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Abstract

:

Soft sediment intertidal habitats are under intense anthropogenic pressure resulting from increased land derived sediment and nutrient delivery. Long term, this can cause high water column turbidity and nutrient enrichment of sediment porewaters, which has cascading effects on coastal ecosystem functionality. However, how these stressors may interact and influence benthic productivity over alternating periods of submergence and emergence is largely unknown. This study investigates the effects of sediment nutrient enrichment (at three levels for 20 months) on benthic primary production at six sites in four New Zealand estuaries that spanned a gradient in water column turbidity. While nutrient enrichment had no detectable effect on microphytobenthic primary production, water column turbidity had a significant influence, explaining up to 40% of variability during tidal submergence, followed by temperature and sediment characteristics. In addition, negative net primary production (NPP) estimates and therefore net heterotrophy for the most turbid estuaries during tidal submergence resulted in an increased reliance on production during emerged periods, where NPP was positive across all sites. This study highlights the prominent role of water column turbidity over nutrient enrichment in moderating microphytobenthic production, and the increasing importance of emerged periods to maintain the health and functioning of coastal habitats.
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1. Introduction


Soft sediment intertidal habitats are under intense anthropogenic pressure which is diminishing ecological functioning and the delivery of ecosystem services upon which humanity relies. Globally, the most pervasive pressures include significant increases in nutrient and sediment delivery [1] predominately through discharges of surface run-off and groundwater inputs [2,3]. These act to modify coastal nitrogen cycling as well as increase light attenuation to the benthos [4,5]. Ultimately, this can diminish benthic primary productivity which cascades to alter global carbon budgets, food web dynamics and water quality parameters [6,7,8]. Despite its importance, there is currently a limited understanding of how these pervasive pressures may interact and influence benthic productivity on intertidal flats over alternating periods of high and low tide within ecologically relevant contexts. Here for the first time, we couple in situ submerged and emerged primary production estimates across two seasons, in response to elevated sediment nutrient enrichment, over a natural gradient of water column turbidity.



Microphytobenthos (MPB) are often the dominant primary producer in shallow temperate ecosystems, accounting for up to 50% of total estuarine autochthonous primary production and up to 80% of total benthic carbon fixation [9]. While MPB productivity can supply high-quality labile carbon, and thus underpin coastal food webs [6], MPB also modify sediment stability and, through oxygenation of the sediment and nutrient uptake, alter biogeochemical pathways including nutrient recycling [8,10,11]. MPB are therefore fundamental constituents of intertidal habitats, with reductions in productivity likely to have cascading implications for entire coastal ecosystems.



Rates of MPB production are moderated by a number of factors such as hydrodynamic conditions, carbon supply, the availability of nutrients and light climate [12,13]. Of particular importance during submerged tidal periods is light availability [14]. Increases in water column light attenuation are predominately a product of suspended sediment concentrations [15] but can additionally be influenced by phytoplankton blooms in response to nutrient enrichment [16]. High water column turbidity restricts the amount of light reaching the seafloor and thus can directly diminish MPB production. While MPB have been shown to adapt to light conditions as low as 2.8 µmol m−1 s−1 [17], maximal rates of productivity are often proportional to light saturation values [14] and therefore productivity and the ecosystem services provided by MPB are often reduced with decreasing light availability. For example, reduced productivity (when light attenuation is high) causes feedbacks within the system via a reduction in labile organic carbon available to consumers, increases in the efflux of dissolved inorganic nitrogen from the sediment [18], reductions in macrofaunal diversity [19] and alterations to sediment stability [11].



Within subtidal environments where turbidity can remain consistently high, a tipping point can occur where the system moves from benthic to pelagic dominated primary production [20]. However, for intertidal environments, water column turbidity is a temporally displaced stressor as the tide recedes and exposes the sediment surface to high light availability. Therefore, exposure associated with low tide periods can provide some resilience to reduced MPB production during submerged periods. This has been demonstrated in several estuaries throughout the world, where benthic primary productivity is often reported to be limited to low tide periods [21,22,23,24]. The dependence on this exposure period and the relative contribution of low tide MPB production may therefore be closely coupled to site turbidity [25]. Despite this crucial link, there are few studies where direct comparisons of emerged and submerged primary production exist [23,26,27], especially through time and along a transitional gradient of water column turbidity. These knowledge gaps are limiting our ability to understand the effects of increased anthropogenic pressure.



Increased water column turbidity often occurs concomitantly with increased nutrient inputs. While it is well known that increased nutrient availability can lead to phytoplankton blooms, increases in filamentous benthic macroalgae and ultimately coastal eutrophication [28,29], the response of MPB production is less understood. This may be partially attributed to the majority of research focusing on the individual influences of elevated nutrients during one phase of a tidal cycle. However, nutrient responses by MPB are likely to be tightly coupled to light availability [30] and differ depending on tidal state. For example, an increase in nutrient availability has been shown to stimulate MPB productivity in a nutrient-limited system with high light availability during tidal submergence [31]. However, in a highly turbid but nutrient-rich estuary, light limitation was sufficient to prohibit MPB production and thus nitrogen uptake [32]. Conversely, during tidal emergence in a high nutrient system, MPB were not observed to be nutrient-limited [33,34], while in a low-nutrient system, the response of MPB is still largely unknown. Considering the multifaceted response of MPB within intertidal habitats to nutrient enrichment, it is vital for investigations to include a comparison of responses across tidal cycles, in combination with other pressures (such as water column turbidity) and which encompass timeframes that allow the incorporation of longer-term responses (e.g., microbial and macrofaunal community responses).



The objective of this study was to investigate the interactive effects of sediment nutrient enrichment and water column turbidity on both submerged and emerged MPB primary production. This was carried out by experimentally enriching the sediment at three levels for up to 20 months along a gradient of water column turbidity. Within the main objective, we postulate two questions; (1) how does water column turbidity influence submerged and emerged MPB primary production, and is this modified by sediment nutrient enrichment? In addition, (2) are these responses temporally variable? This research aims to fill a critical gap in our understanding of how two pervasive stressors may interact within natural environments, with a focus on MPB production, an often forgotten but integral component of coastal ecosystems [35].




2. Materials and Methods


2.1. Study Sites


This study was carried out at 6 sites within 4 estuaries of the North Island of New Zealand (Figure 1; for site-specific GPS coordinates see Table A1). All estuaries were shallow, barrier enclosed coastal systems with extensive intertidal area and had semi-diurnal tides. Sites were chosen based on a perceived gradient of water column turbidity while having a similar latitude to normalise for daylength and temperature. In addition, sites were located within the mid-intertidal region and inhabited by the functionally important bivalve species Austrovenus stutchburyi and Macomona liliana, which have been shown to significantly influence benthic–pelagic coupling [36].




2.2. Experimental Design


The experimental period spanned a total of 20 months with sampling in November 2017 (T1), June 2018 (T2; 3 sites only—TAU-T, TAU-O, RAG) and November 2018 (T3), corresponding to 8, 15 and 20 months of sediment nutrient enrichment (Table 1). Two November sampling periods were chosen to correspond with warmer late spring temperatures and higher light availability, and allowed the incorporation of potentially longer-term responses to nutrient enrichment (e.g., alterations of macrofaunal communities). An additional winter sampling (June 2018) at three sites was conducted to examine the potential influence of reduced temperatures and light conditions on primary production measures.



At each site, nine 9 m2 experimental plots were divided into three nutrient enrichment groups, either control 0 g N m−2, medium 150 g N m−2 or high nutrient treatment 600 g N m−2 (Figure 1F). To achieve enrichment, a slow-release urea fertiliser (Nutricote 40:0:0 N:P:K) was added at two known quantities to a series of 180 evenly spaced holes at a depth of 15 cm by extracting a sediment plug (3 cm diameter) with a handheld corer, adding a known volume of fertiliser and then replacing the sediment plug. Nitrogen-only fertiliser was used since New Zealand estuaries are typically N limited and because the urea in Nutricote quickly hydrolyses to ammonium (NH4+), a form of nitrogen associated with eutrophication and the remineralisation of organic matter [37]. This method results in an even elevation of porewater NH4+ throughout the experimental plots [38]. To maintain enrichment throughout the experimental period, fertiliser was first applied in March 2017 and reapplied following sampling in November 2017 and June 2018 (Table 1). Sampling, therefore, took place between 5 and 8 months after each application of fertiliser.




2.3. Primary Production Measurements


Primary production was measured during submergence at all sites in November 2017 and 2018, and at TAU-O, TAU-T and RAG in June 2018. On each sampling date, an Odyssey PAR (photosynthetically active radiation) logger (Dataflow Systems, Melbourne, FL, USA) was deployed in the middle of each site and on the shore to capture light availability at the sediment and water surface, respectively. Two benthic flux chambers were deployed in each plot for approximately 4 h during a midday high tide. Each chamber base (50 cm × 50 cm × 15 cm) was inserted 5 cm into the sediment at low tide and equipped with a light and temperature logger (HOBO Pendant®). On the incoming tide, chambers were sealed with a Perspex dome lid and any air bubbles removed, encapsulating 41 L of seawater over the sediment surface. An opaque shade cloth covered one of the two chamber lids per plot to block out all sunlight, while the other lid was left uncovered to receive ambient sunlight. Immediately after the chambers were sealed and at the end of the incubation, one 60 mL seawater sample was collected from each chamber to provide initial and final dissolved oxygen concentrations. Seawater dissolved oxygen concentration was measured on-site immediately after sampling using a handheld optical probe (PreSens FIBOX 3 LCD trace v7). In June and November 2018, this was supplemented with a dissolved oxygen logger (PME miniDOT) deployed within each chamber recording at a 1-min sampling frequency.



Emerged primary production was assessed within 10 d of the submerged measurements in June 2018 at TAU-O, TAU-T and RAG, and at all sites in November 2018 over a midday low tide. For the full emerged period, an Odyssey PAR light logger was deployed in the middle of the site to capture ambient light availability. Once the site was drained of water, one chamber base in each plot was inserted 5 cm into the sediment. During each measurement, the chamber contained an Odyssey PAR light logger, a pressure vent, a thermocouple measuring chamber air temperature and a battery-powered fan. The fan maintained airflow and gentle mixing to ensure no dead spaces were created inside the chamber which could alter the diffusion of gases from the sediment [39]. A Perspex lid was then fitted over the chamber and connected to an infrared gas analyser (LI-COR 8100A Automated Soil CO2 Flux System) where air was continuously circulated between the analyser and the chamber. Measurements of CO2 concentration (ppm) were recorded at a frequency of 1 Hz for a total incubation period of 5 min. This method has been shown to provide a reliable quantification of CO2 exchange in intertidal habitats, with a 5 min period resulting in a stable diffusion of CO2 without increasing the humidity within the chamber [25,40]. Light incubations were conducted before an opaque shade cloth was placed over the chamber base and allowed to acclimate for 20 min prior to an additional CO2 incubation performed in dark conditions.




2.4. Site Characteristics


Water column turbidity was assessed by measuring light availability reaching the sediment surface every 10 min over a 9-month period (between March and November 2017; see Mangan, et al. [14]), with PARSite an average of the maximum daily submerged PAR values during this period. To characterise sediment properties, on each submerged sample date, five pooled surface sediment cores (2.6 cm dia, 2 cm deep) were taken from each experimental plot and frozen at −20 °C [41] until analysis for sediment chlorophyll a, phaeopigments, grain size and organic matter content. Two separate replicates of 4 additional sediment core samples at depths of 0–2 cm and 5–7 cm were taken within each plot and kept on ice for analysis of sediment porosity and porewater ammonium concentrations. To assess any potential desiccation during emerged primary production measurements, four pooled 0–2 cm and 5–7 cm sediment cores (2.6 cm dia) were also taken and kept on ice until analysis of sediment porosity. Two macrofauna cores (13 cm dia, 15 cm depth) were taken from each plot in November 2017 and 2018 and sieved on a 500 µm mesh before being preserved in 70% Isopropyl alcohol.




2.5. Laboratory Analysis


Sediment samples were thawed and homogenised before analysis. To determine concentrations of chlorophyll a and phaeopigments, a sub-sample of sediment was freeze-dried, extracted with 90% buffered acetone and measured before and after acidification using a fluorometer (Turner Designs 10-AU). Grain size was measured using laser diffraction (Malvern Mastersizer-3000) after the digestion of organic matter with 10% hydrogen peroxide. Organic content was determined by weight loss on ignition following 3 d at 60 °C to ensure a constant weight and then combustion at 550 °C for 4 h. Sediment samples collected for porewater ammonium determination underwent water extraction within 24 h of collection. Four ml of de-ionised water was added to each sample before being vortexed and centrifuged. The supernatant was then filtered through a 0.45 µm Whatman GF/C glass fibre filter and stored at −20 °C. Analysis for porewater ammonium concentration was conducted on a Lachat QuickChem 8000 Series FIA+ (Zellweger Analytics Inc. Milwaukee, Wisconsin 53218, USA) using standard operating procedures for flow injection analysis. Sediment porosity samples (both for porewater calculations and those taken during each emerged incubation) were analysed by calculating the difference in wet and dry weight after 7 days at 60 °C (or until constant weight). Macrofauna samples (6 per treatment in T1 was reduced to 3 per treatment in T3 as no statistical difference in univariate measures were detected) were stained with Rose Bengal and fauna separated from any sediment and shell hash before being identified to the lowest possible taxonomic level (usually species) and counted.




