




3.2.3 Environmental influences

The stepwise model selection for leaf tissue bacterial community structure found that pH (10.4%), DO (5.4%), conductivity (15.9%), ORP (3%), and OM (17.7%) were significant explanatory variables accounting for 52.4% of the variance among replicates (Figure 5A; Supplementary Table 5). Bacterial community composition variation on leaves between warm and ambient communities was partitioned along decreasing OM (18.2%), pH (6.8%), and DO (4.7%) and increasing conductivity (15.7%) and ORP (3.5%) (Figure 5B).




Figure 5 | Distance-based redundancy analyses with vectors overlayed for variables selected by model selection for (A) Leaf tissue bacterial community structure, and (B) Leaf tissue bacterial community composition. (C) Sedimentary bacterial community structure, and (D) Sedimentary bacterial community composition. OM, Organic matter; DO, Dissolved oxygen; ORP, Oxidation-Reduction Potential.



The stepwise model selection for sedimentary bacterial community structure explained 42% of variance (R2 = 0.42) and included water quality variables – pH (16.5%), conductivity (12%), and DO (4%), and a sediment variable - OM (8.5%) (Figure 5C; Supplementary Table 5). Variation in sedimentary bacterial community composition was explained by the same variables except DO (R2 = 0.36). The dissimilarity of warm and ambient community composition was also along increasing pH (15%), and OM (9%) and decreasing conductivity (12%) (Figure 5D).




3.2.4 Bacterial assemblage changes

A total of 353 bacterial ASVs (31%) on leaf tissue differed significantly in abundance between warm and ambient sites. The following taxa were relatively more abundant at warm sites Aliikangiella (g), Aquimarina (g), Bdellovibrionaceae OM27 clade (g), Candidatus Amoebophilus (g), Coxiella (g), Flavobacteriaceae (f), Folkiniaceae MD3-55 (g), Lacinutrix (g), Microtrichaceae (f), Nannocystaceae (f), Planctomycetota OM190 (cl), Planktomarina (g), Rhodobacteraceae (f), Sandaracinaceae (f), Ulvibacter (g), Woeseia (g), and Yoonia-Loktanella (g). In contrast, Robiginitalea (g), Schizothrix LEGE 07164 (g), and Sagittlula (g) were relatively more abundant at ambient temperatures (Supplementary Figure 1).

Most bacterial ASVs within the top 25 ASVs that were differentially abundant in leaf tissue between warm and ambient sites were from aerobic bacteria [Flavobacteriaceae (f), Coxiella (g), Planktomarina (g)] (Supplementary Figure 1). The top 25 differentially abundant ASVs also included a mix of heterotrophs [Ulvibacter (g)] and chemotrophs [Sandaracinaceae (f), Robiginitalea (g)] related to various functions including nutrient cycling, and toxin defence [Aquimarina (g)] (Supplementary Figure 1).

In sedimentary bacterial communities the relative abundance of 337 ASVs (18%) differed significantly between warm and ambient temperatures. ASVs with the highest increase in relative abundance in sediments at warm sites belonged to the following taxa: Bacteroidales SB-5 (f), BD2-2 (f), Desulfocapsaceae (f), Desulfobulbaceae (f), Desulfosarcinaceae (f), Sva0081 sediment group (g), Woeseia (g), Gammaproteobacteria Incertae Sedis (o), Robiginitalea (g), Sva0485 (p), Thiogranum (g), and Thiotrichaceae (f). At ambient sites, ASVs with the highest increase relative abundance belonged to the following taxa: Bacteroidales (o), BD2-2 (f), Candidatus Amoebophilus (g), Desulfobulbaceae (f), Desulfosarcinaceae (f), LCP-80 (g), SEEP-SRB1 (g), Gammaproteobacteria (cl), Woeseia (g), Halioglobus (g), and Gammaproteobacteria HOC36 (o) (Supplementary Figure 3).

