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Increasing seawater temperatures and CO2 levels associated with climate change affect the shallow marine ecosystem function. In this study, the effects of elevated seawater temperature and partial pressure of CO2 (pCO2) on subtropical sediment systems of mangrove, seagrass, and coral reef lagoon habitats of Okinawa, Japan, were examined. Sediment and seawater from each habitat were exposed to four pCO2-temperature treatments, including ambient pCO2- ambient temperature, ambient pCO2-high temperature (ambient temperature + 4°C), high pCO2 (936 ppm)-ambient temperature, and high pCO2-high temperature. Parameters including primary production, nutrient flux, pigment content, photosynthetic community composition, and bacterial abundance were examined. Neither high temperature nor high pCO2 alone impacted mangrove and seagrass sediment primary production significantly (Tukey's test, P > 0.05). However, the combined stress significantly (Tukey's test, P < 0.01) increased primary production in these two habitats. In sediments from the coral reef lagoon, single and combined stress treatments induced a shift from heterotrophy to autotrophy. Significant increases in net primary production (Tukey's test, P < 0.01), and gross primary production (Tukey's test, P < 0.05) under the combined stress suggested that benthic microalgae in mangrove and seagrass sediments were more responsive to high temperature and pCO2 conditions than those in coral reef lagoon sediments. Additionally, combined stress significantly increased the sediment chlorophyll a content (Tukey's test, P < 0.05) in all habitats. These increases were associated with increased net primary production, indicating that combined stress stimulates primary production activity by the photosynthetic benthic microalgae in all habitats. Diatom activity increased, as silicate uptake increased in all habitats. Microbial abundance significantly increased under the combined stress treatment (Tukey's test, P < 0.01), but did not exceed autotrophic activity. Respiration did not change significantly in any of the three habitats (Tukey's test, P > 0.05) under the combined stress, suggesting that heterotrophic processes were less affected by the combined stress than autotrophic processes. In summary, mangrove and seagrass sediments minimize the negative impacts of elevated temperature and pCO2 via increased primary production and carbon storage. Lagoonal sediments also act as a carbon sink under temperature and ocean acidificationstress.
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INTRODUCTION

The of marine ecosystems in mitigating the impacts of climate change has generated considerable interest owing to the capacity of these ecosystems to trap and sequester carbon (Mcleod et al., 2011; Miyajima et al., 2015; Ricart et al., 2015). Mangroves, tidal salt marshes, seagrass beds, and coral reefs are key ecosystems that serve important roles in protecting coastal communities worldwide from storm surges, sea level rise, sediment run-off, and food insecurity (Beck et al., 2001; Mumby, 2006; Barbier et al., 2011; Sifleet et al., 2011; Cullen-Unsworth and Unsworth, 2013; Robertson and Alongi, 2013). These ecosystems help to mitigate the effects of environmental change (e.g., increasing atmospheric and oceanic CO2 and temperature) via carbon sequestration, and the storage of atmospheric and seawater carbon (Duarte et al., 2005, 2010; Bouillon et al., 2008; Kennedy et al., 2010; Donato et al., 2012; Pendleton et al., 2012; Chmura, 2013). Although, shallow marine ecosystems are currently subjected to a combination of global and regional stressors, few experimental studies have examined shallow benthic areas to understand the consequences of increased temperature and ocean acidification (OA) (Connell et al., 2013; Johnson et al., 2013). Additionally, it is difficult to conclusively determine the impact of different environmental stressors in shallow-water sediment systems (Alsterberg et al., 2011, 2012) since the combinations of environmental stressors may have synergistic (Aswani et al., 2015) or antagonistic effects, resulting in unexpected patterns of variation (Folt et al., 1999). Warming can negatively decouple (i.e., mismatch) the relationship between phytoplankton and zooplankton, and it causes an earlier peak of primary production (Winder and Schindler, 2004; Woodward et al., 2010). While some studies have suggested that many marine autotrophs are insensitive to changes in pCO2 (Engel et al., 2007), others have revealed that some seagrasses (Zimmerman et al., 1997), macroalgae (Gao et al., 1993), microalgae (Kayanne et al., 2005), diatoms, coccolithophorids (Riebesell et al., 2000; Zondervan et al., 2001; Casareto et al., 2009), and cyanobacteria (Qiu and Gao, 2002) exhibit high rates of photosynthesis under elevated pCO2 conditions (Delille et al., 2005).

Major ecosystem functions in shallow water sediments are primarily controlled by microorganisms; accordingly, the present study focused on benthic microalgal and microbial communities, and their key ecosystem functions (i.e., primary production and nutrient flux). Primary production, microbial activity, oxygen flux, and carbon and nitrogen at the sediment–seawater interface are indicators of the integrated net responses of sediment communities to environmental and anthropogenic stressors (Alsterberg and Sundbäck, 2013). Mangrove ecosystems are characterized by high primary productivity, a permanent exchange with terrestrial and marine ecosystems (Jennerjahn and Ittekkot, 2002) and efficient nutrient filtration between land and sea (Bouillon et al., 2008). Seagrass ecosystems are important for their carbon storage capacity (Miyajima et al., 2015) and high primary productivity (Kennedy et al., 2010; Ricart et al., 2015). Benthic microalgae in seagrass sediments, such as benthic diatoms and mats of filamentous cyanobacteria, maintain net autotrophic conditions under increased temperatures (Alsterberg et al., 2011). Some studies have examined the impact of high temperatures on seagrass sediment systems, but the influence of OA is still unclear. Lagoonal sediment responses under stress are not known owing to limited sediment system studies in coral reef lagoon environments. Additionally, many studies have emphasized the effects of warming on single species or trophic levels (Montoya and Raffaelli, 2010), but not on whole communities.