2.6. Data Analysis


Submerged dissolved O2 and emerged CO2 fluxes were estimated from the change in concentration during the incubation period and corrected for the chamber area and volume. Submerged O2 fluxes were not corrected for water column processes owing to the small contribution relative to benthic production/respiration (<5% of the measured chamber flux, data not presented). A respiratory quotient of 1 was used to convert CO2 consumption and production measurements to O2 production and consumption, respectively. This value is likely to be realistic for well-oxygenated sediments with low mud and organic content [42], such as those within this study. Light chamber fluxes were equivalent to net primary production (NPP; µmol O2 m−2 h−1) and dark chamber fluxes to sediment oxygen consumption (SOC). The sum of these two fluxes from paired chambers within a plot provided an estimate of gross primary production (GPP). A productivity/respiration (p/r) ratio was calculated for each chamber, as defined by Eyre and Ferguson [43]: (hourly productivity (GPP) × daylight period)/(hourly respiration × 24 h), to estimate if the sediments were net autotrophic (p/r > 1; more carbon is produced than respired), or net heterotrophic (p/r < 1; more carbon is respired than produced).



Odyssey PAR logger data were converted from count measurements to PAR (µmol m−2 s−1) by a calibrated regression with a LI-COR PAR sensor prior to deployment. Three values of PAR are used throughout this study: site PAR (PARSite), incident PAR (PARi) and sediment surface PAR (PARSed). PARSite is used as a proxy for site turbidity as described above, where a higher PARSite value indicates lower site turbidity. The other two PAR measurements correspond to those taken during sampling and are used for normalising rates of primary production. PARi describes light received at the sediment surface during emerged incubations and at the water surface during submerged incubations. Whereas PARSed refers to light received at the sediment surface during the submerged incubations and therefore accounts for water column attenuation. GPP was first normalised by PARi (GPPi) to account for variability in light intensities between sampling dates while retaining attenuation effects of the water column (e.g., from turbidity). GPP was additionally normalised by PARSed and photosynthetic biomass (sediment chl a i.e., productivity per unit of photosynthesising biomass [18]) to determine photosynthetic efficiency (GPPSed + chla).



To determine if nutrient enrichment influenced primary production estimates and if this differed between sites and sampling events, a preliminary analysis using repeated measures PERMANOVA was conducted. For submerged fluxes, nutrient enrichment (3 levels), site (6 levels) and time (2 levels; T1 and T3) were set as fixed factors and replicate plot nested within treatment. T2 was omitted because measurements were only made at 3 of the 6 sites. For emerged fluxes, site was reduced to 3 levels (RAG, TAU-O, TAU-T) and time included T2 and T3 (Figure A1, Table A5). These analyses revealed high spatial and temporal variability. This was expected due to the extent of the experiment (6 different sites within 4 estuaries, over 20 months) which spanned a range of environmental conditions expected to influence primary production. To differentiate between this natural heterogeneity (in both time and space) and reveal any potential treatment effects, submerged and emerged primary production estimates (NPP and GPP) were normalised by an average of the control plot values. This resulted in treatment effect size being relative to the site-specific background level and sampling date. Control normalised (CN) submerged and emerged primary production estimates were tested for differences from control values (i.e., NPPCN, GPPCN ≠ 1) using one-sample t-tests. Differences between nutrient enrichment treatments (medium vs. high) were tested using two-sample t-tests and between sampling periods (for submerged data only) (T1 vs. T3) using paired two-sample t-tests. Statistical analyses for the control normalised data were performed using the R stats package (v3.6.2) in R Studio.



No significant treatment effects on primary production were detected in the PERMANOVA (Figure A1, Table A5) or control normalised analyses (see Results) and therefore raw (i.e., not control normalised) data were pooled for subsequent analysis. To investigate if site turbidity modified the relative importance of submerged and emerged primary production and to see if this was consistent through time, two repeated measures PERMANOVA’s were conducted. The first using T3 (November 2018) data with site and tidal state as fixed factors (6 and 2 levels, respectively) and replicate plot nested within site. The second considered a temporal element by including site (fixed factor, 3 levels: TAU-O, TAU-T and RAG), time (fixed factor, 2 levels: T2 and T3) and tidal state (fixed factor, 2 levels: submerged and emerged) with replicate plots nested within the site. All similarity matrices were based on Euclidian distances, and primary production measures tested were NPP, GPP, GPPi, GPPSed + chla. Main effects were not considered if interaction terms were significant, and instead, posthoc tests identified differences between sites, tidal state and sampling date.



Distance-based Linear Models (DistLM) were then used to identify if any environmental (sediment characteristics, light etc.) or univariate macrofaunal variables were significant drivers of primary production measures across all nutrient enrichment treatments, sites and sampling dates. First, predictor variables were normalised to allow for comparisons despite differing units and scales. Significant individual predictors (marginal tests) could then be identified and the best combination of predictor variables (stepwise procedure) of NPP and GPP during submerged and emerged tidal periods calculated. The corrected Akaike information criterion (AICc) was used for all models as AICc is suggested to be most appropriate when there are a large number of predictor variables relative to the sample size (sample number/n. explanatory variable < 40) [44]. Where co-linearity occurred among predictor variables (r > 0.7), the variable explaining the least amount of variability was omitted from the full model. For June 2018 (T2), macrofauna data between the two November samples were averaged so this sample date could be included. Variance partitioning was used to determine how much of the observed variability was attributed to significant environment variables (organic content, mud content, median grain size, sediment chl a content, phaeophytin content, PARi, PARsed (submerged data only), PARsite and temperature (sediment surface)), community variables (total abundance, taxa richness, A. stutchburyi abundance and M. liliana abundance) and porewater variables (NH4+ concentration at 0–2 cm and 5–7 cm sediment depth and porosity at 0–2 cm (emerged data only)). The two bivalve species were included based on their known influence on benthic processes within these systems [36]. All PERMANOVA and DistLM analysis were performed using PRIMER 7 with the PERMANOVA+ package.





3. Results


3.1. Site Characteristics


During the deployment of the PAR light loggers, no fouling or sediment deposition was observed and therefore the difference in measured light availability between sites during submergence confirms a gradient in water column turbidity was captured across the six sites (PARSite; Figure 2A). Light availability was lowest at MNK-L and MNK-R with a median maximum daily PAR of 218 and 290 µmol m−2 s−1, respectively. In addition, the interquartile range (IQR) was relatively low for both sites (297 and 365 µmol m−2 s−1, respectively), which is suggestive of a consistently low light climate and thus high turbidity. RAG while having a similar IQR to both the MNK sites (283 µmol m−2 s−1), had a higher median maximum daily PAR of 500 µmol m−2 s−1. In contrast, TAU-O, TAU-T and WTA had a considerably higher median maximum daily PAR (784–1140 m−2 s−1), suggestive of overall less turbid water, and a high IQR (512–762 m−2 s−1), indicative of intermittent increases in turbidity (rather than persistently high). Sediment surface PAR (PARSed) measurements during submerged sampling periods suggest this gradient of water column turbidity was captured during each sampling event (Figure 2B–D). Where high incident light (PARi) occurred, greatest differences between PARSed were observed at MNK-L, MNK-R and RAG. However, these differences are less pronounced with lower PARi values (e.g., during T2 sampling in winter).



No consistent relationship was found between water column turbidity and sediment characteristics (Table 2). On average, mud content was relatively low (<4%) at MNK-R, TAU-T and WTA on all sampling dates. The highest mud content was recorded at RAG (maximum of 28%) with both MNK-L and TAU-O predominately >10%. Organic content was also relatively low at all sites (<5%) while median grain size (MGS) varied between sites (an average of 123 µm in RAG to 248 µm in WTA). Microalgal biomass (sediment chl a content) was highly variable with no clear relationship between sites or sampling dates. Univariate measures of macrofaunal community differed between sites (Table 2; see Table A3 and Table A4 for community composition data). Most notable was the high abundance of A. stutchburyi (>50 core−1) at MNK-L, RAG and WTA which contributed to higher total macrofaunal abundance.




3.2. Treatment Effects on Sediment Properties


Sediment nutrient enrichment successfully increased porewater ammonium concentration at all sites throughout the experimental period (Table A2). On average, porewater ammonium (NH4+) increased 40-fold in medium treatments and 800-fold in high treatments relative to control concentrations at a depth of 0–2 cm. Porewater NH4+ concentration was typically higher at a depth of 5–7 cm relative to 0–2 cm, with 70 and 990-fold average increases in the medium and high treatments, respectively (relative to control concentrations). Successful nutrient enrichment consequently altered sediment porewater N:P ratios (Figure A2). Within control plots, N-limitation was predicted to occur at all sites through time (N:P < 16), while a switch to P-limitation likely occurred in all enriched plots through time (assuming a switch from N- to P-limitation is likely to occur at an N:P ratio between 10 and 16 [45,46]). Overall, sediment enrichment did not translate into substantial changes in sediment properties (grain size, mud content and organic content) (Table A2). A medium level of nutrient enrichment typically did not alter macrofaunal communities (Table A2, Table A3 and Table A4). However, negative responses were observed within high treatment plots, such as reduced abundance or loss of A. stutchburyi and M. liliana (Table A2).




3.3. Treatment Effects on MPB Biomass and Primary Production


MPB biomass varied with site, sample date and sediment enrichment level, but not in a consistent manner (e.g., high treatments having greater biomass than other treatments, or consistent relationships within a site through time) (Table A2). Any deviations in MPB biomass from control plots primarily occurred at sites with the lowest water column turbidity (TAU-O, TAU-T and WTA) while no difference in chl a was observed at the most turbid sites (MNK-L and MNK-R during T1 and RAG throughout the experimental period) (Table A2).



Preliminary analysis of nutrient enrichment effects on primary production measures revealed high variability between sites and sample dates (Figure A1, Table A5), and so site-specific data were control normalised to see whether this would reduce variability and reveal effects of nutrient enrichment on primary production (Figure 3). Nutrient enrichment did not have a significant effect on submerged NPPCN or GPPCN after 8 (T1) and 20 (T3) months of enrichment regardless of treatment level (medium or high) (Table 3). While it was not possible to distinguish long-term treatment effects (between T1 and T3) for emerged production measures, nutrient enrichment effects on NPPCN and GPPCN were not observed after 20 months of enrichment (T3). Therefore, nutrient enrichment treatment data were pooled for all subsequent analysis.




3.4. Submerged vs. Emerged Primary Production and Its Predictors


To investigate the relative importance of submerged and emerged primary production and if this differed over a gradient of water column turbidity, primary production measures as a function of site and tidal period during T3 were compared (Figure 4). At the three sites with the highest water column turbidity (MNK-L, MNK-R and RAG), submerged NPP was significantly lower than emerged NPP and negative at the two most turbid sites (MNK; Table 4). In contrast, at the three sites receiving the greatest light availability, submerged NPP was equal to or greater than emerged NPP. The relationship between GPP and water column turbidity was weaker, with emerged GPP at the three most turbid sites being only slightly greater than or equal to emerged GPP from the least turbid sites (Figure 4B). After standardising GPP by incident PAR, submerged GPPi did not strongly relate to water column turbidity. This may be partially attributed to the low incident light recorded at RAG (Figure 2D). Emerged GPPi was highly variable among sites and did not significantly exceed submerged GPPi (Table 4). Emerged GPPi was considerably higher at TAU-O when compared to the other sites, however, this is likely to be an artefact of both low light availability during the emerged sampling, and high incident light during the submerged sampling event (Figure 2D). Photosynthetic efficiency (GPPSed + chla: correcting GPP by PARSed and photosynthesising biomass (chl a)) appeared to be independent of water column turbidity during submerged tidal periods, with little difference observed among sites (Figure 4D). The only exception occurred at MNK-R where photosynthetic efficiency was notably higher. Submerged GPPSed + chla was greater than emerged GPPSed + chla at all but one site (TAU-O) where photosynthetic efficiency was equal between tidal periods.



These relationships appear to be relatively robust through time at the three sites where a June comparison is available (Figure 5). Submerged NPP was lowest at the most turbid site (RAG) during T2 and T3, and significantly lower than emerged NPP compared to sites with higher light availability (TAU-O and TAU-T). Emerged NPP at RAG was significantly higher than both TAU sites during both sampling dates (Table 5). All GPP estimates showed no clear relationship with time, however, RAG was observed to have the lowest submerged GPP and highest emerged GPP across both sampling dates. Once corrected for incident light, submerged GPPi was three times higher at TAU-O, compared to all other sites and across the two sampling dates, while all other submerged GPPi fluxes were relatively consistent. Photosynthetic efficiency remained significantly higher during submergence at all sites and sampling dates except for RAG during T2 and TAU-O during T3 where similar estimates between tidal periods were observed.



The influence of water column turbidity on overall productivity at each site through time is highlighted in Figure 6. Net autotrophy (more carbon produced than respired) dominated all sites during tidal emergence. However, during submerged tidal periods, sites with high water column turbidity consistently had a p/r ratio <1 suggesting net heterotrophy (more carbon respired than produced). In contrast, sites with low water column turbidity predominately remained net autotrophic during submergence at all three sampling dates.



The variability in primary production among sites and tidal stages was partitioned using DistLM analysis (Table 6). The analysis revealed environmental variables contributed 10–25% of overall variability for submerged and emerged primary production estimates. When considering the shared effects of community variables for submerged estimates, and porewater variables for emerged estimates, the total amount of explained variability increased to 19–39%. PARSite was significantly correlated with submerged primary production estimates, explaining 8–40% of the total variance when considered individually, supporting earlier evidence of the influence of water column turbidity on benthic primary production. Temperature explained the second largest proportion of variability and was included in the full model during both submerged GPP and emerged NPP estimates (11% and 4%, respectively). Other significant individual predictors for both submerged and emerged estimates included sediment properties (either mud content, organic content or grain size), phaeopigments and porewater NH4+ concentration while the addition of total abundance of A. stutchburyi and porosity were significant for emerged estimates. Porewater NH4+ concentration explained a maximum of 4% variability, further highlighting the marginal influence of sediment enrichment on primary production estimates.