Among the 25 bacterial ASVs most significantly different in sedimentary communities between warm and ambient sites, there was a mix of aerobes [Halioglobus (g), Thiogranum (g)] and anaerobes [Desulfocapsaceae, Desulfosarcinaceae (f)] (Supplementary Figure 3) which are related to various functions such as nitrogen fixing, sulfur oxidation, and pathogen defence that were more abundant in warm sites. ASVs which were more abundant in ambient sites were chemotrophs associated with sulfur cycling [Desulfocapsaceae (f)] (Supplementary Figure 3).





3.3 Seagrass biomass, growth rates & decomposition rates

Above-ground seagrass biomass (F1,55 = 22.2, p < 0.001; sampled in September; Figure 6A) and growth rates (F1,55 = 15.9, p < 0.001; sampled in January; Figure 6B; Supplementary Table 6) were both over 1.5 times greater at warm sites compared to ambient sites.




Figure 6 | Mean (± SE) (A) Above-ground biomass, (B) Seagrass leaf tissue growth rates, at ambient and warm sites in Lake Macquarie. Sampling was conducted in September for (A) and January for (B). AB used to indicate statistical significance between temperature categories (AB used to indicate statistical significance between temperature categories; N=56).



Stepwise model selection indicated that above-ground seagrass tissue biomass was best predicted by sediment organic matter (31%), with the two being positively associated (AIC = 95.09; Supplementary Figure 2A; Supplementary Table 7).

Seagrass leaf growth rates were positively correlated with increased pH (11.2%), increased water conductivity (7.2%), and increased water temperature (27.1%) and negatively correlated with increasing sediment ORP (10%) (AIC = 4.67; Supplementary Tables 4, 7; Supplementary Figures 2B–E).

Considering conductivity ranged from 49.6-50.9 S/m across all sites, we believe this proportion of variation to be biologically insignificant.

Below-ground biomass of seagrass (sampled in September) and detrital decomposition rates (sampled in January) did not differ between warm and ambient sites but tended to be greater at warm compared to ambient sites (F1,34 = 1.08, p > 0.05 and F1,20 = 4.0, p > 0.05, respectively; Supplementary Table 6; Figure 7).




Figure 7 | Mean (± SE) (A) below-ground biomass (B) detrital decomposition at ambient and warm sites in Lake Macquarie. Sampling was conducted in September for (A) and January for (B). AB used to indicate statistical significance between temperature categories (n=56).



Variation in below-ground biomass was best explained by sediment organic matter (35%) and temperature (5%), where below-ground biomass increased with increasing sediment organic matter and slightly increased with increasing temperature (AIC = 218.24; Supplementary Figures 4A, B; Supplementary Table 7).

Rates of detrital decomposition decreased as sediment ORP (0.57) increased but were not correlated to any other environmental variable (AIC = 163.64; Supplementary Figure 4C; Supplementary Table 7).





4 Discussion

In this study, a warm plume from a power station discharge channel in Lake Macquarie, Australia provided a thermal plume ~3°C above ambient lake temperatures which was used to investigate in situ differences in above and below-ground microbial communities, and seagrass productivity, in response to long term exposure to elevated water temperatures. Overall, we observed stronger changes in above-ground than below-ground bacterial communities and productivity with increased temperatures which support our hypothesis that the effects of water temperature are stronger above-ground and processes occurring below-ground may be buffered from increases in water temperature.