Most sediment system studies have considered the impact of single (Alsterberg et al., 2011; Johnson et al., 2013) or multiple stressors (Alsterberg et al., 2013) in a single habitat. Whether sediment from different subtropical habitats (e.g., mangroves, seagrasses, and coral reef lagoons) show different patterns under elevated pCO2, temperature stress, and their combination, and whether such differences can be observed when studying primary production, nutrient fluxes, photosynthetic community composition, pigment content, and bacterial dynamics also need to be investigated. Answering these questions will provide opportunities to assess shallow marine sediment system's responses under elevated temperature and OA.

In the present study, we exposed subtropical sediments from mangrove, seagrass, and coral reef habitats of Okinawa, Japan to four pCO2-temperature treatments, including ambient pCO2-ambient temperature, ambient pCO2-high temperature (ambient temperature + 4°C), high pCO2 (936 ppm)-ambient temperature, and high pCO2-high temperature. Parameters including primary production, nutrient fluxes, pigment content, photosynthetic community composition, and bacterial abundance were examined. The following questions were addressed. (1) Do sediments from the three habitats respond differently with respect to primary sediment production under individual and combined stress? (2) What is the effect of stress on nutrient flux? (3) How do sediment and seawater microbial abundances change under elevated temperatures and OA? To address these questions, incubation experiments were performed using sediment and seawater samples from the mangrove, seagrass, and coral reef habitats exposed to elevated temperature and pCO2 treatments.

METHODOLOGY

Site Description

The study was conducted in a subtropical mangrove area (station 1) at Yagachi Island (26°38′N and 128°00′E), a seagrass area (station 2) at Bise (26°42′N and 127°52′E), and a coral reef lagoon area (26°39″N and 127°51′E) at Sesoko reef in Sesoko Island (station 3), Okinawa, Japan (Figure 1). The tidal flat of Yagachi Island was dominated by Bruguiera gymnorrhiza. During high tide, the water level rises to 0.6 m in the mangrove area. Thalassia hemprichii dominated the seagrass area of Bise, which included the intertidal zone covered by a seagrass meadow on the back reef (1.5 m at high tide and 0.5 m at low tide). In Sesoko reef, the lagoonal bed was covered by 10% living corals, 50% coral rubble, 30% sand, and 10% microalgae and turf algae (Nakano and Nakai, 2008). Depths during sampling were 0.6, 0.5, and 0.5 m for mangrove (high tide), seagrass (low tide), and coral reef lagoon (low tide) sediment and seawater. In Yagachi, Bise, and Sesoko, in situ temperature, salinity, pH, and alkalinity were measured during the week of the experiments (Table 1, ambient temperature and ambient pCO2 [ATAP]).
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FIGURE 1. Study area and sampling sites in Okinawa, Japan. Yagachi, Bise, and Sesoko represent mangrove, seagrass, and coral reef lagoon habitats respectively.



Table 1. Incubation Conditions.
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Incubation Conditions

Incubation experiments were performed with subtropical sediment and seawater samples obtained from each habitat (mangrove, seagrass, and coral reef lagoon) in the laboratory. Mangrove sediments were generally more fine-grained, with a higher porosity, a higher organic carbon content and a higher carbon-nitrogen ratio than seagrass and coral reef lagoon sediments (Tukey's test, P < 0.05; Supplementary Table 1). Sediment porosity and organic carbon content were measured following the methods of Buchanan (1984) and Miyajima (2015), respectively. Sediment samples were collected using sediment collection cores (4.5 cm radius). Samples were treated following Cornwell et al. (2014) to adjust for sampling disturbances. Intact sediment was transferred to incubation chambers, maintaining their natural heterogeneity and complexity. In each incubation chamber (chamber radius, 5 cm), the upper 3 cm of sediment was kept in the bottom and 1 L of seawater sampled at the same location was added. Levels of pCO2 were adjusted by adding CO2-saturated seawater (100%) to the incubation chambers at different volumes until the desired pH values equivalent to the desired pCO2 levels were obtained (Supplementary Table 2). CO2 saturated seawater was prepared following the methods of Casareto et al. (2009); briefly, CO2 gas was bubbled into natural filtered (0.2 μm) seawater for about 1 h. The computer program CO2 SYS was used to estimate the [image: image], [image: image], CO2(aq.), TIC, and pCO2 from the pH, temperature, total alkalinity, and salinity (Lewis and Wallace, 1998). Table 1 shows the estimates of pCO2. Four pCO2-temperature treatments, including ambient pCO2–ambient temperature, ambient pCO2-high temperature (ambient temperature + 4°C), high pCO2 (936 ppm)-ambient temperature, and high pCO2-high temperature (Table 1, Supplementary Figure 1), with three replicates per treatment were used. pCO2 conditions of 400 ppm (in-situ pCO2) and 936 ppm (Intergovernmental Panel on Climate Change (IPCC), 2013), were chosen as present day and near-future scenarios, respectively. 27.5, 28.1, and 27.1°C were chosen as ambient temperatures (AT), which were similar to in-situ temperatures in Yagachi, Bise, and Sesoko, respectively, during the incubation experiments (Table 1), and ambient (in-situ temperature) + 4°C (Intergovernmental Panel on Climate Change (IPCC), 2013) was chosen as the stress temperature. Around Okinawa, the average temperature for the month preceding the experiment was also 27°C (unpublished data). Incubations were performed in triplicate for each condition and habitat. Incubation vessels were maintained in water baths under four different incubation conditions (Table 1, Supplementary Figure 1) and run for 24 h following natural illumination (276–0 μmol m−2 s−1 during 12:12 h light: dark cycle) during summer (August–September, 2014). Heating and cooling systems were used to keep the temperature conditions in the water baths stable.