4. Discussion


Comparisons of MPB productivity on intertidal flats during periods of tidal inundation and exposure are rare, despite the potential of several anthropogenic stressors to restrict productivity to emerged periods. This study considered both submerged and emerged productivity and integrated these estimates over a 20-month period within six different estuaries, to investigate the combined effects of two pervasive coastal pressures—increased nutrient availability and water column turbidity. To achieve this, MPB productivity was measured at both high and low tide (i.e., photosynthetic O2 production and CO2 uptake on submerged and exposed tidal flats, respectively) and analysed according to nutrient enrichment treatment across a natural turbidity gradient (Figure 2A). Experimental nutrient enrichment resulted in sediment porewater ammonium concentrations comparable to those in eutrophic estuaries globally [38], with a 40- and 800-fold increase in medium and high treatments, respectively. The large gradient of environmental conditions encompassed within this field study ensured our estimates of MPB productivity fell within ranges reported within intertidal habitats both in New Zealand and worldwide. For example, NPP estimates have previously been described between 500 and 3000 µmol O2 m−2 h−1 within emerged habitats [25,47] and between −3000 and 4000 when measured continuously over several tidal cycles [48].



MPB productivity measurements were spatially and temporally variable and, even after normalising for background site values (i.e., NPPCN and GPPCN), both emerged and submerged MPB production were independent of nutrient enrichment (Table A5; Figure 3). This was unexpected considering each site was considered to be nitrogen-limited (within control plots) according to the calculated N:P porewater ratios (Figure A2) [45,46]. The negligible role of sediment nutrient enrichment may be explained by the dilution of plot effects from the suspension and removal of MPB with bedload transport [49], and/or the potential oversupply of nitrogen relative to phosphorus, switching the system from being predominately nitrogen to phosphorus limited. However, the absence of a response from MPB to stoichiometrically balanced nutrient additions have previously been observed [30]. This may occur if nutrients were not limiting, for example, as a product of both water-column assimilation and sediment porewater nutrients, the replenishment of depleted nutrients through advective flushing (by macrofauna and physical processes [50,51]), and/or through intense grazing pressure reducing MPB biomass and therefore reducing N demand [31]. Additionally, light limitation can prevent MPB growth [32,52], which while plausible for sites in this study with high water column turbidity (MNK, RAG), is unlikely to prevent a response by MPB at the least turbid sites. We therefore postulate that a combination of factors may have prevented an observed increase in MPB growth in this study, such as high bedload transport, carbon supply, light availability, phosphorus limitation, or grazing activity and therefore the enrichment of sediment nitrogen had no observable effect on MPB production.



In contrast to nutrient enrichment effects, site turbidity had a substantial influence on primary production estimates. For example, NPP was negative at the most turbid sites and increased with decreasing site turbidity. Although comparisons of GPP across sites did not show as strong a relationship with water column turbidity, submerged GPP was greatest at two of the least turbid sites (TAU-O, TAU-T). These results are further supported by the DistLM analysis where 40 and 17% of submerged NPP and GPP variability, respectively, could be explained by site turbidity (Table 6). While there was still a large proportion of unexplained variation, this is most likely an artefact of dynamic variations in sediment biogeochemistry caused by microbial and macrofaunal activities and detrital inputs [43,53,54] which will all contribute to small scale variations between plots. Nevertheless, the strong relationship with site turbidity appears to dominate benthic primary production estimates over time by occluding the light required by MPB for photosynthesis. These results highlight the effectiveness of incorporating a natural gradient of water column turbidity as a way of understanding the complexities of multiple stressors on ecosystem functioning in real-world settings.



As the tide recedes and exposes the sediment surface, MPB production becomes unconstrained by light limitation, confirmed by our results showing decreased effects of light on MPB production during emerged tidal periods. For example, PARSite explained just 11 and 3% of emerged NPP and GPP variability, respectively. As the effects of light decreased, the influence of sediment characteristics and, to a lesser extent, temperature, increased (GPP, mud 14%; NPP, temperature 4%; Table 6). However, considering the large influence temperature can have on MPB metabolism and previously reported production estimates [23,52,55], we postulate the amount of variability explained by temperature may increase if sampled over a larger temperature gradient (13.6–18.7 C during emerged periods in this study). Sediment characteristics, in contrast, can modify primary production estimates through several direct and indirect pathways. These include alterations in the penetration depth of light into the sediment, changes in solute transport in less permeable sediments, and a reduction in the metabolic status of MPB [56]. Moreover, sediment properties can also alter MPB community composition, resulting in different assemblages between sites [57,58]. While this study incorporated the effects of these environmental differences (including turbidity responses) and the effect of long-term nutrient enrichment on MPB production, characterisation of MPB assemblage responses presents an interesting avenue for future research.



The disparity in environmental conditions experienced during emerged vs. submerged periods is likely to be a contributing factor to the observed difference in photosynthetic efficiency between tidal states. During periods of submergence, few differences in photosynthetic efficiency were observed between sites, suggesting potential photoadaptation to lower light availability. Once released from light limitation during emerged periods, photosynthetic efficiency was significantly lower when compared to submerged tidal periods, and this was consistent through time (Figure 5). During periods of emergence, MPB efficiency can be reduced through high light and UV-B exposure, temperature extremes and desiccation stress (and the subsequent changes to salinity) [55,59,60]. However, a consistent difference in photosynthetic efficiency was not observed between the summer and winter sampling periods and no change in sediment porosity (and therefore desiccation) was detected over each emerged period (Table A2), suggesting these factors were unlikely to significantly reduce photosynthetic efficiency in this study. Alternatively, protective mechanisms such as diel migration are likely to have altered photosynthetic efficiency during emergence [61].



At the three most turbid sites, the contribution of emerged productivity was significantly greater than submerged (Table 4 and Table 5), supporting a previous study suggesting the importance of emerged MPB production increases with site turbidity [25]. In addition, the significant contribution of emerged primary production to total productivity is highlighted by the dominance of net heterotrophy at highly turbid sites during submergence, compared to predominately net autotrophy at the least turbid sites (Figure 6). This suggests highly turbid sites may rely on emerged periods (which were net autotrophic across all sites) to sustain and support benthic primary production. This is in agreement with studies from around the world reporting the restriction of benthic primary production to emerged periods only, owing to light limitation through high turbidity [21,22,62]. Despite the maintenance of MPB productivity over emerged periods, the higher production during emergence does not always fully compensate for the lower production during submergence, as evidenced by the consistently higher MPB production estimates during submerged compared to emerged tidal periods at the least turbid sites (Figure 4 and Figure 5). Increased heterotrophy has further consequences for coastal ecosystem functioning via the associated release of inorganic nutrients through increased respiration (rather than assimilation to support productivity during periods of net autotrophy). This ultimately can have substantial implications for coastal ecosystems through indirectly facilitating the removal of nutrients in oligotrophic systems or contributing to accelerating water column primary production in eutrophic systems. Consequently, reduced MPB productivity during submergence not only has direct implications on the supply of labile carbon and therefore coastal food webs [6] but can cascade onto reductions in the capacity to moderate pollutants, changes in trophic structure and alterations in nutrient cycling and transformation pathways [10,63,64]. In combination, these changes feedback within the system to modify ecological interaction networks and push ecosystems closer towards tipping points [65,66,67].



Through coupling measurements of submerged and emerged primary production, this study highlights the multifaceted nature of intertidal habitats where productivity is moderated by a complex network of ecosystem interactions. However, it is clear that reductions in seafloor light climate leading to any decline in primary productivity by MPB will have a cascading influence on the health and functioning of coastal habitats. Our study highlights the importance of low tide MPB production in turbid estuaries and therefore as a contributor to the system’s resilience to elevated turbidity. Intertidal areas are already vulnerable and it is estimated that there has been a 16% loss of intertidal habitats globally [68], with this expected to increase in the future [69]. As emerged tidal habitat becomes restricted and lost, the ecological resilience that these areas were providing is also lost, having significant implications for the effective management of these valuable ecosystems.
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Table A1. Coordinates of site locations.






Table A1. Coordinates of site locations.











	Estuary
	Site Code
	Latitude (Decimal)
	Longitude (Decimal)





	Manukau
	MNK-L
	−37.1325
	174.6931



	
	MNK-R
	−37.1314
	174.6969



	Raglan
	RAG
	−37.8039
	174.8672



	Tauranga
	TAU-T
	−37.4914
	175.9519



	
	TAU-O
	−37.6486
	176.0414



	Whangateau
	WTA
	−36.3171
	174.7697
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Table A2. Summary of sediment properties and univariate macrofaunal community indices as a function of site and nutrient enrichment treatment in November 2017 (T1) and November 2018 (T3). Data are displayed as mean ± SD. * indicates significant difference from control (p < 0.05). Differences were tested using ANOVA with treatment as a fixed factor (3 levels) and Tukey post-hoc test, or for data not meeting the assumption of normality, a Kruskal-Wallis test followed by a Dunn post-hoc test in R studio.
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Sediment Properties

	
MPB Biomass

	
Porosity

	
Porewater NH4+

	
Macrofaunal Community




	
Site

	
Time

	
Treat-

ment

	
OC

	
Mud

	
MGS

	
Chl a

	
Phaeo

	
0–2 cm

	
5–7 cm

	
0–2 cm

	
5–7 cm

	
N

	
S

	
AS

	
ML






	

	

	
g N m−2

	
%

	
%

	
µm

	
µg DW g−1

	
µg DW g−1

	
%

	
%

	
µmol N L−1

	
µmol N L−1

	
n core−1

	
n core−1

	
n core−1

	
n core−1




	
MNK-L

	
T1

	
0

	
2.1 ± 0.1

	
10 ± 1.7

	
201 ± 8

	
15 ± 2.6

	
7.4 ± 1.8

	
49 ± 1.8

	
54 ± 6.4

	
579 ± 273

	
649 ± 587

	
222 ± 77

	
19 ± 3

	
16 ± 6

	
15 ± 6




	

	

	
150

	
2.2 ± 0.1

	
10 ± 1.8

	
202 ± 7

	
22 ± 2.1

	
5.3 ± 2.7

	
51 ± 1.4

	
48 ± 2.7

	
1285 ± 642

	
4238 ± 2639

	
223 ± 57

	
20 ± 3

	
22 ± 7

	
11 ± 5




	

	

	
600

	
2.2 ± 0.1

	
12 ± 1.9

	
200 ± 6

	
13 ± 5.9

	
14 ± 6.2 *

	
51 ± 3.0

	
49 ± 7.9

	
2481 ± 2219

	
8043 ± 5037

	
142 ± 49

	
17 ± 3

	
19 ± 15

	
6 ± 4 *




	

	
T3

	
0

	
3.0 ± 0.2

	
12 ± 1.6

	
197 ± 4

	
15 ± 0.4

	
11 ± 0.9

	
44 ± 3.7

	
45 ± 2.3

	
40 ± 14

	
129 ± 9

	
289 ± 58

	
22 ± 2

	
80 ± 20

	
11 ± 2




	

	

	
150

	
3.1 ± 0.2

	
11 ± 1.3

	
196 ± 9

	
17 ± 1.6

	
12 ± 2.2

	
51 ± 4.2

	
50 ± 1.5

	
671 ± 186

	
21637 ± 7495

	
226 ± 22

	
18 ± 2

	
91 ± 11

	
5 ± 3




	

	

	
600

	
2.7 ± 0.2

	
11 ± 0.9

	
199 ± 7

	
11 ± 3.3 *

	
12 ± 6.0

	
57 ± 8.0 *

	
47 ± 12 *

	
5581 ± 2634

	
51757 ± 9349

	
104 ± 3 *

	
14 ± 2 *

	
57 ± 2

	
0 ± 0 *




	
MNK-R

	
T1

	
0

	
1.2 ± 0.1

	
0.9 ± 0.4

	
199 ± 2

	
7.7 ± 2.0

	
6.0 ± 5.0

	
55 ± 1.4

	
66 ± 4.7

	
576 ± 503

	
2975 ± 4008

	
75 ± 9

	
19 ± 2

	
3 ± 2

	
12 ± 4




	

	

	
150

	
1.2 ± 0.1

	
1.4 ± 0.5

	
198 ± 2

	
11 ± 2.4

	
2.7 ± 2.0

	
48 ± 7.5

	
65 ± 5.5

	
977 ± 575

	
2867 ± 872

	
74 ± 21

	
18 ± 3

	
7 ± 6

	
15 ± 4




	

	

	
600

	
1.2 ± 0.1

	
1.6 ± 0.8

	
197 ± 3

	
11 ± 1.8

	
3.2 ± 1.7

	
56 ± 1.9

	
68 ± 9.0

	
3893 ± 2405

	
10662 ± 9897

	
38 ± 27 *

	
11 ± 3 *

	
4 ± 4

	
7 ± 6




	

	
T3

	
0

	
1.1 ± 0.1

	
2.3 ± 1.1

	
200 ± 2

	
6.0 ± 1.1

	
4.4 ± 0.8

	
40 ± 1.2

	
40 ± 0.5

	
7.9 ± 4.1

	
21 ± 10

	
94 ± 29

	
22 ± 3

	
9 ± 2

	
15 ± 3




	

	

	
150

	
1.3 ± 0.2

	
3.6 ± 1.6

	
196 ± 3

	
11 ± 3.0 *

	
6.1 ± 1.1 *

	
42 ± 1.7

	
39 ± 3.0

	
35 ± 10

	
658 ± 595

	
82 ± 24

	
17 ± 4

	
10 ± 1

	
16 ± 11




	

	

	
600

	
1.4 ± 0.3

	
6.0 ± 3.1

	
192 ± 7

	
8.8 ± 1.1

	
6.5 ± 1.7

	
42 ± 0.0

	
39 ± 0.7

	
19391 ± 7468 *

	
40195 ± 11332 *

	
39 ± 11

	
11 ± 1 *

	
10 ± 4

	
4 ± 1




	
RAG

	
T1

	
0

	
3.8 ± 0.2

	
16 ± 1.9

	
130 ± 4

	
17 ± 4.6

	
8.7 ± 2.7

	
53 ± 2.8

	
52 ± 1.5

	
45 ± 29

	
98 ± 33

	
182 ± 46

	
21 ± 3

	
56 ± 18

	
2 ± 1




	