4.1 Microbial community response to temperature

Bacterial community composition in both sediment and leaf tissue was more homogeneous (i.e. less variable) in warm sites compared to ambient temperature sites. This result aligns with the Stress Gradient Hypothesis (SGH) which posits that environments under stress will have lower community richness where the remaining species occupy niches that directly affect the function of plants (Bertness and Callaway, 1994; Callaway, 2007). In this case under increased temperatures, facilitative interactions between bacteria and seagrass should be stronger compared with ambient/benign conditions where facilitative interactions are weaker (Bertness and Callaway, 1994). Interestingly, above-ground bacterial communities were more homogeneous than below-ground communities in both warm and ambient sites. This result suggests above-ground communities may have greater responses to elevated temperatures than the adjacent below-ground communities potentially due to thermal buffering provided by the top layer of sediments in seagrass meadows. The lower variation in microbial communities under elevated temperatures might indicate a stronger relationship between seagrass and their microbes under stressful conditions. A lower variation in microbial community structure signifies a consistent diversity across samples which suggests little environmental fluctuation which ensures consistent uniform nutrient availability, disease suppression, and overall plant performance through beneficial relationships between microbes and plants (Waymouth et al., 2020). The increase in community homogeneity may also be due to a more consistent assemblage of bacterial groups which can tolerate higher temperature (ASV’s pertaining to thermally tolerant bacteria are discussed later in this section).

An alternative cause of the differences in microbial communities to environmental selection is the selection of preferential bacterial species by plants to aid plant performance under less favourable conditions may be facilitated through the exudation of organic compounds such as sugars, amino acids, and volatile organic compounds into the surrounding water (Naylor et al., 2017; Sasse et al., 2018; Jones et al., 2019). These compounds can function as chemoattractants, attracting certain bacterial species to the area around the plant’s roots. As these exudates occur in response to external environmental forcing on the plants, the change in bacterial communities recorded in this study in warm and ambient temperatures may be related to seagrass nutrient exudation, but this was beyond the scope of testing in the current study.

We also cannot discount the possibility that the increased variability among ambient sites is due to the larger spatial separation across all four ambient sites relative to the three warm sites. The environmental conditions and terrestrial inputs may be more similar between the warm sites which leads to more similar microbial communities (Stadler and del Giorgio, 2022). However, between all sites a spatial separation of at least 750m was maintained, and all sites had a similar neighbouring land use (vegetated parkland) to control for these variables. A key knowledge gap to be determined, is whether differences in microbial communities under environmental stressors are linked to direct environmental selection of microbes or a case of plants selecting the microbes for their own benefits. Three of the four alpha diversity results indicate no changes in diversity between ambient and warm sites however, all show a non-significant trend towards increased diversity in warm sites. This indicates warmer water may select for a slightly wider range of microbes without removing any taxa which may already be present at ambient sites, but overall, warm communities were more homogenous than ambient sites.

Leaf tissue bacterial communities at warm sites contained greater relative abundances of bacteria related to nutrient cycling functions are known to be thermally tolerant [e.g., Woeseia (g) (Hoffmann et al., 2020)]. Of the ASVs which varied most significantly between warm and ambient temperatures, ASV3170 (belonging to family Rhodobacteraceae) was the most abundant in warm temperatures. This result of Rhodobacteraceae tolerating increased temperatures has been shown in multiple studies before (Elifantz et al., 2013; Pootakham et al., 2019; Miyamoto et al., 2023). Rhodobacteraceae spp. can have mutualistic relationships with eukaryotes such as micro- and macroalgae (Bischoff et al., 2021). Additionally, some Rhodobacteraceae spp. are capable of harvesting light to increase biomass yields under stressed environmental conditions, which may explain its presence in warm sites. It can also breakdown antagonistic bacterial pathogens which may protect the seagrass host in this case (Zhang et al., 2016). This pattern has also been shown in other marine systems by Pootakham et al. (2019), which found that various Rhodobacteraceae spp. in coral species Porites lutea are indicator species of thermal stress. Stratil et al. (2013) and Qiu et al. (2019) found that warming caused a shift in epiphytic bacterial communities on brown macroalgae Fucus vesiculosus and Ecklonia radiata. In both cases diversity decreased under warmer temperature treatments where bacteria such as Rhodobacteraceae, Thalassomonas and Alteromonadaceae were more abundant in warmer temperatures. The results of this present study found no differences in bacteria belonging to Thalassomonas or Alteromonadaceae; however, bacteria belonging to Rhodobacteraceae were relatively more abundant in warm sites. As previously mentioned, some Rhodobacteraceae species are regarded as extremophiles due to the stressed marine environments they can survive in which may account for their higher relative abundance in warm conditions (Pujalte et al., 2014). As such, there is potential that this bacterial family may have the same applicability as an indicator species of thermal stress in seagrass meadows.