The pH (NBS scale) was measured with an Orion 4 Star pH sensor and an 8156BNUWP pH electrode (Thermo Scientific, Inc., Waltham, MA, USA) calibrated with NIST (NBS)-scaled buffer solutions (Mettler pH 10.012, 6.865, and 4.008 buffers) at 25°C. The accuracy of pH measurements was ±0.005 pH units (1 σ, n = 10). Seawater samples for total alkalinity (TA) measurements were collected from the field and each incubation chamber before starting the incubation. Collected seawater was filtered with 0.45-μm cellulose acetate filters. TA was determined via titration with 0.1 mol L−1 HCL using a TA titrator (ATT-05; Kimoto, Japan), and computed using the Gran plot method (Stumm and Morgan, 1981). Titrations were performed on 30.000 g of filtered seawater that was weighed on a high-precision balance (GH-202, A&D, Tokyo, Japan, 0.00001 accuracy). The precision of the TA measurements was ±2 μmol kg−1 (1 σ, n = 10). The accuracy was within 10 μmol kg−1, as verified using certified reference material (CRM Batch # 50) distributed by A. Dickson of the Marine Physical Laboratory, University of California (San Diego, CA, USA). The carbonate system in seawater was calculated using the apparent equilibrium constants K'0 from Weiss (1974), and K'1 and K'2 from Mehrbach et al. (1973), as described by Millero (1979). The constants are among the suitable combinations for the calculation of carbonate systems with the NBS pH scale. Recently, the Tris buffer pH scale with an acid dissociation constant for the total hydrogen ion concentration has been recommended for the precise calculation for seawater carbonate systems (Dickson et al., 2007). However, it has been suggested that the pCO2 value from the NBS scale is very close to that of the Tris scale when an appropriate combination of equilibrium constants is used (Millero, 1979).

Measurements

Nutrients ([image: image] + [image: image], [image: image], [image: image], and Si(OH)4), tracer pigments (chlorophyll a, chlorophyll b, chlorophyll c2, fucoxanthin, zeaxanthin, and β-carotene), net primary production (NPP), gross primary production (GPP), respiration (R), and bacterial abundance were analyzed. Samples for pigment analyses and bacterial abundances were obtained at the initial (0 h) and final (24 h) stages. Dissolved oxygen (DO) and nutrients were measured at the initial (0 h), middle (after 12 h of light), and final (24 h) stages. Parameter changes (Δ values) were calculated by subtracting the initial values from the final values.

Nutrients

To measure nutrients, seawater samples were collected (from the field and each replicate incubation chamber) in previously acid-washed 100-mL polyethylene bottles and were preserved at -20°C until measurement. Pore waters were collected following the methods of Brito et al. (2010). The concentrations of nitrate ([image: image]) + nitrite ([image: image]), ammonium ([image: image]), phosphate ([image: image]), and silicate (Si(OH)4) were analyzed using an auto analyzer (TRAACS 2000; Bran and Luebbe, Norderstedt, Germany) according to the methods of Hansen and Koroleff (2007). The detection limits were 0.043 μM for [image: image] + [image: image], 0.01 μM, for [image: image], 0.020 μM for [image: image], and 0.310 μM for Si(OH)4. Reproducibility (precision) of nutrient analyses were ±0.2% for [image: image] + [image: image], ±1.2% for [image: image], ±0.7% for [image: image], and ±0.5% for Si(OH)4.