	

	
150

	
3.9 ± 0.2

	
18 ± 2.6

	
128 ± 6

	
19 ± 5.0

	
7.6 ± 4.4

	
53 ± 1.7

	
52 ± 2.6

	
658 ± 228

	
7938 ± 3481 *

	
183 ± 26

	
21 ± 2

	
56 ± 15

	
3 ± 2




	

	

	
600

	
4.0 ± 0.2

	
18 ± 1.7

	
132 ± 4

	
15 ± 6.5

	
11 ± 6.1

	
55 ± 3.5

	
52 ± 0.7

	
10029 ± 8245 *

	
49690 ± 20569 *

	
167 ± 27

	
17 ± 2 *

	
54 ± 10

	
1 ± 1 *




	

	
T3

	
0

	
4.2 ± 0.1

	
24 ± 1.9

	
118 ± 5

	
16 ± 2.5

	
10 ± 1.4

	
62 ± 2.4

	
47 ± 6.5

	
19 ± 7.6

	
105 ± 21

	
148 ± 27

	
17 ± 2

	
71 ± 6

	
4 ± 1




	

	

	
150

	
4.1 ± 0.1

	
24 ± 2.5

	
119 ± 6

	
17 ± 0.7

	
9.0 ± 0.6

	
55 ± 4.7

	
43 ± 7.9

	
4975 ± 3963 *

	
9510 ± 1049 *

	
105 ± 31

	
11 ± 3

	
60 ± 18

	
0 ± 1




	

	

	
600

	
4.2 ± 0.5

	
23 ± 3.7

	
124 ± 8

	
14 ± 1.4

	
9.1 ± 0.8

	
53 ± 3.2

	
47 ± 4.0

	
80456 ± 27924 *

	
58705 ± 42316 *

	
140 ± 66

	
15 ± 5

	
67 ± 23

	
3 ± 4




	
TAU-O

	
T1

	
0

	
2.6 ± 0.1

	
14 ± 2.0

	
157 ± 6

	
15 ± 0.3

	
3.2 ± 0.5

	
47 ± 2.3

	
47 ± 4.8

	
9.7 ± 1.5

	
43 ± 28

	
74 ± 7

	
15 ± 2

	
2 ± 1

	
6 ± 1




	

	

	
150

	
2.7 ± 0.1

	
13 ± 1.6

	
168 ± 8

	
22 ± 4.6 *

	
6.8 ± 1.7 *

	
48 ± 4.9

	
46 ± 3.7

	
509 ± 115

	
4534 ± 349

	
66 ± 14

	
15 ± 4

	
2 ± 1

	
4 ± 3 *




	

	

	
600

	
2.5 ± 0.1

	
11 ± 1.8 *

	
173 ± 15

	
18 ± 1.4 *

	
4.0 ± 0.5

	
47 ± 1.7

	
49 ± 3.3

	
2570 ± 740 *

	
10090 ± 1312

	
51 ± 15 *

	
11 ± 1

	
1 ± 1

	
0 ± 0 *




	

	
T3

	
0

	
2.7 ± 0.1

	
11 ± 1.0

	
158 ± 5

	
11 ± 1.1

	
4.1 ± 0.6

	
47 ± 0.7

	
45 ± 9.7

	
9.0 ± 4.5

	
16 ± 5.7

	
36 ± 7

	
11 ± 1

	
1 ± 1

	
5 ± 2




	

	

	
150

	
2.9 ± 0.3

	
12 ± 1.1

	
158 ± 6

	
23 ± 2.1 *

	
5.9 ± 1.8

	
48 ± 0.7

	
53 ± 2.5

	
243 ± 26

	
3950 ± 1766

	
34 ± 7

	
9 ± 1

	
1 ± 1

	
1 ± 1




	

	

	
600

	
2.9 ± 0.0

	
13 ± 1.0

	
153 ± 3

	
12 ± 1.3

	
5.6 ± 0.5

	
45 ± 1.8

	
57 ± 10

	
8037 ± 4278 *

	
50569 ± 30127 *

	
9 ± 7 *

	
4 ± 2 *

	
0 ± 1

	
0 ± 0 *




	
TAU-T

	
T1

	
0

	
1.4 ± 0.1

	
4.4 ± 0.3

	
200 ± 4

	
9.9 ± 1.6

	
2.8 ± 0.9

	
42 ± 1.8

	
40 ± 2.3

	
10 ± 2.3

	
386 ± 276

	
105 ± 14

	
18 ± 3

	
8 ± 1

	
5 ± 2




	

	

	
150

	
1.3 ± 0.1

	
4.1 ± 0.8

	
202 ± 5

	
9.1 ± 1.5

	
2.8 ± 0.4

	
44 ± 2.0

	
42 ± 2.3

	
439 ± 150

	
1276 ± 1057

	
73 ± 27

	
15 ± 3

	
5 ± 3

	
3 ± 2




	

	

	
600

	
1.1 ± 0.1 *

	
3.1 ± 1.0

	
205 ± 4

	
6.2 ± 1.3 *

	
1.8 ± 0.3 *

	
43 ± 0.9

	
40 ± 2.2

	
3342 ± 2441 *

	
4803 ± 1637 *

	
64 ± 35

	
14 ± 3

	
3 ± 2 *

	
1 ± 2 *




	

	
T3

	
0

	
1.4 ± 0.1

	
3.1 ± 0.3

	
201 ± 6

	
6.6 ± 0.8

	
2.7 ± 0.4

	
43 ± 2.1

	
39 ± 0.9

	
8.5 ± 2.6

	
78 ± 70

	
70 ± 9

	
15 ± 1

	
8 ± 1

	
5 ± 1




	

	

	
150

	
1.7 ± 0.2 *

	
2.9 ± 0.4

	
197 ± 6

	
11 ± 1.3 *

	
3.8 ± 0.5 *

	
41 ± 1.7

	
38 ± 2.1

	
401 ± 247

	
2013 ± 501

	
54 ± 7

	
13 ± 1

	
4 ± 1 *

	
4 ± 2




	

	

	
600

	
1.6 ± 0.1 *

	
3.4 ± 0.5

	
201 ± 7

	
8.7 ± 1.4 *

	
3.2 ± 0.3

	
41 ± 1.9

	
39 ± 2.8

	
10304 ± 11237 *

	
8305 ± 1169 *

	
38 ± 12 *

	
9 ± 2 *

	
1 ± 1 *

	
1 ± 1




	
WTA

	
T1

	
0

	
1.4 ± 0.1

	
3.4 ± 0.8

	
255 ± 8

	
7.7 ± 0.9

	
2.4 ± 0.9

	
46 ± 1.2

	
44 ± 1.2

	
584 ± 135

	
496 ± 235

	
252 ± 55

	
23 ± 3

	
52 ± 16

	
6 ± 2




	

	

	
150

	
1.4 ± 0.1

	
3.6 ± 1.0

	
248 ± 5

	
13 ± 1.5 *

	
3.5 ± 0.4

	
47 ± 1.3

	
45 ± 2.9

	
950 ± 82

	
1358 ± 886

	
262 ± 44

	
25 ± 3

	
37 ± 11

	
3 ± 1




	

	

	
600

	
1.4 ± 0.1

	
3.5 ± 0.7

	
252 ± 5

	
13 ± 2.2 *

	
4.4 ± 0.8 *

	
48 ± 0.8

	
48 ± 1.2

	
2608 ± 3459

	
5048 ± 2621 *

	
166 ± 42 *

	
23 ± 2

	
23 ± 13 *

	
1 ± 1 *




	

	
T3

	
0

	
1.4 ± 0.1

	
2.1 ± 0.4

	
249 ± 7

	
6.1 ± 0.8

	
3.0 ± 0.4

	
35 ± 2.4

	
23 ± 11

	
47 ± 61

	
20 ± 14

	
211 ± 42

	
23 ± 1

	
37 ± 11

	
6 ± 1




	

	

	
150

	
1.8 ± 0.5 *

	
3.5 ± 1.0 *

	
244 ± 2

	
13 ± 3.1 *

	
8.6 ± 3.9 *

	
34 ± 3.9

	
33 ± 1.1

	
50 ± 45

	
732 ± 861

	
268 ± 20

	
26 ± 1

	
32 ± 2

	
1 ± 1 *




	

	

	
600

	
1.7 ± 0.2 *

	
5.2 ± 1.8 *

	
236 ± 8 *

	
16 ± 6.5 *

	
10 ± 4.1 *

	
40 ± 1.6

	
33 ± 3.4

	
1002 ± 700 *

	
11936 ± 16229 *

	
137 ± 34

	
17 ± 3 *

	
18 ± 6

	
0 ± 1 *








OC = organic content; Mud = mud content; MGS = median grain size; Chl a = chlorophyll a; DW = dry weight; Phaeo = phaeopigment; 0–2, 5–7 cm = sediment depth; N = total abundance; S = taxa richness; AS = Austrovenus stutchburyi; ML = Macomona liliana.
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Table A3. Average abundance (n core−1) of taxa as a function of nutrient enrichment treatment in November 2017 (T1; n = 6). Treatments have been abbreviated to C = control, M = medium, H = high.
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MNK-L

	
MNK-R

	
RAG

	
TAU-O

	
TAU-T

	
WTA




	

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H






	
Anthozoa

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Anthopleura aureoradiata

	
8

	
7

	
6

	
1

	
1

	
0

	
9

	
7

	
3

	
1

	
0

	
0

	
0

	
0

	
1

	
38

	
36

	
7




	
 Edwardsia

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
1

	
1

	
3

	
1




	
Bivalvia

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Arthritica bifurca

	
1

	
3

	
1

	
0

	
0

	
0

	
6

	
2

	
1

	
0

	
0

	
0

	
1

	
0

	
1

	
0

	
0

	
0




	
 ustrovenus stutchburyi

	
16

	
22

	
19

	
3

	
7

	
4

	
56

	
56

	
54

	
2

	
2

	
1

	
8

	
5

	
3

	
52

	
37

	
23




	
 Hiatula siliquens

	
0

	
0

	
0

	
1

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Lasaea parengaensis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
4

	
1

	
0

	
6

	
1

	
1

	
6

	
4

	
2




	
 Linucula hartvigiana

	
5

	
4

	
2

	
0

	
1

	
0

	
16

	
17

	
12

	
0

	
0

	
0

	
0

	
0

	
0

	
7

	
7

	
4




	
 Macomona liliana

	
15

	
11

	
6

	
12

	
15

	
7

	
2

	
3

	
1

	
6

	
4

	
0

	
5

	
3

	
1

	
6

	
3

	
1




	
 Nucula nitidula

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
2

	
1




	
Clitellata

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Oligochaeta

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
1

	
0

	
1

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
1




	
Gastropoda

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Cominella glandiformis

	
2

	
0

	
2

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
1

	
2

	
0

	
0

	
0

	
0

	
2

	
2




	
 Diloma subrostrata

	
1

	
1

	
1

	
0

	
0

	
0

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
1




	
 Notoacmea scapha

	
11

	
7

	
8

	
1

	
1

	
0

	
4

	
3

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Pisinna zosterophila

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
30

	
40

	
34




	
 Zeacumantus lutulentus

	
2

	
4

	
5

	
0

	
1

	
1

	
1

	
1

	
1

	
0

	
4

	
4

	
1

	
0

	
0

	
2

	
3

	
2




	
 Zeacumantus subcarinatus

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
3

	
6

	
5




	
Holothuroidea

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Taeniogyrus dendyi

	
0

	
0

	
0

	
2

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
3

	
4

	
3




	
Malacostraca

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Austrominius modestus

	
20

	
24

	
22

	
2

	
8

	
0

	
12

	
13

	
18

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Colurostylis lemurum

	
2

	
3

	
3

	
2

	
1

	
2

	
1

	
0

	
0

	
1

	
1

	
0

	
1

	
2

	
4

	
4

	
2

	
2




	
 Exosphaeroma planulum

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Exosphaeroma waitemata

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
0




	
 Halicarcinus whitei

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
2

	
1




	
 Hemiplax hirtipes

	
1

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
1

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0




	
 Isocladus

	
0

	
1

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1




	
 Lysianassidae

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
6

	
1

	
0

	
35

	
35

	
19




	
 Paracalliope novizealandiae

	
2

	
2

	
0

	
2

	
1

	
0

	
3

	
2

	
3

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
0




	
 Paracorophium excavatum

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Paramoera chevreuxi

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
1




	
 Phoxocephalidae

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
5

	
2

	
0

	
1

	
0

	
0

	
23

	
29

	
17




	
 Protorchestia sp.

