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The occurrence of priming effects (PEs) on the degradation of particulate terrestrial organic matter (OM) (13C-wheat detritus) was studied in marine sediments using phytoplankton detritus as priming inducer. Two scenarios, i.e., single-pulse vs. repetitive deposition of same amounts of algal detritus, were tested in sediment core incubation experiments. In the first case, a single pulse of phytodetritus emulated the sudden large input of phytoplanktonic material onto sediments following the decline of spring blooms in surface waters, whereas the repetitive deposition of small amounts of algal detritus represented the low, continuous flow of marine input of either pelagic or benthic origin that remains significant all year round. The mineralization rate of wheat detritus to 13CO2 in each treatment was measured on days 6, 8, 14, and 20 following the initiation of the experiment. No evidence of PEs on 13C-wheat mineralization upon the addition of labile phytodetritus could be detected in either scenario under the experimental conditions employed in this study.
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INTRODUCTION

Ecosystems along the land-ocean continuum play a pivotal role in the transformation, sequestration and export of terrestrially derived terrigenous organic matter (OM) to the open ocean (Burdige, 2005; Cai, 2011; Bianchi et al., 2018); ∼55–80% of dissolved and particulate organic carbon flux from the continents is remineralized in the coastal zone, the remainder being preserved, buried and reincorporated into the longer-term components of the sedimentary cycle (Burdige, 2005; Blair and Aller, 2012). Terrigenous OM exported to the coastal ocean consists largely of vascular plant detritus, assumed to be relatively resistant to decay, which comes into contrast with its apparent high remineralization efficiency terrigenous OM in the coastal ocean (Bianchi, 2011). This contradiction has been one of the most persistent questions in global carbon cycling for the past 20 years (Hedges et al., 1997; Bianchi, 2011) but the mechanisms behind terrigenous OM processing on the land-ocean interface remain unclear (Bauer et al., 2013). The priming effect (PE), defined as a change in the microbial degradation of refractory OM upon addition of labile material, has been proposed as a possible mechanism facilitating the removal of terrigenous OM from marine ecosystems due to the co-presence of more easily degradable marine-derived OM (Guenet et al., 2010; Bianchi, 2011). Nevertheless, previous studies that have attempted to verify this hypothesis in freshwater and marine ecosystems have produced inconsistent results (Bengtsson et al., 2014; Wagner et al., 2014; Gontikaki et al., 2015; Ward et al., 2016).

Large pulsed inputs of marine OM in coastal and deep-water sediments occur following the decline of spring phytoplankton blooms in surface waters and usually cause an increase in benthic metabolism (Billen et al., 1990; Gooday, 2002). These pulsed depositions, however, are superimposed upon a low, steady level of marine OM input of either pelagic or benthic origin that remains significant all year round. Most priming studies in aquatic ecosystems have simulated single-pulse inputs that are usually characterized by the growth of a saprophytic population with r-strategist characteristics metabolizing easily accessible components of marine OM (van Nugteren et al., 2009; Gontikaki et al., 2013, 2015; Bianchi et al., 2015; Trevathan-Tackett et al., 2018). Under such conditions, apparent or negative PE due to preferential substrate utilization are likely to occur (Kuzyakov, 2002; Gontikaki et al., 2013). On the contrary, we hypothesized that the low, continuous supply of labile marine OM would maintain background levels of benthic metabolism with no disruption to the microbial community, thus causing real priming of terrigenous OM. We used pre-aged 13C-wheat detritus as a proxy for terrigenous OM and tested the effect of single-pulse vs. repetitive deposition of algal detritus to investigate the occurrence and magnitude of PE under different scenarios of marine OM input. To our knowledge, this is the first study to examine how temporal differences in marine OM input affect terrigenous OM degradation in marine sediments.

MATERIALS AND METHODS

Sediment Sampling and Experimental Set-Up

Sediment was collected in Perspex cores (3.6 cm ID × 30 cm length) from the mudflats in the lower reach of the Ythan estuary, Aberdeenshire, Scotland, United Kingdom in February 2017 (Supplementary Figure S1). The cores were inserted 10 cm into the sediments by hand at low tide and kept in a temperature-controlled room at 10°C for the duration of the experiment. Core incubations were initiated following a 3-day acclimation period with continuous oxygenation. 13C-labeled wheat detritus (97 atom% grinded over a 1 mm sieve; IsoLife, Netherlands) was chosen as a proxy for terrigenous OM due to the fact that crop, mainly cereals, and grassland account for >95% of the Ythan River catchment area (Raffaelli, 1999). Wheat detritus was pre-aged in unfiltered seawater in the dark for 50 days prior to the incubation experiment to imitate natural degradation during the transition from land to sea. Freeze-dried unlabelled detritus of the diatom Thalassiosira pseudonana was used as a priming inducer (C and N composition of substrates are given in Supplementary Table S1). The amount of diatom detritus added was equivalent to the monthly deposition based on the mean annual daily phytoplankton deposition in the Ythan estuary (Baird and Milne, 1981). Four treatments – Ctrl, 13C-Ctrl, Pulse and Dose – were tested (Supplementary Table S2). The addition of wheat detritus marked the start of the experiment (day 0). Diatoms were added 1 week later, on day 7, in both Pulse and Dose treatments. Thereafter, diatom doses were added every other day in Dose treatment cores (Supplementary Table S2). Closed core incubations were performed on days 6, 8, 14, and 20 to measure production of dissolved inorganic carbon (total DIC and DI13C). Incubations lasted for 4–6 h. Details on the experimental set up and sampling procedure are given in Supplementary Information (see section “Supplementary Information on the Sampling Site, Experimental Set up and Sampling Procedure”, Supplementary Figure S2).