Pigments and Benthic Microalgal Observations

To assess the pigment concentration, three sediment cores were collected from each replicate incubation chamber using a 1-mL plastic syringe with a cut-off tip. Additionally, to quantify changes in the chlorophyll a concentration at the sediment surface inside the incubation chamber between initial conditions and combined stress conditions, 1 g of sediment was collected at radii of 0, 2.5, and 5 cm (total radius, 5 cm) for angles (θ) of 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, and 360°. Samples were kept in separate pre-combusted GF/F filters and preserved at −20°C until used for measurements. Pigment analyses were carried out following the methods of Zapata et al. (2000) using HPLC (high-performance liquid chromatography) (LC-30AD; Shimadzu, Kyoto, Japan). The HPLC system was equipped with a ZORBAX Eclipse Plus C8 column (2.1 × 50 mm; Agilent Technologies, Santa Clara, CA, USA). Pigments were extracted using a combination (1:3) of dry sediment and acetone (90% final concentration; Alsterberg et al., 2011), sonicated for 15 min, and maintained overnight in the dark at −30°C. Extracts were filtered using a syringe filter (0.2 μm, Millex-LG; Millipore, Bedford, MA, USA; Suzuki et al., 2015) and 1.0 mL of each extract was mixed with 0.2 mL of deionized water (Milli-Q water, Millipore) immediately before injections (Zapata et al., 2000) in the HPLC system. Separated pigments were detected spectrophotometrically using a photodiode array detector (SPD-M30AD; Shimadzu, Kyoto, Japan) with an optical resolution of 1.2 nm across the 320–720 nm bandwidth. For micro-algal observations, sediment samples were obtained from each incubation chamber using a 2.5-mL plastic syringe with a cut-off tip and kept frozen (−20°C) until analysis. After thawing, the samples were diluted with filtered seawater following the methods of Sundback et al. (2010). Epifluorescence microscopy (Eclipse/E6000; Nikon, Tokyo, Japan) and an inverted microscope (Nikon Bk-201) were used to identify the dominant photosynthetic community following Chihara and Murano (1997).

Bacterial Abundance

Bacterial abundance was measured for both seawater and sediment. For seawater, 50 mL of sample was collected from each of the replicate incubation chambers and preserved with 25% glutaraldehyde (1% final concentration). For sediment, three sediment cores were collected from each replicate incubation chamber using a 1-mL plastic syringe with a cut-off tip. To estimate bacterial abundance within the whole incubation chamber at initial conditions and after treatment, 1 g of sediment was collected at the center and radii of 2.5 and 5 cm (total radius, 5 cm) in lines separated by a 30° (θ) angle. Sediments were preserved with 25% glutaraldehyde (4% final concentration) until analysis. Sediments were diluted with artificial seawater (1:99 combinations) and pre-filtered with 0.8-μm polycarbonate filters to remove large particles. Heterotrophic bacteria from seawater and sediment samples were collected on 0.2-μm black polycarbonate filters by filtering 10-mL aliquots of seawater that were previously stained with 4′,6-diamidino-2-phenylindole (DAPI) (Porter and Feig, 1980). Filters were mounted on slides and cells were counted under UV excitation using epifluorescence microscopy (Eclipse/E6000; Nikon). Growth rates and doubling were calculated following the methods of Stanier et al. (1979).

Primary Production

NPP and R were measured based on oxygen flux during day (light) and night (dark) conditions, respectively. Initial (0 h), middle (after 12 h of light), and final (24 h) seawater samples were obtained using sterile plastic syringes. Dissolved oxygen (DO) was measured with an Orion 4 Star sensor and a polarographic DO Probe on a 5-ft Cable (Thermo Scientific, Inc., Waltham, MA, USA). NPP was estimated as DO production during 12 h of illumination. R was estimated as the night-time changes in DO. It is considered that R in the light equals R in the dark (Del Giorgio and Williams, 2005; Alsterberg et al., 2011), such that R = R (12 h of dark) × 2. GPP was calculated as follows: GPP = NPP + R. All estimates of GPP, NPP, and R were converted to carbon (C) using the Redfield–Richards empirical formula (Libes, 2009).

Statistical Analysis

Two-way analyses of variance (ANOVA) were used for comparisons, and incubation conditions (ambient temperature and ambient pCO2 [ATAP], ambient temperature and high pCO2 [ATHP], high temperature and ambient pCO2 [HTAP], and high temperature and high pCO2 [HTHP]) and habitats (mangrove, seagrass, and coral reef lagoon) were used as fixed factors. Significant differences between means were assessed using post-hoc Tukey's tests. A regression analysis was used to evaluate relationships between variables. The homogeneity of the variances among replicates was assessed by applying Levene tests. Statistical analyses were performed using SPSS (version 19).

RESULTS

Abiotic Parameters

In Yagachi, in situ temperature, salinity, pH, and alkalinity during the week of the experiments were 27.5 ± 0.2°C, 28 PSU, 8.23 ± 0.07, and 2.38 ± 0.01 mmol kg−1, respectively. Similarly, in Bise, in situ temperature, salinity, pH, and alkalinity were 28.1 ± 0.4°C, 33 PSU, 8.21 ± 0.03, and 2.37 ± 0.02 mmol kg−1, respectively. In Sesoko, in situ temperature, salinity, pH and alkalinity were 27.1 ± 0.2°C, 33.5 PSU, 8.18 ± 0.03, and 2.28 ± 0.01 mmol kg−1, respectively.