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
1

	
0

	
0

	
0




	
 Torridoharpinia hurleyi

	
0

	
1

	
1

	
1

	
0

	
0

	
1

	
1

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Nemertea (phylum)

	
1

	
0

	
0

	
2

	
2

	
2

	
2

	
2

	
1

	
0

	
1

	
0

	
1

	
2

	
1

	
0

	
0

	
0




	
Polychaeta

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Aonides trifida

	
110

	
91

	
46

	
12

	
13

	
9

	
0

	
0

	
0

	
6

	
3

	
4

	
22

	
10

	
7

	
1

	
0

	
0




	
 Aricidea

	
0

	
0

	
0

	
6

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Armandia maculata

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Boccardia syrtis

	
1

	
0

	
0

	
2

	
1

	
1

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Capitella

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Ceratonereis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
14

	
13

	
6

	
11

	
13

	
3

	
7

	
8

	
4




	
 Glycera ovigera

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Heteromastus filiformis

	
8

	
12

	
6

	
4

	
3

	
2

	
9

	
9

	
9

	
5

	
2

	
2

	
4

	
3

	
3

	
3

	
4

	
5




	
 Macroclymenella stewartensis

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
1

	
1




	
 Magelona dakini

	
1

	
1

	
1

	
15

	
8

	
5

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Microspio maori

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
4

	
3

	
0

	
15

	
7

	
6

	
4

	
3

	
15




	
 Naineris

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0




	
 Nicon aestuariensis

	
1

	
1

	
1

	
0

	
0

	
0

	
4

	
2

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Orbinia papillosa

	
0

	
0

	
0

	
1

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
4

	
0

	
1

	
0




	
 Pectinaria australis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Perinereis vallata

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
1

	
2

	
0

	
1

	
0

	
1

	
1




	
 Prionospio aucklandica

	
10

	
23

	
8

	
1

	
1

	
1

	
40

	
56

	
53

	
13

	
10

	
12

	
9

	
9

	
8

	
17

	
23

	
14




	
 Scolecolepides benhami

	
1

	
1

	
0

	
0

	
1

	
0

	
1

	
1

	
1

	
3

	
2

	
2

	
2

	
2

	
6

	
0

	
0

	
0




	
 Scoloplos cylindrifer

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
7

	
14

	
14

	
5

	
10

	
11

	
1

	
1

	
0




	
 Sphaerosyllis semiverrucosa

	
2

	
1

	
1

	
0

	
0

	
0

	
3

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Syllinae

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0
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Table A4. Average abundance (n core−1) of taxa as a function of nutrient enrichment treatment in November 2018 (T3; n = 3). Treatments have been abbreviated to C = control, M = medium, H = high.






Table A4. Average abundance (n core−1) of taxa as a function of nutrient enrichment treatment in November 2018 (T3; n = 3). Treatments have been abbreviated to C = control, M = medium, H = high.





	

	
MNK-L

	
MNK-R

	
RAG

	
TAU-O

	
TAU-T

	
WTA




	

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H

	
C

	
M

	
H






	
Anthozoa

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Anthopleura aureoradiata

	
11

	
10

	
6

	
0

	
0

	
0

	
7

	
5

	
4

	
0

	
0

	
0

	
0

	
0

	
0

	
21

	
16

	
1




	
Bivalvia

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Arthritica bifurca

	
6

	
2

	
1

	
0

	
0

	
0

	
4

	
1

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Austrovenus stutchburyi

	
80

	
91

	
57

	
9

	
10

	
10

	
71

	
60

	
67

	
1

	
1

	
0

	
8

	
4

	
1

	
37

	
32

	
18




	
 Cyclomactra ovata

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Hiatula siliquens

	
0

	
0

	
0

	
4

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Lasaea parengaensis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
0

	
6

	
2

	
0

	
9

	
0

	
0




	
 Linucula hartvigiana

	
8

	
5

	
1

	
1

	
0

	
0

	
3

	
1

	
6

	
0

	
0

	
0

	
0

	
0

	
0

	
11

	
9

	
1




	
 Macomona liliana

	
11

	
5

	
0

	
15

	
16

	
4

	
4

	
0

	
3

	
5

	
1

	
0

	
5

	
4

	
1

	
6

	
1

	
0




	
Clitellata

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Oligochaeta

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
0

	
3

	
0

	
0

	
1

	
1

	
0




	
Gastropoda

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Cominella glandiformis

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
5

	
0




	
 Diloma subrostrata

	
0

	
1

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
 Notoacmea scapha

	
8

	
7

	
7

	
1

	
0

	
1

	
0

	
0

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Zeacumantus lutulentus

	
3

	
2

	
4

	
1

	
5

	
3

	
1

	
0

	
0

	
0

	
3

	
0

	
0

	
1

	
0

	
14

	
39

	
28




	
Holothuroidea

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Taeniogyrus dendyi

	
0

	
0

	
0

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Malacostraca

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Austrohelice crassa

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Austrominius modestus

	
29

	
30

	
10

	
4

	
15

	
4

	
3

	
7

	
17

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
0




	
 Colurostylis lemurum

	
1

	
0

	
0

	
3

	
1

	
2

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
2

	
1

	
2

	
6

	
8




	
 Exosphaeroma planulum

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Exosphaeroma waitemata

	
1

	
0

	
0

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Halicarcinus whitei

	
3

	
3

	
0

	
3

	
2

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
2

	
4

	
0




	
 Hemiplax hirtipes

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Isocladus

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
2

	
0




	
 Lysianassidae

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
0

	
35

	
20

	
11




	
 Melita awa

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Methalimedon

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Mysidae

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
13

	
27

	
3




	
 Paracalliope novizealandiae

	
3

	
2

	
0

	
3

	
1

	
0

	
2

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
3

	
10

	
12




	
 Paracorophium excavatum

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Paramoera chevreuxi

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
4

	
10

	
0




	
 Philocheras australis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
 Phoxocephalidae

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
5

	
6

	
0




	
 Protohyate

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Torridoharpinia hurleyi

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
4




	
 Waitangi brevirostris

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Nemertea (phylum)

	
6

	
2

	
1

	
1

	
1

	
1

	
3

	
0

	
2

	
0

	
0

	
0

	
5

	
2

	
0

	
0

	
2

	
0




	
Polychaeta

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
 Aonides trifida

	
79

	
25

	
1

	
14

	
10

	
7

	
0

	
0

	
0

	
4

	
0

	
0

	
8

	
6

	
3

	
2

	
0

	
0




	
 Aricidea

	
0

	
0

	
0

	
8

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Boccardia syrtis

	
0

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
2




	
 Capitella

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
1

	
1

	
5




	
 Ceratonereis

	
0

	
0

	
7

	
0

	
0

	
0

	
0

	
0

	
0

	
9

	
6

	
0

	
6

	
3

	
1

	
0

	
11

	
5




	
 Glycera ovigera

	
1

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Heteromastus filiformis

	
5

	
4

	
1

	
2

	
2

	
0

	
6

	
0

	
2

	
1

	
0

	
0

	
2

	
1

	
1

	
4

	
4

	
0




	
 Macroclymenella stewartensis

	
3

	
4

	
0

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Magelona dakini

	
0

	
0

	
0

	
8

	
4

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Microspio maori

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
0

	
3

	
1

	
1

	
25

	
19

	
11




	
 Nicon aestuariensis

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
2

	
2

	
0




	
 Orbinia papillosa

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
1

	
3

	
0

	
0

	
0




	
 Owenia petersenae

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Paradoneis lyra

	
0

	
0

	
0

	
2

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Pectinaria australis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
 Perinereis vallata

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
2

	
0

	
0

	
1

	
0

	
1

	
0

	
3

	
3




	
 Prionospio aucklandica

	
21

	
30

	
5

	
2

	
7

	
2

	
33

	
26

	
26

	
1

	
0

	
0

	
6

	
8

	
6

	
3

	
15

	
7




	
 Scolecolepides benhami

	
0

	
1

	
0

	
0

	
1

	
0

	
1

	
1

	
1

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
0

	
0




	
 Scoloplos cylindrifer

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
6

	
17

	
6

	
10

	
17

	
18

	
2

	
16

	
15




	
 Sphaerosyllis semiverrucosa

	
2

	
1

	
0

	
0

	
0

	
0

	
2

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0
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Figure A1. Primary production measures (A) NPP and (B) GPP as a function of site, nutrient enrichment treatment, tidal state and time. 
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Table A5. A repeated measures PERMANOVA using Euclidean distance was used to detect treatment effects on submerged and emerged primary production estimates. The analysis had treatment (3 levels), site (6 levels) and time (2 levels; sub T1 and T3; em T2 and T3) as fixed factors and replicate plot nested within treatment. Significant effects (p < 0.05) are given in bold. Main effects were not considered if interaction effects were significant and post hoc pairwise tests were undertaken to identify where differences occurred. For interaction terms Monte-Carlo P-values were used owing to the small number of possible permutations. Site names have been further abbreviated to: M = MNK-L, N = MNK-R, R = RAG, O = TAU-O, T = TAU-T, W = WTA, and control, medium and high nutrient enrichment to c, m and h, respectively.
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Term

	
df

	
Pseudo-F

	
p (perm)

	
Post-hoc Pairwise Tests




	

	

	

	

	

	
Treatment

	
Site

	
Time






	
Submerged

	

	

	

	

	

	

	




	
NPP

	
Site

	
5

	
45.28

	
0.001

	

	

	




	

	
Treatment

	
2

	
5.63

	
0.059

	

	

	




	

	
Time

	
1

	
0.01

	
0.923

	

	

	




	

	
Site × Treatment

	
10

	
6.83

	
0.001

	
M, N, R, T, c = m = h

O, m ≠ (c = h)

W, m = (c ≠ h)

	
c, M = N,M = R,M = O,M = T,M = W,N = R,N < O,

N < T,N < W,R = O,R = T,R = W,O = T,O = W,T = W

m, M < N,M = R,M < O,M < T,M < W,N = R,N < O,

N = T,N = W,R < O,R < T,R < W,O = T,O = W,T = W

h, M = N,M = R,M = O,M = T,M < W,N = R,N = O,

N = T,N < W,R = O,R = T,R < W,O = T,O = W,T = W

	




	

	
Site × Time

	
5

	
20.68

	
0.001

	

	
T1, M = N,M > R,M < O,M < T,M < W,N > R,N < O,

N < T,N < W,R < O,R < T,R < W,O > T,O = W,T < W

T3, M < N,M < R,M < O,M < T,M < W,N < R,N < O,

N < T,N < W,R < O,R < T,R = W,O = T,O > W,T > W

	
M, W, T1 > T3

N, O, T1 = T3

R, T, T1 < T3




	

	
Treatment × Time

	
2

	
0.54

	
0.596

	

	

	




	

	
Site × Treatment × Time

	
10

	
1.36

	
0.229

	

	

	




	
GPP

	
Site

	
5

	
20.24

	
0.001

	

	

	




	

	
Treatment

	
2

	
3.38

	
0.060

	

	

	




	

	
Time

	
1

	
20.78

	
0.007

	

	

	




	

	
Site × Treatment

	
10

	
4.01

	
0.002

	
M, N, R, c = m = h

O, T, c = (m ≠ h)

W, m = (c ≠ h)

	
c, M = N,M = R,M = O,M = T,M = W,N = R,N = O,

N < T,N = W,R = O,R = T,R = W,O = T,O = W,T = W

m, M = N,M = R,M < O,M < T,M < W,N = R,N < O,

N < T,N < W,R < O,R = T,R = W,O > T,O > W,T = W

h, M = N,M = R,M = O,M = T,M = W,N = R,N = O,

N = T,N < W,R = O,R = T,R < W,O = T,O = W,T = W

	




	

	
Site × Time

	
5

	
6.95

	
0.001

	

	
T1, M > N,M = R,M < O,M = T,M < W,N = R,N < O,

N < T,N < W,R < O,R = T,R < W,O > T,O = W,T < W

T3, M = N,M = R,M < 0,M < T,M = W,N = R,N < O,

N < T,N = W,R < O,R < T,R = W,O = T,O > W,T > W

	
M, R, O, T1 = T3

N, T, T1 < T3

W, T1 > T3




	

	
Treatment × Time

	
2

	
3.23

	
0.127

	

	

	




	

	
Site × Treatment × Time

	
10

	
1.68

	
0.139

	

	

	




	
Emerged

	

	

	

	

	

	

	




	
NPP

	
Site

	
5

	
5.04

	
0.002

	

	

	




	

	
Treatment

	
2

	
3.55

	
0.110

	

	

	




	

	
Time

	
1

	
4.84

	
0.076

	

	

	




	

	
Site × Treatment

	
10

	
2.88

	
0.016

	
M,N,R,O,T,W,

c = m = h

	
c, R = O,R ≠ T,R = M,R ≠ N,R = W,O = T,O = M,O = N,

O = W,T = M,T = N,T = W,M = N,M = W,N = W

m, R = O,R ≠ T,R = M,R = N,R = W,O = T,O = M,O = N,

O = W,T = M,T = N,T = W,M = N,M = W,N = W

h, R = O,R ≠ T,R = M,R = N,R = W,O = T,O = M,O = N,

O = W,T = M,T = N,T = W,M = N,M = W,N = W

	




	

	
Site × Time

	
2

	
1.15

	
0.342

	

	

	




	

	
Treatment × Time

	
2

	
1.84

	
0.231

	

	

	




	

	
Site × Treatment × Time

	
4

	
1.35

	
0.307

	

	

	




	
GPP

	
Site

	
5

	
5.93

	
0.001

	

	

	




	

	
Treatment

	
2

	
2.56

	
0.179

	

	

	




	

	
Time

	
1

	
7.27

	
0.033

	

	

	




	

	
Site × Treatment

	
10

	
2.53

	
0.020

	
M,N,R,O,T,W,

c = m = h

	
c, R ≠ O,R ≠ T,R = M,R ≠ N,R = W,M = N = O = T = W

m, R ≠ O,R = T,R ≠ M,R = N,R = W, M = N = O = T = W

h, R = O,R ≠ T,R = M,R = N,R = W, M = N = O = T = W

	




	

	
Site × Time

	
2

	
4.06

	
0.048

	

	
T2, R ≠ (O = T)

T3, R ≠ O,R ≠ T,R ≠ M,R = N,R = W, M = N = O = T = W



	
R, T2 ≠ T3

O, T, T2 = T3




	

	
Treatment × Time

	
2

	
0.70

	
0.496

	

	

	




	

	
Site × Treatment × Time

	
4

	
1.44

	
0.272
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Figure A2. Surface (0–2 cm) porewater N:P ratios within (A) all sediment nutrient enrichment treatments (control = light grey, medium = dark grey, high = black) and (B) within control plots as a function of site (n = 6–9). Data are pooled across all sampling dates and standard error bars displayed. 






Figure A2. Surface (0–2 cm) porewater N:P ratios within (A) all sediment nutrient enrichment treatments (control = light grey, medium = dark grey, high = black) and (B) within control plots as a function of site (n = 6–9). Data are pooled across all sampling dates and standard error bars displayed.