The leaf tissue ASVs with higher relative abundances in ambient sites were mostly aerobes with functions associated with nutrient and carbon cycling [Robiginitalea, Sagittula (Egan et al., 2013; Tarquinio et al., 2021)]. Interestingly, Sagittula spp. can mineralise aromatic compounds from marine vascular plants, which results in the sequestration of inorganic carbon (Gulvik and Buchan, 2013). In the context of seagrass meadows, Sagittula spp. could influence carbon storage potential. As this bacterium has an optimum temperature of 25°C and was relatively less abundant in warm temperatures, further temperature increases could have consequences for the storage of inorganic carbon in seagrass sediments (Lee et al., 2013).

Sedimentary bacterial communities within seagrass meadows can provide specific functions within typically anoxic and organic enriched sediments (Lugtenberg and Kamilova, 2009; Trevathan-Tackett et al., 2017; Tarquinio et al., 2019; Martin et al., 2020). The interactions between seagrasses and their associated bacterial communities are key to survival in the anoxic marine sediments (Fraser et al., 2018). Although few studies have focussed on the effects of warming on bacterial communities in seagrass sediments, Hicks et al. (2018) found bacterial communities from intertidal mud flats were significantly affected by increases in temperature with bacteria belonging to Proteobacteria phylum increasing significantly between temperatures. This phylum contains a diverse range of functional groups ranging from sulphide-oxidisers to nitrogen cyclers (Seymour et al., 2018; Zhang et al., 2020; Tarquinio et al., 2021). In the present study, nine of the 25 ASVs most differentially abundant in sedimentary communities between warm and ambient sites belonged to the Proteobacteria phylum. In general, sedimentary bacterial communities in warm sites had higher relative abundances of sulphide reducing bacteria [e.g., Bacteroidetes BD2-2 (f), Desulfocapsaceae (f), Desulfosarcinaceae (f)] commonly found in sulphide rich environments (Holmer et al., 2006; Trevathan-Tackett et al., 2017; Martin et al., 2020). This suggests warm sites are richer in sulphide than ambient sites, which is supported by the results of lower ORP (commonly associated with sulphide rich conditions) in warm sites and high organic matter in warm sites (Martin et al., 2020). Sedimentary bacteria with higher relative abundances in the ambient sites included Halioglobus and other chemotrophs with a broad range of associated functions including nitrogen cycling, ferric iron reduction, and other nutrient cycling capabilities (Park et al., 2012; Lehnen et al., 2016; Szitenberg et al., 2022). More oxygenated conditions likely support more diverse and variable microbial communities and decrease the reliance of seagrass on facilitative interactions with sediment bacterial communities.

Variation in leaf tissue bacterial community structure and composition between warm and ambient sites was best explained by increasing pH and increasing organic matter (variables not colinear to temperature). While precise effects of elevated water temperature on epiphytic bacterial communities in seagrasses is still unclear, this interaction has been examined in habitat-forming macroalgae (Stratil et al., 2013). Increasing pH and organic matter also explained the most variation in sedimentary bacterial community structure and composition between warm and ambient sites. The greater separation of warm and ambient bacterial communities with increased organic matter is supported by the higher abundances of bacteria which are found in more anoxic, sulphide rich sediments commonly associated with high organic matter such as Desulfocapsaceae and Sva0081 sediment group (Waite et al., 2020; Jantharadej et al., 2021). The separation of bacterial communities due to variability in pH has important implications similar to temperature, as climate change is predicted to enhance the effects of ocean acidification in many marine ecosystems. Su et al. (2021) found changes in pH levels significantly altered sedimentary bacterial community composition which supports the findings of this study. None of the genera among the 20 most significantly different between warm and ambient sites in this study were identified as pH-sensitive or pH-tolerant by Su et al. (2021). However, five pH-sensitive genera did belong to Proteobacteria phylum which was commonly found in both warm and ambient sites.