Nutrient Fluxes

Nutrients were generally taken up during incubation in both light and dark periods, with the exception of ammonium and phosphate (Figure 2), and the rate of uptake differed significantly depending on habitat (ANOVA, P < 0.01; Table 2). The seagrass and mangrove samples had comparatively high amounts of silicate initially (Tukey's test, P < 0.05; Supplementary Table 3). Though it was not statistically significant (Tukey's test, P > 0.05), nitrate + nitrite and silicate uptake increased under the HTHP stress during both light and dark periods, especially in mangrove and seagrass samples (Figure 2). The highest nitrate concentration was observed in the seagrass habitat (Tukey's test, P < 0.05; Supplementary Table 3), but the rate of uptake in seagrass did not differ significantly among incubation conditions (Tukey's test, P > 0.05). In lagoonal sediment, the rate of nitrate + nitrite uptake seemed to increase under HTAP and HTHP conditions during light. Additionally, this sediment seemed to release ammonium under ATHP and HTHP conditions during both light and dark periods.


[image: image]

FIGURE 2. Sediment-water fluxes of nutrients during light (A) and dark (B) periods. *, ** Indicate significant differences at P < 0.01 and P < 0.001 based on the least significant difference test (post-hoc Tukey's test) depending on habitat (mangrove, seagrass, and coral reef lagoon). Lack of significance is indicated by ns. ATAP, ambient temperature and ambient pCO2; ATHP, ambient temperature and high pCO2; HTAP, high temperature and ambient pCO2; and HTHP, high temperature and high pCO2.



Table 2. The effects of different habitats (H) and incubation conditions (IC) on environmental parameters based on two-way ANOVA.

[image: image]

Photosynthetic Community

Based on tracer pigments and microscopic observations, a well-developed benthic microalgal community was detected in all habitats. The photosynthetic community was dominated by pennate diatoms and filamentous cyanobacteria. Centric diatoms (in mangrove and seagrass sediments), euglenoids (in seagrass and coral reef lagoon sediments), and flagellates (in all sediments) were occasionally observed. Nano-sized (5–20 μm) benthic diatoms (Supplementary Table 4), especially naviculoids, were frequently found in all sediment types. Additionally, Bacillariophyceae (in all sediments) and Coscinodiscophyceae (in seagrass and coral reef sediments) were identified. Pico-sized (< 2 μm) diatoms were abundant in mangrove and seagrass sediments. A higher abundance of photosynthetic community taxa was evidenced by a higher concentration of chlorophyll a, fucoxanthin, and zeaxanthin in mangrove sediment (Tukey's test, P < 0.05; Figure 3, Table 2, Supplementary Figure 2) than in seagrass and lagoonal sediments. Under HTHP stress, chlorophyll a increased in the surface sediment, representing the bulk of the photosynthetic community in mangrove and seagrass incubations (Figure 4). Changes in the concentrations of other pigments under HTHP stress also indicated an increase in the photosynthetic community; however, in the reef lagoon, some degradation of pigments was observed (Figure 3). The highest concentration of chlorophyll a was found in incubated mangrove sediment (Tukey's test, P < 0.05; Figure 3). The chlorophyll a concentration in the surface sediments increased after HTHP treatment in all habitats, and this change was greater in mangrove sediments and lower in coral reef lagoon sediments. Under HTHP treatment chlorophyll a concentration increased 1550–2400, 750–1455, and 620–860 ng g−1 in mangrove, seagrass, and coral reef lagoon sediments, respectively (Figure 4).


[image: image]

FIGURE 3. Changes in pigment concentration. *, ** Indicate significant differences at P < 0.05 and P < 0.01 determined using least significant difference tests (post-hoc Tukey's test) depending on incubation conditions (ATAP, ATHP, HTAP, and HTHP) and habitat (mangrove, seagrass, and coral reef lagoon). Lack of significance is indicated by ns. ATAP, ambient temperature and ambient pCO2; ATHP, ambient temperature and high pCO2; HTAP, high temperature and ambient pCO2; and HTHP, high temperature and high pCO2.
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FIGURE 4. Changes in surficial chlorophyll a concentration in sediment. Initial (A) and after incubation in HTHP (high temperature and high pCO2) condition (B). The graph was derived from r (radius of the incubation chamber), θ (angles of sediment samples collection), and z (chlorophyll a concentration) data. Chlorophyll a concentrations in the incubation chambers' sediment surface are shown with colors. Corresponding chlorophyll a value for each color is presented on the color scale. Colors from purple to red represent lower to higher chlorophyll a concentrations.