Sample Treatment and Analysis

Seawater samples were sterile-filtered and stored at 4°C in 3 ml exetainers (Labco, United Kingdom) with no headspace. The concentration of CO2 and carbon isotope ratio in the samples were measured at the University of California Davis Stable Isotope Facility1. δ13C values were expressed relative to the international standard V-PDB (Vienna PeeDee Belemnite). The mineralization of added wheat-derived carbon was calculated as the product of excess 13C and the total DIC concentration divided by the fractional abundance of 13C in wheat using well-established equations (Gontikaki et al., 2015).

Statistical Analysis

Statistical models to study the effect of treatment and incubation day (both categorical variables) on total and 13C-wheat mineralization were developed for each response variable using linear mixed-effect modeling (Zuur et al., 2009). Core identity was incorporated in the models as a random effect to impose a correlation structure on all observations within each core. Variance covariate terms were also included where data exploration revealed instances of unequal variance. Day 8 was excluded from analysis due to loss of 2 replicates from the Dose treatment on that sampling point. Due to the importance of this particular time point that followed diatoms addition on day 7, we also performed an analysis excluding the Dose treatment, but including day 8. The analysis was performed using the “nlme” package (Pinheiro et al., 2018) in the “R” programming environment (R Core Team, 2018). A detailed description of the statistical analysis is provided in Supplementary Information (see section “Supplementary Information on the Statistical Analysis”).

RESULTS

Total and wheat mineralization per treatment and incubation day are shown in Figures 1, 2. Total mineralization was significantly affected by incubation day (L. ratio = 13.59, df1, p = 0.0011) and treatment (L. ratio = 12.28, df1, p = 0.0065) when days 6, 14, and 20 were tested [Supplementary Information see section “Model Output for the Total Mineralization (Total DIC) Data Analysis (Dataset Excluding Day 8)”, Supplementary Figure S3]. Total mineralization rate was lowest on day 14 in all treatments. Significantly higher total mineralization was observed in the Dose treatment compared to 13C-Ctrl and Pulse but none was significantly different from Ctrl (Supplementary Information see section “Model Output for the Total Mineralization (Total DIC) Data Analysis (Dataset Excluding Day 8)”, Supplementary Figure S3). When Dose treatment is excluded from the analysis (but day 8 included) the effect of treatment is lost (L. ratio = 1.01, df1, p = 0.6032) and total mineralization is only affected by incubation day (L. ratio = 16.13, df1, p = 0.0011) with highest rates measured on day 8 [Supplementary Information see section “Model Output for the Total Mineralization (Total DIC) Data Analysis Excluding Dose Treatment (Including Day 8)”, Supplementary Figure S4].
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FIGURE 1. Total mineralization rate (μg C cm−2 h−1) (mean ± SE) in Ctrl (no addition), 13C-Ctrl (13C-wheat only), Pulse (13C-wheat + diatoms pulse), and Dose (13C-wheat + repeated addition of low doses of diatoms) treatments. Note that diatom detritus in Pulse and Dose treatments was added on day 7.
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FIGURE 2. Mineralization rate of 13C-wheat (ng C cm−2 h−1) (mean ± SE) in 13C-Ctrl (13C-wheat only), Pulse (13C-wheat + diatoms pulse), and Dose (13C-wheat + repeated addition of low doses of diatoms) treatments. Note that diatom detritus in Pulse and Dose treatments was added on day 7.



Priming effect was evaluated as the difference in 13C-wheat mineralization between treatments with and without diatoms addition. If PE was present, we would expect addition of diatoms to the Pulse and Dose treatments on day 7 to result in higher 13C-wheat mineralization compared to 13C-Ctrl. It is reminded that on day 0, cores of all treatments apart from Ctrl had been amended with 13C-wheat only. 13C-wheat mineralization was not significantly different between treatments (L. ratio = 4.31, df1, p = 0.1158) or incubation day (L. ratio = 4.15, df1, p = 0.1254) when days 6, 14, and 20 were tested (Supplementary Information see section “Model Output for the 13C-Wheat Mineralization (DI13C) Data Analysis (Dataset Excluding Day 8)”). When day 8 is included in the analysis (but Dose treatment excluded), 13C-wheat mineralization was affected by incubation day (L. ratio = 20.38, df1, p < 0.0001) but not treatment (L. ratio = 2.49, df1, p = 0.1143). Highest 13C-wheat mineralization was observed on days 8 and 20 regardless of treatment (Supplementary Information see section “Model output for the 13C-Wheat Mineralization (DI13C) Data Analysis (dataset Excluding Dose Treatment (Including Day 8)”, Supplementary Figure S5). The full dataset used for the analysis can be found in Supplementary Table S3.