[image: Jmse 08 00732 g0a2]







References


	



Levin, L.A.; Boesch, D.F.; Covich, A.; Dahm, C.; Erséus, C.; Ewel, K.C.; Kneib, R.T.; Moldenke, A.; Palmer, M.A.; Snelgrove, P.; et al. The Function of Marine Critical Transition Zones and the Importance of Sediment Biodiversity. Ecosystems 2001, 4, 430–451. [Google Scholar] [CrossRef]

	



Nixon, S.W. Coastal marine eutrophication: A definition, social causes, and future concerns. Ophelia 1995, 41, 199–219. [Google Scholar] [CrossRef]

	



Valiela, I.; Bowen, J.L. Nitrogen sources to watersheds and estuaries: Role of land cover mosaics and losses within watersheds. Environ. Pollut. 2002, 118, 239–248. [Google Scholar] [CrossRef]

	



Smith, V.H. Eutrophication of freshwater and coastal marine ecosystems a global problem. Environ. Sci. Pollut. Res. 2003, 10, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Vitousek, P.M.; Aber, J.D.; Howarth, R.W.; Likens, G.E.; Matson, P.A.; Schindler, D.W.; Schlesinger, W.H.; Tilman, D.G. Human alteration of the global nitrogen cycle: Sources and consequences. Ecol. Appl. 1997, 7, 737–750. [Google Scholar] [CrossRef]

	



Christianen, M.J.A.; Middelburg, J.J.; Holthuijsen, S.J.; Jouta, J.; Compton, T.J.; van der Heide, T.; Piersma, T.; Sinninghe Damsté, J.S.; van der Veer, H.W.; Schouten, S.; et al. Benthic primary producers are key to sustain the Wadden Sea food web: Stable carbon isotope analysis at landscape scale. Ecology 2017, 98, 1498–1512. [Google Scholar] [CrossRef]

	



Duarte, C.M.; Middelburg, J.J.; Caraco, N. Major role of marine vegetation on the oceanic carbon cycle. Biogeosciences 2005, 2, 1–8. [Google Scholar] [CrossRef]

	



Miller, D.C.; Geider, R.J.; MacIntyre, H.L. Microphytobenthos: The ecological role of the “secret garden” of unvegetated, shallow-water marine habitats. II. role in sediment stability and shallow-water food webs. Estuaries 1996, 19, 202–212. [Google Scholar] [CrossRef]

	



Underwood, G.J.C.; Kromkamp, J. Primary Production by Phytoplankton and Microphytobenthos in Estuaries. Adv. Ecol. Res. 1999, 29, 93–153. [Google Scholar] [CrossRef]

	



Hope, J.A.; Paterson, D.M.; Thrush, S.F. The role of microphytobenthos in soft-sediment ecological networks and their contribution to the delivery of multiple ecosystem services. J. Ecol. 2020, 108, 815–830. [Google Scholar] [CrossRef]

	



Tolhurst, T.J.; Consalvey, M.; Paterson, D.M. Changes in cohesive sediment properties associated with the growth of a diatom biofilm. Hydrobiologia 2008, 596, 225–239. [Google Scholar] [CrossRef]

	



Kromkamp, J.; Peene, J.; van Rijswijk, P.; Sandee, A.; Goosen, N. Nutrients, light and primary production by phytoplankton and microphytobenthos in the eutrophic, turbid Westerschelde estuary (The Netherlands). Hydrobiologia 1995, 311, 9–19. [Google Scholar] [CrossRef]

	



Perkins, R.G.; Underwood, G.J.C.; Brotas, V.; Snow, G.C.; Jesus, B.; Ribeiro, L. Responses of microphytobenthos to light: Primary production and carbohydrate allocation over an emersion period. Mar. Ecol. Prog. Ser. 2001, 223, 101–112. [Google Scholar] [CrossRef]

	



Mangan, S.; Bryan, K.R.; Thrush, S.F.; Gladstone-Gallagher, R.V.; Lohrer, A.M.; Pilditch, C.A. Shady business: The darkening of estuaries constrains benthic ecosystem function. Mar. Ecol. Prog. Ser. 2020, 647, 33–48. [Google Scholar] [CrossRef]

	



Anthony, K.R.N.; Ridd, P.V.; Orpin, A.R.; Larcombe, P.; Lough, J. Temporal variation of light availability in coastal benthic habitats: Effects of clouds, turbidity, and tides. Limnol. Oceanogr. 2004, 49, 2201–2211. [Google Scholar] [CrossRef]

	



Rabalais, N.N.; Norse, E.; Crowder, L. The potential for nutrient overenrichment to diminish marine biodiversity. In Marine Conservation Biology: The Science of Maintaining the Sea’s Biodiversity; Island Press: Washington, DC, USA, 2005; pp. 109–122. [Google Scholar]

	



Gattuso, J.P.; Gentili, B.; Duarte, C.M.; Kleypas, J.A.; Middelburg, J.J.; Antoine, D. Light availability in the coastal ocean: Impact on the distribution of benthic photosynthetic organisms and their contribution to primary production. Biogeosciences 2006, 3, 489–513. [Google Scholar] [CrossRef]

	



Pratt, D.R.; Pilditch, C.A.; Lohrer, A.M.; Thrush, S.F. The effects of short-term increases in turbidity on sandflat microphytobenthic productivity and nutrient fluxes. J. Sea Res. 2014, 92, 170–177. [Google Scholar] [CrossRef]

	



Morris, L.; Keough, M.J. Variation in the response of intertidal infaunal invertebrates to nutrient additions: Field manipulations at two sites within Port Phillip Bay, Australia. Mar. Ecol. Prog. Ser. 2003, 250, 35–49. [Google Scholar] [CrossRef]

	



Cooper, S.R.; Brush, G.S. A 2500-year history of anoxia and eutrophication in Chesapeake Bay. Estuaries 1993, 16, 617–626. [Google Scholar] [CrossRef]

	



Guarini, J.-M.; Cloern, J.E.; Edmunds, J.; Gros, P. Microphytobenthic potential productivity estimated in three tidal embayments of the San Francisco Bay: A comparative study. Estuaries 2002, 25, 409–417. [Google Scholar] [CrossRef]

	



Migné, A.; Spilmont, N.; Davoult, D. In situ measurements of benthic primary production during emersion: Seasonal variations and annual production in the Bay of Somme (eastern English Channel, France). Cont. Shelf Res. 2004, 24, 1437–1449. [Google Scholar] [CrossRef]

	



Migné, A.; Trigui, R.J.; Davoult, D.; Desroy, N. Benthic metabolism over the emersion—Immersion alternation in sands colonized by the invasive Manila clam Ruditapes philippinarum. Estuar. Coast. Shelf Sci. 2018, 200, 371–379. [Google Scholar] [CrossRef]

	



Spilmont, N.; Davoult, D.; Migné, A. Benthic primary production during emersion: In situ measurements and potential primary production in the Seine Estuary (English Channel, France). Mar. Pollut. Bull. 2006, 53, 49–55. [Google Scholar] [CrossRef] [PubMed]

	



Drylie, T.P.; Lohrer, A.M.; Needham, H.R.; Bulmer, R.H.; Pilditch, C.A. Benthic primary production in emerged intertidal habitats provides resilience to high water column turbidity. J. Sea Res. 2018, 142, 101–112. [Google Scholar] [CrossRef]

	



Denis, L.; Gevaert, F.; Spilmont, N. Microphytobenthic production estimated by in situ oxygen microprofiling: Short-term dynamics and carbon budget implications. J. Soils Sediments 2012, 12, 1517–1529. [Google Scholar] [CrossRef]

	



Walpersdorf, E.; Kühl, M.; Elberling, B.; Andersen, T.; Hansen, B.; Pejrup, M.; Glud, R. In situ oxygen dynamics and carbon turnover in an intertidal sediment (Skallingen, Denmark). Mar. Ecol. Prog. Ser. 2016, 566, 49–65. [Google Scholar] [CrossRef]

	



Cloern, J.E. Our evolving conceptual model of the coastal eutrophication problem. Mar. Ecol. Prog. Ser. 2001, 210, 223–253. [Google Scholar] [CrossRef]

	



Duarte, C.M. Submerged aquatic vegetation in relation to different nutrient regimes. Ophelia 1995, 41, 87–112. [Google Scholar] [CrossRef]

	



Stutes, A.L.; Cebrian, J.; Corcoran, A.A. Effects of nutrient enrichment and shading on sediment primary production and metabolism in eutrophic estuaries. Mar. Ecol. Prog. Ser. 2006, 312, 29–43. [Google Scholar] [CrossRef]

	



Hillebrand, H.; Worm, B.; Lotze, H.K. Marine microbenthic community structure regulated by nitrogen loading and grazing pressure. Mar. Ecol. Prog. Ser. 2000, 204, 27–38. [Google Scholar] [CrossRef]

	



Meyercordt, J.; Meyer-Reil, L.-A. Primary production of benthic microalgae in two shallow coastal lagoons of different trophic status in the southern Baltic Sea. Mar. Ecol. Prog. Ser. 1999, 178, 179–191. [Google Scholar] [CrossRef]

	



De Jonge, V.N.; de Boer, W.F.; de Jong, D.J.; Brauer, V.S. Long-term mean annual microphytobenthos chlorophyll a variation correlates with air temperature. Mar. Ecol. Prog. Ser. 2012, 468, 43–56. [Google Scholar] [CrossRef]

	



Kwon, B.-O.; Kim, H.-C.; Koh, C.-H.; Ryu, J.; Son, S.; Kim, Y.H.; Khim, J.S. Development of temperature-based algorithms for the estimation of microphytobenthic primary production in a tidal flat: A case study in Daebu mudflat, Korea. Environ. Pollut. 2018, 241, 115–123. [Google Scholar] [CrossRef] [PubMed]

	



MacIntyre, H.L.; Geider, R.J.; Miller, D.C. Microphytobenthos: The ecological role of the “secret garden” of unvegetated, shallow-water marine habitats. I. Distribution, abundance and primary production. Estuaries 1996, 19, 186–201. [Google Scholar] [CrossRef]

	



Woodin, S.A.; Volkenborn, N.; Pilditch, C.A.; Lohrer, A.M.; Wethey, D.S.; Hewitt, J.E.; Thrush, S.F. Same pattern, different mechanism: Locking onto the role of key species in seafloor ecosystem process. Sci. Rep. 2016, 6, 26678. [Google Scholar] [CrossRef]

	



Tay, H.W.; Bryan, K.R.; Pilditch, C.A. Dissolved inorganic nitrogen concentrations in an estuarine tidal flat. J. Coast. Res. 2013, 65, 135–140. [Google Scholar] [CrossRef]

	



Douglas, E.J.; Pilditch, C.A.; Hines, L.V.; Kraan, C.; Thrush, S.F. In situ soft sediment nutrient enrichment: A unified approach to eutrophication field experiments. Mar. Pollut. Bull. 2016, 111, 287–294. [Google Scholar] [CrossRef]

	



Eklund, B. Practical Guidance for Flux Chamber Measurements of Fugitive Volatile Organic Emission Rates. J. Air Waste Manag. Assoc. 1992, 42, 1583–1591. [Google Scholar] [CrossRef]

	



Migné, A.; Davoult, D.; Spilmont, N.; Menu, D.; Boucher, G.; Gattuso, J.-P.; Rybarczyk, H.J.M.B. A closed-chamber CO2-flux method for estimating intertidal primary production and respiration under emersed conditions. Mar. Biol. 2002, 140, 865–869. [Google Scholar] [CrossRef]

	



Arar, E.J.; Collins, G.B. Method 445.0: In Vitro Determination of Chlorophyll a and Pheophytin a in Marine and Freshwater Algae by Fluorescence; United States Environmental Protection Agency: Washington, DC, USA, 1997.

	



Boucher, G.; Clavier, J.; Garrigue, C. Oxygen and carbon dioxide fluxes at the watersediment interface of a tropical lagoon. Mar. Ecol. Prog. Ser. 1994, 107, 185–193. [Google Scholar] [CrossRef]

	



Eyre, B.D.; Ferguson, A.J.P. Comparison of carbon production and decomposition, benthic nutrient fluxes and denitrification in seagrass, phytoplankton, benthic microalgae- and macroalgae-dominated warm-temperate Australian lagoons. Mar. Ecol. Prog. Ser. 2002, 229, 43–59. [Google Scholar] [CrossRef]

	



Burnham, K.P.; Anderson, D.R. A Practical Information-Theoretic Approach, 2nd ed.; Springer: New York, NY, USA, 2002. [Google Scholar]

	



Montani, S.; Magni, P.; Abe, N. Seasonal and interannual patterns of intertidal microphytobenthos in combination with laboratory and areal production estimates. Mar. Ecol. Prog. Ser. 2003, 249, 79–91. [Google Scholar] [CrossRef]

	



Redfield, A.C. The influence of organisms on the composition of seawater. Sea 1963, 2, 26–77. [Google Scholar]

	



Migné, A.; Davoult, D.; Bourrand, J.-J.; Boucher, G. Benthic primary production, respiration and remineralisation: In situ measurements in the soft-bottom Abra alba community of the western English Channel (North Brittany). J. Sea Res. 2005, 53, 223–229. [Google Scholar] [CrossRef]

	



Denis, L.; Desreumaux, P.-E. Short-term variability of intertidal microphytobenthic production using an oxygen microprofiling system. Mar. Freshw. Res. 2009, 60, 712–726. [Google Scholar] [CrossRef]

	



Underwood, G.J.C. Microphytobenthos. In Encyclopedia of Ocean Sciences, 2nd ed.; Steele, J.H., Ed.; Academic Press: Oxford, UK, 2001; pp. 807–814. [Google Scholar] [CrossRef]

	



Huettel, M.; Ziebis, W.; Forster, S.; Luther Iii, G. Advective transport affecting metal and nutrient distributions and interfacial fluxes in permeable sediments. Geochim. Cosmochim. Acta 1998, 62, 613–631. [Google Scholar] [CrossRef]