Sediment Primary Production and Respiration

Oxygen fluxes increased significantly under HTHP stress during light periods in mangrove and seagrass habitats (Tukey's test, P < 0.001; Figure 5, Supplementary Table 5). In coral reef lagoons, stress increased oxygen fluxes. NPP and R varied depending on incubation conditions and habitat (ANOVA, P < 0.01; Table 2). NPP was comparatively higher under HTHP stress in mangrove (Tukey's test, P < 0.001) and seagrass (Tukey's test, P < 0.01) incubations than in the coral reef lagoon (Figure 6). Additionally, GPP and NPP in seagrass incubations were lower than in mangroves (Tukey's test, P < 0.01), but higher than in coral reef lagoon incubations. Neither high temperature nor high pCO2 alone had a significant impact on primary production (Tukey's test, P > 0.05; Figure 6), but temperature had a slightly greater influence. Respiration did not differ significantly under ATHP, HTAP, or HTHP treatment (Tukey's test, P > 0.05), with the exception of the coral reef lagoon (Tukey's test, P < 0.05; Table 2, Figure 6). Lagoonal sediment showed higher respiration (Tukey's test, P < 0.05) in the ATAP treatment, but it decreased under single or combined stresses, and this was reflected in the increased primary production.
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FIGURE 5. Sediment-water fluxes of oxygen during light (A) and dark (B) periods. *, ** Indicate significant differences at P < 0.01 and P < 0.001 based on the least significant difference test (post-hoc Tukey's test) depending on habitats (mangrove, seagrass, and coral reef lagoon). Lack of significance is indicated by ns. ATAP, ambient temperature and ambient pCO2; ATHP, ambient temperature and high pCO2; HTAP, high temperature and ambient pCO2; and HTHP, high temperature and high pCO2.
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FIGURE 6. Gross primary production (GPP), net primary production (NPP), and respiration (R) in mangrove, seagrass, and coral reef sediment. *, **, and *** Indicate significant differences at P < 0.05, P < 0.01, and P < 0.001 determined using least significant difference tests (post-hoc Tukey's test) depending on incubation conditions (ATAP, ATHP, HTAP, and HTHP). Lack of significance is indicated by ns. ATAP, ambient temperature and ambient pCO2, ATHP, ambient temperature and high pCO2, HTAP, high temperature and ambient pCO2, and HTHP, high temperature and high pCO2.



Bacterial Abundance

Initial bacterial abundance in sediment was highest (Tukey's test, P < 0.05) in seagrass (19 ± 0.12 × 106 cells cm−2 in mangrove samples, 21 ± 1.1 × 106 cells cm−2 in seagrass samples, and 7 ± 1.0 × 106 cells cm−2 in coral reef sediments). Additionally, bacterial abundance in mangrove seawater was higher than other seawater samples (22 ± 2.0 × 105 cells mL−1 in the mangrove, 21 ± 1.1 × 105 cells mL−2 in the seagrass, and 5 ± 0.5 × 105 cells mL−1 in the coral reef lagoon). Bacterial abundance in sediment and seawater increased significantly by HTHP stress(Tukey's test, P < 0.01, Figures 7, 8), except in seagrass sediments. The impacts of ATHP and HTAP conditions were not significant in the cases of seagrass sediment and seawater, and coral reef lagoon seawater (Tukey's test, P > 0.05, Figure 8). In mangrove seawater and sediments, the impacts of HTAP stress were significantly greater than the impact of ATHP stress (Tukey's test, P < 0.01). Bacterial abundance in the surficial sediments increased after HTHP stress in all habitats, and this change was greater in mangrove sediments and lower in coral reef lagoon sediments. Under HTHP stress bacterial abundance increased 14 × 105–23 × 105 cells g−1, 8 × 105–16 × 105 cells g−1, and 5 × 105–8 × 105 cells g−1 in mangrove, seagrass, and coral reef lagoon sediments, respectively (Figure 7). In mangrove sediment and seawater, growth rate and doublings of bacteria increased significantly under HTHP stress (Tukey's test, P > 0.05, Supplementary Table 6). Similarly, in seagrass and coral reef lagoon seawater, bacterial growth rate and doublings were significantly impacted by HTHP stress (Tukey's test, P > 0.05, Supplementary Table 6).
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FIGURE 7. Changes in surficial bacterial abundance in sediment. Initial (A) and after incubation in HTHP (high temperature and high pCO2) conditions (B). The graph was derived from r (radius of the incubation chamber), θ (angles of sediment samples collection), and z (bacterial abundance) data. Bacterial abundances in the incubation chambers' sediment surface are shown. Corresponding bacterial abundance value for each color is presented in color scale. Purple to orange colors represent relatively low to high bacterial abundance.
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FIGURE 8. Changes in bacterial abundance in sediment (A) and seawater (B). *Indicates a significantly difference at P < 0.01 determined using a least significant difference test (post-hoc Tukey's test) depending on incubation conditions (ATAP, ATHP, HTAP, and HTHP). ATAP, ambient temperature and ambient pCO2; ATHP, ambient temperature and high pCO2; HTAP, high temperature and ambient pCO2; and HTHP, high temperature and high pCO2.