4.2 Seagrass response to elevated temperatures

The above-ground biomass production of Z. muelleri was elevated by 11% (± 0.18) on average at warm sites with water temperatures ~3°C above ambient, suggesting a potential increase in seagrass metabolism and photosynthesis under warmer conditions. The same patterns between temperature, seagrass metabolism, and photosynthesis have been previously observed at Lake Macquarie (Cams Wharf; York et al., 2013) and elsewhere [Great Barrier Reef; Collier et al. (2017); Red Sea, Anton et al. (2020)]. York et al. (2013) found 27°C led to the highest seagrass biomass while 32°C resulted in 100% mortality of seagrass within 42 days. Collier et al. (2017) found 31°C led to the highest seagrass biomass while temperatures exceeding 35°C negatively affected growth of Z. muelleri. It is important to note that the Collier et al. (2017) study was conducted in tropical waters with much warmer ambient temperatures compared to Lake Macquarie. Differences in optimal temperatures found in these previous studies and the higher above-ground biomass at warm sites (long-term thermal exposure) recorded in the present study may therefore indicate that this species is able to adapt to local conditions over time. Additionally, an increase in the ratio of above to below-ground partitioning of resources has previously been recorded as a physiological response to environmental stress and may indicate poor survival outlook (Nixon et al., 2001).

Contrary to our predictions, below-ground biomass production in this study was not significantly related to warmer temperatures. This result is similar to those of Kaldy and Dunton (2000) who found no seasonal differences in seagrass below-ground biomass, while identifying a peak in above-ground biomass and biomass production in warmer months. Similarly, detrital decomposition rates did not differ between ambient and warm temperatures, despite an increase in anoxic sediment conditions, and potentially sulphide production (as evidenced through changes in microbial composition). However, previous studies found that increased temperatures increase detrital decomposition rates (Trevathan-Tackett et al., 2017; Trevathan-Tackett et al., 2020a). The non-significant trend in this study may be a result of different deployment intervals, daily temperature pulses, or differences in anoxic vs aerobic decay. The aforementioned studies were conducted under lab conditions for 30 and 80 d while this decomposition component was conducted over 12 d in the field with temperatures fluctuating based on time of day, hence greater deployment times may be required in future experiments.





5 Conclusions

Under current rates of warming, seagrass ecosystems are likely to experience a shift in bacterial communities both above-ground in plant tissue and below-ground in surrounding sediments, as well as an increase in above-ground plant productivity. Our results suggest that sedimentary processes may receive some physical thermal buffering from the rising temperatures, however, these increased temperatures may cause decoupling of processes that contribute to nutrient cycling above and below-ground. This study provided further evidence that increased temperature of ~3°C may increase above-ground biomass production in seagrasses in temperate regions (York et al., 2013; Collier et al., 2017), with changes observed in above-ground productivity of plants, potentially as a response to environmental conditions. This study also advances our understanding of seagrass-temperature interactions and explores associated changes in above and below-ground bacterial communities that might lead to changes in ecosystem functions of seagrass meadows. Future research direction on this topic should involve examining the effects of seasonal variation on seagrass-associated microbial communities and should also integrate manipulative experiments to examine the extent to which temperature, among other environmental changes in estuaries, impacts the interactions between seagrass and associated above and below-ground bacterial communities to determine the importance of these interactions to the resilience of seagrass in the face of warming temperatures.
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