	



Volkenborn, N.; Hedtkamp, S.I.C.; van Beusekom, J.E.E.; Reise, K. Effects of bioturbation and bioirrigation by lugworms (Arenicola marina) on physical and chemical sediment properties and implications for intertidal habitat succession. Estuar. Coast. Shelf Sci. 2007, 74, 331–343. [Google Scholar] [CrossRef]

	



Barranguet, C.; Kromkamp, J.; Peene, J. Factors controlling primary production and photosynthetic characteristics of intertidal microphytobenthos. Mar. Ecol. Prog. Ser. 1998, 173, 117–126. [Google Scholar] [CrossRef]

	



Huettel, M.; Berg, P.; Kostka, J.E. Benthic Exchange and Biogeochemical Cycling in Permeable Sediments. Annu. Rev. Mar. Sci. 2014, 6, 23–51. [Google Scholar] [CrossRef]

	



Thrush, S.; Pridmore, R.; Hewitt, J.; Cummings, V. The importance of predators on a sandflat: Interplay between seasonal changes in prey densities and predator effects. Mar. Ecol. Prog. Ser. 1994, 107, 211. [Google Scholar] [CrossRef]

	



Blanchard, G.F.; Guarini, J.-M.; Gros, P.; Richard, P. Seasonal effect on the relationship between the photosynthetic capacity of intertidal microphytobenthos and temperature. J. Phycol. 1997, 33, 723–728. [Google Scholar] [CrossRef]

	



Billerbeck, M.; Røy, H.; Bosselmann, K.; Huettel, M. Benthic photosynthesis in submerged Wadden Sea intertidal flats. Estuar. Coast. Shelf Sci. 2007, 71, 704–716. [Google Scholar] [CrossRef]

	



Clark, D.E.; Pilditch, C.A.; Pearman, J.K.; Ellis, J.I.; Zaiko, A. Environmental DNA metabarcoding reveals estuarine benthic community response to nutrient enrichment—Evidence from an in-situ experiment. Environ. Pollut. 2020, 115472. [Google Scholar] [CrossRef] [PubMed]

	



Thornton, D.C.; Dong, L.F.; Underwood, G.J.; Nedwell, D.B. Factors affecting microphytobenthic biomass, species composition and production in the Colne Estuary (UK). Aquat. Microb. Ecol. 2002, 27, 285–300. [Google Scholar] [CrossRef]

	



Coelho, H.; Vieira, S.; Serôdio, J. Effects of desiccation on the photosynthetic activity of intertidal microphytobenthos biofilms as studied by optical methods. J. Exp. Mar. Biol. Ecol. 2009, 381, 98–104. [Google Scholar] [CrossRef]

	



Rijstenbil, J. Effects of UVB radiation and salt stress on growth, pigments and antioxidative defence of the marine diatom Cylindrotheca closterium. Mar. Ecol. Prog. Ser. 2003, 254, 37–48. [Google Scholar] [CrossRef]

	



Saburova, M.A.; Polikarpov, I.G. Diatom activity within soft sediments: Behavioural and physiological processes. Mar. Ecol. Prog. Ser. 2003, 251, 115–126. [Google Scholar] [CrossRef]

	



Yamochi, S.; Tanaka, T.; Otani, Y.; Endo, T. Effects of light, temperature and ground water level on the CO2 flux of the sediment in the high water temperature seasons at the artificial north salt marsh of Osaka Nanko bird sanctuary, Japan. Ecol. Eng. 2017, 98, 330–338. [Google Scholar] [CrossRef]

	



Dugan, J.E.; Emery, K.A.; Alber, M.; Alexander, C.R.; Byers, J.E.; Gehman, A.M.; McLenaghan, N.; Sojka, S.E. Generalizing Ecological Effects of Shoreline Armoring Across Soft Sediment Environments. Estuaries Coasts 2018, 41, 180–196. [Google Scholar] [CrossRef]

	



National Research Council. Mitigating Shore Erosion along Sheltered Coasts; National Academies Press: Washington, DC, USA, 2007; p. 188. [Google Scholar]

	



Scheffer, M.; Carpenter, S.R. Catastrophic regime shifts in ecosystems: Linking theory to observation. Trends Ecol. Evol. 2003, 18, 648–656. [Google Scholar] [CrossRef]

	



Selkoe, K.A.; Blenckner, T.; Caldwell, M.R.; Crowder, L.B.; Erickson, A.L.; Essington, T.E.; Estes, J.A.; Fujita, R.M.; Halpern, B.S.; Hunsicker, M.E.; et al. Principles for managing marine ecosystems prone to tipping points. Ecosyst. Health Sustain. 2015, 1, 1–18. [Google Scholar] [CrossRef]

	



Thrush, S.F.; Hewitt, J.E.; Parkes, S.; Lohrer, A.M.; Pilditch, C.; Woodin, S.A.; Wethey, D.S.; Chiantore, M.; Asnaghi, V.; De Juan, S.; et al. Experimenting with ecosystem interaction networks in search of threshold potentials in real-world marine ecosystems. Ecology 2014, 95, 1451–1457. [Google Scholar] [CrossRef] [PubMed]

	



Murray, N.J.; Phinn, S.R.; DeWitt, M.; Ferrari, R.; Johnston, R.; Lyons, M.B.; Clinton, N.; Thau, D.; Fuller, R.A. The global distribution and trajectory of tidal flats. Nature 2019, 565, 222–225. [Google Scholar] [CrossRef] [PubMed]

	



Passeri, D.L.; Hagen, S.C.; Medeiros, S.C.; Bilskie, M.V.; Alizad, K.; Wang, D. The dynamic effects of sea level rise on low-gradient coastal landscapes: A review. Earth’s Future 2015, 3, 159–181. [Google Scholar] [CrossRef]








[image: Jmse 08 00732 g001 550] 





Figure 1. Location of the four estuaries within the North Island of New Zealand (A), and sampling sites within (B) Manukau (MNK), (C) Raglan (RAG), (D) Tauranga (TAU) and (E) Whangateau (WTA) estuaries. Panel (F) depicts an example of the allocation of nutrient enrichment treatments (control = 0, medium = 150 and high = 600 g N m−2) to experimental plots within the Whangateau estuary. For site-specific GPS locations see Table A1. 
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Figure 2. Measured photosynthetically active radiation (PAR) at each site; (A) PARSite, daily maximum value over a 9-month period (March–November 2017), and during primary production measurements in (B) November 2017 (T1), (C) June 2018 (T2) and (D) November 2018 (T3). Black and blue bars indicate PARi (incident, water surface) and PARSed (sediment surface), respectively, during submerged sampling periods. Red indicates PARi during emerged sampling. Boxes represent the 25th and 75th percentiles, whiskers the 5th and 95th percentiles and a solid line within each box denotes the median. 
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Figure 3. Effect of nutrient enrichment on control normalised net primary production (NPP) (A,B) and gross primary production (GPP) (C,D) during submerged and emerged tidal periods, respectively. Data are pooled across sites and green boxes represent data from T1 (November 2017 where no emerged data were collected) and black boxes from T3 (November 2018). Boxes are the 25th and 75th percentiles, and whiskers the 5th and 95th percentiles. The dotted line is provided as a reference to control values. 
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Figure 4. Net primary production (NPP) (A), gross primary production (GPP) (B), gross primary production corrected by PARi (GPPi) (C), and gross primary production corrected by PARSed and photosynthetic biomass (sediment chl a content) (GPPSed + chla) (D), during emerged (red) and submerged (blue) tidal conditions in November 2018 (T3). Bars represent means (n = 9) with standard error bars displayed. 
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Figure 5. Net primary production (NPP) (A), gross primary production (GPP) (B), gross primary production corrected by PARi (GPPi) (C), and gross primary production corrected by PARSed and photosynthetic biomass (sediment chl a content) (GPPSed + chla) (D), during emerged (red) and submerged (blue) tidal state in June (T2) and November 2018 (T3). Bars represent means (n = 9) with standard error bars displayed. 
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Figure 6. Photosynthesis/respiration ratio (p/r) during submerged (blue) and emerged (red) tidal periods with data pooled across all sampling dates and treatments. Boxes are the 25th and 75th percentiles, and whiskers the 5th and 95th percentiles. The dotted line is provided as a reference to p/r = 1. 
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Table 1. Experiment timeline and parameters measured. T1 and T3 sampling includes all 6 sites, T2 sampling includes only 3 (TAU-O, TAU-T and RAG).
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March 2017

	
November 2017 (T1)

	
June 2018 (T2)

	
November 2018 (T3)






	
Sediment nutrient enrichment

	
√

	
√

	
√

	




	
Characterisation of site PAR
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Primary production measures

	

	

	

	




	
 Submerged (O2 flux)

	

	
√

	
√

	
√




	
 Emerged (CO2 flux)

	

	

	
√

	
√




	
Sediment characteristics

	

	
√

	
√

	
√




	
Macrofaunal composition

	

	
√

	

	
√








PAR = photosynthetically active radiation.
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Table 2. Site characteristics during November 2017 (T1), June 2018 (T2) and November 2018 (T3). Data presented are an average across the three nutrient enrichment treatments (n = 9), with the range in parentheses.
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Site

	
Time

	
Sediment Properties

	
Porewater

	
Microphytobenthic Biomass

	
Macrofaunal Community




	
OC

	
Mud

	
MGS

	
NH4+ (0–2 cm)

	
Chl a

	
Phaeo

	
N

	
S

	
A. Stutchburyi

	
M. Liliana






	

	

	
%

	
%

	
µm

	
µmol N L−1

	
µg DW g−1

	
µg DW g−1

	
n core−1

	
n core−1

	
n core−1

	
n core−1




	
MNK-L

	
T1

	
2.2 (2.0–2.3)

	
9.6 (7.0–12)

	
202 (196–211)

	
1448 (178–5479)

	
15 (2.1–24)

	
10 (0.6–26)

	
66 (44–82)

	
14 (11–19)

	
1 (0–4)

	
3 (0–8)




	

	
T2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
T3

	
3.0 (2.4–3.4)

	
11 (9.0–14)

	
197 (188–214)

	
2097 (27–9277)

	
14 (3.9–19)

	
13 (8.8–25)

	
207 (102–343)

	
18 (11–24)

	
76 (52–100)

	
6 (0–14)




	
MNK-R

	
T1

	
1.2 (1.0–1.4)

	
1.3 (0.6–2.3)

	
198 (194–201)

	
1815 (171–6721)

	
9.3 (4.5–13)

	
5.0 (0.5–17)

	
89 (12–117)

	
15 (7–19)

	
6 (1–12)

	
3 (0–7)




	

	
T2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
T3

	
1.3 (1.0–1.7)

	
3.8 (0.9–9.7)

	
196 (183–204)

	
6478 (3.7–28861)

	
8.3 (4.8–11)

	
5.7 (3.9–8.3)

	
72 (30–136)

	
16 (9–25)

	
9 (4–13)

	
12 (1–25)




	
RAG

	
T1

	
3.8 (3.6–4.3)

	
17 (15–23)

	
130 (118–140)

	
3577 (21–21214)

	
15 (5.0–28)

	
10 (0.9–22)

	
167 (116–222)

	
20 (15–22)

	
53 (25–83)

	
2 (0–6)




	

	
T2

	
3.2 (3.1–3.3)

	
25 (24–26)

	
119 (118–122)

	
1132 (63–4425)

	
16 (14–18)

	
10 (8.5–12)

	
-

	
-

	
-

	
-




	

	
T3

	
4.2 (3.5–4.7)

	
24 (19– 28)

	
121 (112–132)

	
28484 (13–96923)

	
16 (14–20)

	
9.4 (7.4–13)

	
131 (65–225)

	
14 (9–22)

	
66 (35–87)

	
2 (0–8)




	
TAU-O

	
T1

	
2.6 (2.5–3.0)

	
13 (9.4–18)

	
166 (150–187)

	
1029 (7.6–3584)

	
19 (15–31)

	
4.9 (2.4–8.6)

	
197 (132–323)

	
19 (15–24)

	
22 (10–50)

	
11 (2–20)




	

	
T2

	
1.3 (1.3–1.4)

	
4.1 (3.5–4.9)

	
200 (199–202)

	
4125 (0.1–13512)

	
11 (8.7–14)

	
3.9 (3.4–4.8)

	
-

	
-

	
-

	
-




	

	
T3

	
2.8 (2.6–3.0)

	
12 (10–14)

	
157 (148–167)

	
2763 (3.8–11798)

	
15 (9.4–22)

	
5.2 (3.1–8.1)

	
26 (2–46)

	
8 (2–13)

	
1 (0–1)

	
2 (0–7)




	
TAU-T

	
T1

	
1.3 (1.1–1.6)

	
4.0 (2.6–4.8)

	
203 (193–212)

	
1264 (7.0–6741)

	
8.8 (4.2–12)

	
2.4 (1.1–3.1)

	
55 (24–88)

	
15 (9–22)

	
3 (0–7)

	
11 (2–21)




	

	
T2

	
2.4 (2.2–2.6)

	
13 (12–13)

	
156 (153–159)

	
691 (0.3–3215)

	
14 (11–20)

	
6.9 (3.4–9.1)

	
-

	
-

	
-

	
-




	

	
T3

	
1.5 (1.4–1.7)

	
3.0 (2.5–3.8)

	
198 (189–208)

	
3571 (4.9–26193)

	
8.6 (5.9–12)

	
3.2 (2.2–4.3)

	
54 (28–82)

	
12 (6–16)

	
4 (0–10)

	
3 (0–6)




	
WTA

	
T1

	
1.4 (1.2–1.6)

	
3.4 (2.5–4.9)

	
252 (244–260)

	
1381 (128–1050)

	
11 (6.8–18)

	
3.4 (0.9–5.8)

	
232 (112–317)

	
24 (20–28)

	
37 (5–58)