DISCUSSION

The responses of subtropical shallow marine sediment systems to elevated temperature and pCO2 varied depending on the habitats from which the sediments were collected. In this study, we used sediments collected with cores to test the responses of relatively undisturbed sediments. Changes in primary production in response to a temperature increase of 4°C and 936 ppm pCO2 were detected. The following general responses were observed in this study. (1) Under HTHP stress, sediment primary production rates were higher in mangrove and seagrass environments than in the coral reef lagoon. (2) Nutrients flux was lower in the coral reef lagoon. Silicate and nitrate + nitrite were noticeably consumed in the mangrove and seagrass. (3) Bacterial abundance in sediment and seawater generally increased under ATHP, HTAP, and HTHP. Growth rate and doublings indicated increased the activity of bacteria in seawater (mangrove, seagrass, and coral reef lagoon) and sediment (mangrove) under HTHP conditions.

Effect of Stressors on Primary Production and Bacterial Abundance

Previous studies have suggested that the combination of warming and OA positively stimulate benthic microalgal primary production in seagrass habitats, and benthic microalgae appear to be resilient to future environmental changes (Alsterberg et al., 2013). Our incubation experiments indicated increased NPP and GPP at the sediment–water interface under HTHP stress, with the exception of the coral reef lagoon. OA may cause stimulated diatom activity in benthic assemblages (Johnson et al., 2013). The impacts of temperature (HTAP) on NPP, GPP, and R were slightly, but not significantly higher than those of pCO2 (ATHP). Significant differences in NPP (Tukey's test, P > 0.01) and GPP (Tukey's test, P > 0.05) under the HTHP stress suggested that benthic microalgae in mangrove and seagrass sediments are more responsive to HTHP stress than those in coral reef lagoon sediments. Previously, it has been suggested that microphytobenthic assemblages, including cyanobacteria, phototrophic bacteria, and microalgal mats, increase rapidly in shallow marine environments, such as intertidal flats, coastal embayments, and lagoons (MacIntyre et al., 1996). GPP in tropical mangrove sediments was much higher during the warm season owing to the greater seasonal temperature range (Alongi, 1994). Moreover, phototrophic microphytobenthos are important primary producers, contributing almost half of the primary production in estuarine ecosystems (Underwood and Kromkamp, 1999). Our results suggest that only HTHP stress significantly stimulated sediment primary production in mangrove and seagrass sediments. In contrast, sediment primary production in the coral reef lagoon was stimulated by stress, but the result was not statistically significant; however, decreased R and dark oxygen flux under ATHP, HTAP, and HTHP treatments in lagoonal incubations caused a shift from heterotrophy to autotrophy. Nonsignificant changes in respiration in different habitats under HTHP stress suggest that heterotrophic processes were less affected by HTHP stress than autotrophic processes. Similar results were observed by Alsterberg et al. (2012) for oxygen flux in seagrass sediment under elevated temperature. Furthermore, Johnson et al. (2013) suggested that future changes in CO2 and bicarbonate ([image: image]) availability could stimulate photosynthesis in marine autotrophs.

Previously, it has been suggested that microphytobenthic productivity is correlated with chlorophyll a content (MacIntyre et al., 1996). Based on our primary production data, photosynthetic community activity was stimulated by high temperatures and high pCO2. However, not only high temperature (Alsterberg et al., 2012), but also high pCO2 significantly increased the chlorophyll a content at the sediment surface. These increases are associated with increased NPP, indicating that HTHP conditions stimulate primary production activity by the photosynthetic community in all habitats. Tracer pigment composition and microscopic observations indicated dominance of diatoms in all sediment types. This result was consistent with those of Hendrarto and Nitisuparjo (2011). CO2 enrichment can cause significant increases in chlorophyll a concentrations and in diatom abundance (Johnson et al., 2013). In our incubation experiments, significant increases in pigment concentrations (chlorophyll a, fucoxanthin, and zeaxanthin) were observed, except in the coral reef lagoon. These results revealed that photosynthetic communities inhabiting mangroves and seagrasses more strongly fuel sediment primary production compared to those of coral reef lagoons. These patterns indicate that new organic matter was produced during incubation. The highest nutrient consumption (e.g., ammonium, phosphate, and silicate) and the greatest increase in bacterial abundance were observed in mangrove sediments (Figure 8); these results are supported by the increased nutrient uptake during dark periods in these sediments. Increased bacterial abundance under HTHP conditions may be a direct effect of warming (Sander and Kalff, 1993). However, increased bacterial abundance could be partially dependent on bottom-up effects, since bacteria are considered to use dissolved organic matter produced by benthic microalgae (Evrard et al., 2008; Casareto et al., 2012).