DISCUSSION

The co-metabolic interactions between allochthonous and autochthonous marine-derived material were studied with the aim to uncover if PE is an important factor in the effective degradation of terrigenous OM in marine sediments. This study comes as a follow-up of Gontikaki et al. (2015) in which the occurrence of PE on terrigenous OM degradation was studied at the same location in sediment-water slurries with 13C-lignocellulose as proxy for terrigenous OM and a single pulse of marine OM. Gontikaki et al. (2015) reported differences in the timing but not overall quantity of terrigenous OM mineralization in marine OM-amended treatments compared to controls within 20 days. Due to the inconclusive results on PE occurrence in that study, we repeated a similar experiment but with improved methodology; the terrigenous OM proxy was naturally aged plant detritus, instead of extracted lignocellulose, and whole-core incubations that better represent the whole benthic community compared to sediment-water slurries were performed. Indeed, pre-aging resulted in a terrigenous OM substrate with higher C:N compared to lignocellulose (169 vs. 107, respectively) possibly indicating more complete removal of easily degradable components. This study further examined the effect of temporal differences in marine OM deposition, i.e., single large pulse vs. several lower inputs, which naturally occur in sedimentary environments but have not been addressed previously in the context of PE.

The pulse of marine OM on the sediments can result in the rapid growth of opportunistic diatom-degrading populations, observed as a surge in total mineralization within the first few days following addition. This, however, would complicate the observation of real PE due to the accelerated turnover of bacterial biomass that triggers apparent PE (Nottingham et al., 2009; Kuzyakov, 2010). In this study, total mineralization was not significantly different between cores that received diatoms compared to controls suggesting that a possible disturbance in the function of the benthic community by the sudden input of marine OM was avoided. PE, as evaluated by the difference in 13C-wheat mineralization between diatom-amended (Pulse and Dose) and wheat-only (13C-Ctrl) treatments, could not be detected under the experimental conditions of this study.

There is little agreement as to the importance of PE in aquatic systems based on the relatively few studies that have quantified this phenomenon in freshwater and marine ecosystems. Discrepancies could be attributed to a number of factors ranging from the type of ecosystem under study to purely experimental differences between studies, such as the “labile” priming agents used and the definition of “recalcitrant” primed OM. Priming of bulk sedimentary OM (C:N ∼10; Middelburg and Nieuwenhuize, 1998) by microalgal detritus as the priming agent has been previously reported in estuarine (van Nugteren et al., 2009) and in seagrass meadow sediments only when the priming agent used was the naturally predominant “labile” OM source i.e., seagrass detritus (Trevathan-Tackett et al., 2018). No clear evidence of PE on DOC degradation in lake waters of varying trophic states (oligotrophic to eutrophic) could be found under a suite of experimental conditions (Catalán et al., 2015) whereas low nutrient levels seemed to favor the occurrence of PE on leaf litter decomposition at the presence of a benthic diatom (Danger et al., 2013). Among studies that used the same methodology as here, i.e., addition of 13C-labeled terrigenous OM and unlabelled priming agents, Bengtsson et al. (2014) and Wagner et al. (2014) reported no PE in stream biofilms while Ward et al. (2016) measured positive PE in river water. Comparisons between ecosystems and methodologies is problematic, however, a meta-analysis of PE in aquatic studies showed only scarce potential for significant PE in aquatic systems; high heterogeneity across systems and within studies rendered the overall 12.6% positive PE insignificant (Bengtsson et al., 2018).

To conclude, this study focused on the occurrence of PEs during the degradation of terrestrial plant material after its deposition on coastal sediments due to the co-presence of easily degradable marine detritus. Two scenarios were tested in terms of priming inducer application; a single large pulse of diatoms emulating the deposition of phytodetritus following a phytoplankton bloom and the repeated addition of lower doses of diatom detritus emulating the daily algae deposition of pelagic or benthic origin. No strong evidence of priming on terrestrial plant detritus (13C-wheat) mineralization upon addition of marine OM could be detected in either scenario under the experimental conditions in this study. Low or insignificant PEs and high variability between replicates of the same treatment obstructed a solid conclusion on the occurrence of PEs in this case. Differences in macrofaunal abundance and bioturbation rate between cores could have contributed considerably to the observed heterogeneity. Higher numbers of replicate cores per treatment and greater core size should be considered in future experiments.
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