	
3 (0–7)




	

	
T2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
T3

	
1.7 (1.3–2.8)

	
3.2 (1.4–7.0)

	
244 (233–256)

	
367 (3.7–1978)

	
12 (5.5–16)

	
6.8 (2.8–19)

	
205 (93–296)

	
22 (13–27)

	
29 (12–46)

	
3 (0–7)








OC = organic content, Mud = mud content, MGS = median grain size, Chl a = chlorophyll a, Phaeo = phaeopigment, DW = dry weight; N = total abundance, S = taxa richness.
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Table 3. t-test results examining nutrient treatment effects on control normalised (CN) primary production measures.
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Difference from Control

	
Difference between Treatment Means

	
Difference between T1 and T3 Means




	

	
Mean

	
t

	
p

	
t

	
p

	
t

	
p






	
Submerged

	

	

	

	

	

	

	




	
 NPPCN

	

	

	

	

	

	

	




	
  T1 Medium

	
1.41

	
1.72

	
0.104

	
−1.47

	
0.150

	

	




	
  T1 High

	
0.91

	
−0.37

	
0.715

	

	

	

	




	
  T3 Medium

	
1.38

	
1.38

	
0.187

	
−1.08

	
0.289

	

	




	
  T3 High

	
1.00

	
−0.00

	
0.999

	

	

	

	




	
  Medium

	

	

	

	

	

	
0.08

	
0.935




	
  High

	

	

	

	

	

	
−0.31

	
0.757




	
 GPPCN

	

	

	

	

	

	

	




	
  T1 Medium

	
0.97

	
−0.22

	
0.830

	
−1.01

	
0.322

	

	




	
  T1 High

	
0.74

	
−1.43

	
0.171

	

	

	

	




	
  T3 Medium

	
1.10

	
0.77

	
0.451

	
−1.03

	
0.313

	

	




	
  T3 High

	
0.90

	
−0.69

	
0.502

	

	

	

	




	
  Medium

	

	

	

	

	

	
−0.74

	
0.470




	
  High

	

	

	

	

	

	
−0.65

	
0.528




	
Emerged

	

	

	

	

	

	

	




	
 NPPCN

	

	

	

	

	

	

	




	
  T3 Medium

	
1.01

	
0.13

	
0.901

	
−1.23

	
0.228

	

	




	
  T3 High

	
1.56

	
1.30

	
0.207

	

	

	

	




	
 GPPCN

	

	

	

	

	

	

	




	
  T3 Medium

	
1.20

	
1.51

	
0.144

	
−1.01

	
0.321

	

	




	
  T3 High

	
1.68

	
1.47

	
0.154
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Table 4. Results of repeated measures PERMANOVAs testing the effect of site and tidal state on measures of primary production made in November 2018 (T3). Site (6 levels) and tide (2 levels) were treated as fixed factors, and replicate plot nested within site. Site names have been further abbreviated to: M = MNK-L, N = MNK-R, R = RAG, O = TAU-O, T = TAU-T, W = WTA, and submerged and emerged tidal periods to sub and em, respectively. Significant effects (p < 0.05) are given in bold.
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Term

	
df

	
Pseudo-F

	
p (perm)

	
Post-Hoc Pairwise Tests




	

	

	

	

	

	
Site

	
Tide






	
NPP

	
Site

	
5

	
7.77

	
0.001

	

	




	

	
Tide

	
1

	
5.83

	
0.017

	

	




	

	
Replicate (Site)

	
48

	
1.17

	
0.286

	

	




	

	
Site × Tide

	
5

	
14.34

	
0.001

	
Sub, O = T,O = R,O > M,O > N,O = W,T > R,T > M, T > N,T > W,R > M,R > N,R = W,M < N,M < W,N < W

Em, O = T,O < R,O = M,O = N,O = W,T < R,T = M,

T = N,T = W,R > M,R = N,R = W,M = N,M = W,N = W

	
O, W, sub = em

T, sub > em

R, M, N, sub < em




	
GPP

	
Site

	
5

	
4.00

	
0.004

	

	




	

	
Tide

	
1

	
45.07

	
0.001

	

	




	

	
Replicate (Site)

	
48

	
1.19

	
0.265

	

	




	

	
Site × Tide

	
5

	
7.76

	
0.001

	
Sub, O = T,O > R,O > M,O > N,O > W,T > R,T > M,

T > N,T > W,R > M,R = N,R = W,M = N,M = W,N = W

Em, O = T,O < R,O = M,O = N,O = W,T < R,T = M,

T = N,T = W,R > M,R = N,R = W,M = N,M = W,N = W

	
M, N, W, sub = em

O, T, R, sub > em




	
GPPi

	
Site

	
5

	
6.80

	
0.001

	

	




	

	
Tide

	
1

	
7.41

	
0.011

	

	




	

	
Replicate (Site)

	
48

	
1.48

	
0.089

	

	




	

	
Site × Tide

	
5

	
3.11

	
0.011

	
Sub, O = T,O = R,O > M,O = N,O = W,T < R,T > M,

T > N,T = W,R > M,R > N,R > W,M < N,M = W,N = W

Em, O > T,O = R,O > M,O > N,O > W,T < R,T > M,

T = N,T = W,R > M,R = N,R > W,M = N,M = W,N = W

	
O, M, N, sub = em

T, R, W, sub > em




	
GPPSed + chla

	
Site

	
5

	
6.10

	
0.002

	

	




	

	
Tide

	
1

	
78.36

	
0.001

	

	




	

	
Replicate (Site)

	
48

	
1.36

	
0.184

	

	




	

	
Site × Tide

	
5

	
5.12

	
0.001

	
Sub, O = T,O = R,O = M,O < N,O = W,T > R,T = M,

T < N,T > W,R = M,R < N,R = W,M < N,M = W,N > W

Em, O = T,O = R,O > M,O = N,O > W,T = R,T > M,

T = N,T > W,R > M,R = N,R > W,M = N,M = W,N = W

	
O, sub = em

T, R, M, N, W, sub > em
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Table 5. Results of repeated measures PERMANOVAs testing the effect of site and tidal state at two different sampling dates on measures of primary production. Site (3 levels: RAG, TAU-O and TAU-T), time (2 levels: T2 and T3) and tide (2 levels; submerged and emerged) were treated as fixed factors and replicate plot nested within site. Site names have been further abbreviated as: R = RAG, O = TAU-O and T = TAU-T and submerged and emerged tidal periods to sub and em, respectively. Significant effects (p < 0.05) are given in bold.
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Term

	
df

	
Pseudo-F

	
p (perm)

	
Post-Hoc Pairwise Tests




	

	

	

	

	

	
Site

	
Time

	
Tide






	
NPP

	
Site

	
2

	
8.05

	
0.006

	

	

	




	

	
Time

	
1

	
1.10

	
0.323

	

	

	




	

	
Tide

	
1

	
5.87

	
0.025

	

	

	




	

	
Site × Time

	
2

	
3.78

	
0.026

	

	

	




	

	
Site × Tide

	
2

	
33.43

	
0.001

	

	

	




	

	
Time × Tide

	
1

	
9.06

	
0.007

	

	

	




	

	
Site × Time × Tide

	
2

	
7.18

	
0.006

	
Sub T2, R < T < O, T3, O = (R < T)

Em T2, T3, R > (O = T)

	
R, T sub, T2 < T3,

em, T2 = T3

O sub, em,

T2 = T3

	
R T2, T3, sub < em

O T2, sub > em,

T3, sub = em

T T2, sub = em,

T3, sub > em




	
GPP

	
Site

	
2

	
5.73

	
0.007

	

	

	




	

	
Time

	
1

	
12.10

	
0.002

	

	

	




	

	
Tide

	
1

	
51.88

	
0.001

	

	

	




	

	
Site × Time

	
2

	
0.96

	
0.404

	

	

	




	

	
Site × Tide

	
2

	
25.59

	
0.001

	
Sub, R < T < O

Em, R > (O = T)

	

	
R, sub = em

O, T, sub > em




	

	
Time × Tide

	
1

	
33.06

	
0.001

	

	
Sub, T2 < T3,

em, T2 > T3

	
T2, T3, sub > em




	

	
Site × Time × Tide

	
2

	
1.26

	
0.282

	

	

	




	
GPPi

	
Site

	
2

	
14.75

	
0.001

	

	

	




	

	
Time

	
1

	
11.72

	
0.002

	

	

	




	

	
Tide

	
1

	
36.67

	
0.001

	

	

	




	

	
Site × Time

	
2

	
10.81

	
0.001

	

	

	




	

	
Site × Tide

	
2

	
17.51

	
0.001

	

	

	




	

	
Time × Tide

	
1

	
33.09

	
0.001

	

	

	




	

	
Site × Time × Tide

	
2

	
69.39

	
0.001

	
SubT2, O > (R = T), T3, T < (R = O)

Em T2, R > (O = T), T3, T < (R = O)

	
R sub em, T2 = T3

O sub, T2 > T3,

em, T2 < T3

T sub, T2 = T3,

em, T2 > T3

	
R T2, T3, sub = em

O T2, sub > em,

T3, sub = em

T T2, sub = em,

T3, sub > em




	
GPPSed + chl

	
Site

	
2

	
6.38

	
0.004

	

	

	




	

	
Time

	
1

	
0.97

	
0.341

	

	

	




	

	
Tide

	
1

	
162.88

	
0.001

	

	

	




	

	
Site × Time

	
2

	
56.30

	
0.001

	

	

	




	

	
Site × Tide

	
2

	
35.37

	
0.001

	

	

	




	

	
Time × Tide

	
1

	
0.29

	
0.568

	

	

	




	

	
Site × Time × Tide

	
2

	
74.27

	
0.001

	
Sub T2, O > (R = T), T3, O = (R < T)

Em T2, R > O > T, T3, T < (R = O)

	
R sub, T2 < T3,

em, T2 > T3

O sub, T2 > T3,

em, T2 < T3

T sub, T2 < T3,

em, T2 = T3

	
R T2, sub = em,

T3, sub > em

O T2, sub > em,

T3, sub = em

T T2, T3, sub > em
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Table 6. Distance-based Linear Model (DistLM) results for submerged and emerged primary productions measures. Marginal tests provide the proportion of variation explained when considered individually. Full model shows the variables included in the stepwise DistLM and the variance attributed to each. Partitioning of variance shows the variance explained solely by environment, community and porewater predictors, and in parentheses, the variance shared by two or more predictor groups. Significance levels are * p ≤ 0.1, ** p ≤ 0.05, *** p ≤ 0.01 and correlation directions are in parentheses.
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Predictor

	
Marginal Tests

	
Full Model (%)

	
Variance Partitioning (%)




	

	

	
Pseudo-F

	
Proportion

	

	






	
Submerged

	

	

	

	

	




	
NPP

	
Environment

	

	

	

	
25 (14)




	

	
 OC

	
14.05

	
0.10 *** (−)

	
2

	




	

	
 Phaeo

	
22.37

	
0.14 *** (−)

	

	




	

	
 PARSed

	
13.42

	
0.09 *** (+)

	

	




	

	
 PARSite

	
87.00

	
0.40 *** (+)

	
40

	




	

	
Community

	

	

	

	
(13)




	

	
 A. stutchburyi

	
22.08

	
0.14 *** (−)

	

	




	

	
Porewater

	

	

	

	
(2)




	

	
 NH4+ (5–7 cm)

	
4.14

	
0.03 ** (−)

	

	




	

	

	

	
Total

	
42

	
39




	
GPP

	
Environment

	

	

	

	
24 (4)




	

	
 MGS

	
3.62

	
0.03 * (+)

	

	




	

	
 Phaeo

	
9.98

	
0.07 *** (−)

	

	




	

	
 PARSed

	
13.68

	
0.09 *** (+)

	

	




	

	
 PARSite

	
27.58

	
0.17 *** (+)

	
17

	




	

	
 Temperature

	
11.91

	
0.08 *** (+)

	
11

	




	

	
Community

	

	

	

	
(4)




	

	
 A. stutchburyi

	
6.25

	
0.05 ** (−)

	

	




	

	

	

	
Total

	
28

	
28




	
Emerged

	

	

	

	

	




	
NPP

	
Environment

	

	

	

	
10 (9)




	

	
 Mud

	
5.69

	
0.07 ** (+)

	

	




	

	
 Phaeo

	
6.44

	
0.08 ** (+)

	

	




	

	
 PARSite

	
9.46

	
0.11 *** (−)

	
11

	




	

	
 Temperature

	
3.98

	
0.05 ** (−)

	
4

	




	

	
Porewater

	

	

	

	
(9)




	

	
 NH4+ (0–2 cm)

	
3.15

	
0.04 ** (+)

	

	




	

	
 NH4+ (5–7 cm)

	
2.40

	
0.03 * (+)

	

	




	

	
 Porosity (0–2 cm)

	
3.91

	
0.05 ** (+)

	

	




	

	

	

	
Total

	
15

	
19




	
GPP

	
Environment

	

	

	

	
13 (11)




	

	
 Mud

	
12.82

	
0.14 *** (+)

	
14

	




	

	
 Chl a

	
2.93

	
0.04* (+)

	

	




	

	
 Phaeo

	
7.61

	
0.09 ** (+)

	

	




	

	
 PARi

	
4.09

	
0.05 ** (−)

	

	




	

	
 PARSite

	
7.13

	
0.08 ** (−)

	
3

	




	

	
 Temperature

	
7.79

	
0.09 *** (−)

	

	




	

	
Porewater

	

	

	

	
(11)




	

	
 NH4+ (0–2 cm)

	
1.80

	
0.02 * (+)

	

	




	

	
 Porosity (0–2 cm)

	
8.58

	
0.10 *** (+)

	

	




	

	
Total

	

	
Total

	
17

	
24








OC = organic content; Phaeo = phaeopigment; MGS = median grain size; Mud = mud content; chl a = sediment chlorophyll a content.
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