Nutrient Dynamics

Microphytobenthos and mat-forming macroalgae have different direct and indirect effects on nitrogen-associated processes via consumption and the inhibition or stimulation of microbial activity (Bartoli et al., 2012). The rate of nutrient uptake, particularly of silicate, ammonium (not in the coral reef lagoon), and nitrate + nitrite, seemed to be released under HTHP conditions. Higher uptake of silicate in seagrass and mangrove incubations (Figure 2) was associated with a higher initial concentration (Supplementary Table 3). A previous study suggested that a relatively higher abundance of silicate compared to nitrate and phosphate occurs in fresh water-influenced coastal zones (Cloern et al., 1985). However, the consumption of silicate reflected the predominant activity of benthic diatoms. This finding is consistent with those of Alsterberg et al. (2011) and Alsterberg and Sundbäck (2013). Diatoms benefit from increasing CO2 via a reduction in the energetic costs of their carbon-concentrating mechanism (Hopkinson et al., 2011). The tracer pigment data indicated an increased abundance of fucoxanthin (Figure 3) and zeaxanthin, indicating stimulated activity of diatoms and cyanobacteria in mangrove and seagrass incubations. In coral reef incubations, the activity of cyanobacteria increased as evidenced by an increase in the zeaxanthin concentration; slightly higher uptake of silicate under ATHP, HTAP, and HTHP treatments indicated stimulated activity of diatoms in lagoonal incubations. The release of ammonium in lagoonal incubations under ATHP and HTHP treatments indicated increased nitrogen mineralization, consistent with the results of Alsterberg et al. (2012). Initially higher concentrations of nutrients in pore water than that of overlying seawater implied that biological processes could be more important than physical diffusion in determining nutrient fluxes. Therefore, microbes may play an important role consuming nutrients (Arístegui et al., 2009; Miyajima, 2015) in all habitats, and an increase in bacterial abundance could suggest increased nutrient uptake (Ye et al., 2012).

Tentative Biogeochemical Implications

Our results suggest that HTHP stress has a major impact on primary production, especially on carbon cycling. Sediments from mangrove and seagrass habitats are more productive than those from coral reef lagoons, suggesting that they act as potential carbon sinks. Significantly increased uptake of nutrients (particularly silicate) in mangrove and seagrass sediments may enhance the role of sediments as nutrient sinks. Oxygen fluxes and increased bacterial abundance suggest that microbial community activity increased in these sediments, but did not exceed that of autotrophic compartments. In mangroves, community respiration may increase slightly, but not enough to increase heterotrophy owing to the capacity of primary producers to photosynthesize under stressful conditions. Significantly enhanced sediment primary production in shallow marine mangroves and seagrass sediments compared to coral reef lagoon sediments provided evidence for positive responses to HTHP stress with concomitant carbon storage.

CONCLUSIONS

The combined impact of increased temperature and pCO2 associated with climate change differs significantly from the impact of individual stressors, and can result in nonlinear effects and unexpected ecological patterns (Segner et al., 2014). To our knowledge, this is the first demonstration of differences in subtropical sediment systems between mangrove, seagrass, and coral reef lagoon habitats of Okinawa, Japan under high temperature and OA. A synergistic increase in sediment primary production was observed under the combination of stressors (HTHP), except in the coral reef lagoon. Elevated temperature and pCO2 stimulated primary production, autotrophic activity, bacterial abundance, and nutrient uptake. Greater carbon fixation in mangrove and seagrass sediments suggests that they have increased resilience compared to lagoonal sediment. However, lagoonal sediment also responded positively via a shift from heterotrophy to autotrophy under single (ATHP, HTAP) or combined stressors (HTHP). These results provide a basis for further studies to understand the responses of different shallow marine habitats to environmental stress. However, further efforts are needed to assess whether the roles proposed for mangroves, seagrass, and coral reef lagoon habitats within this study can be applied to a broader spatiotemporal scale.
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MS, mean squere; df, degrees of freedom; F; F-ratio. H represents mangrove, seagrass and coral reef lagoon habitats and IC represents four incubation conditions; ATAR, Ambent

temperature and ambient pCO2; ATHR. Ambient temperature and high pCOs; HTAP, High temperature and ambient pCO»; and HTHR High temperature and high pCOs.
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oH Alkalinity ~ Temperature  Salinity €021 [Hcoz] [CO(aq)] Tic PCO2

(mmol kg=1) o) PSU (mmolkg=)  (mmolkg=!)  (mmolkg~")  (mmolkg~")  (ppm)
ATAP  828x007  231x001 275£02 280400 02400 180001 001£000  201£001 4087
ATHP  797£001  250+001 275402  280£00 0200 211£001 002£000  230£001 97315
HIAP 822004  231£001 315£04  280+00 0200 1704000  001£000  201£000 4238
HTHP 7974002 250000 315404  280£00 0200 2104000 0024000  230£002 97310

821£003  232£001 281£04 33.0£00 02£00 181000 0.01 £0.00 201£001 4006
7914005 230 £000 281£04 330400 0.1£00 201£001 0.03 £0.00 220£002 9539
8224006  2.32+000 322404 33.0£00 0200 171000 0.01 +£0.00 2014003 4078

7914005 230 £001 322404 2.01+003 0.02 0,00 2.10+£002

818£003  221£000 271£06 335£00 02£00 171001 0.01 £0.00 1914008 42411
7914004  230£001 271408 335400 0.1£00 201£001 0.02 £0.00 2204002 95012
8224005  221£001 315£05 335400 0200 1800.01 0.01 £0.00 201£001 4048

7914007  221£001 315405 335400 0.1£00 191003 0.02 £0.00 211£001 95015

ATAR, Ambient temperature and ambient pCOs; ATHP, Ambient temperature and high pCO2; HTAR, High temperature and ambient pCOs; and HTHR, High temperature and high pCOs.
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