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Uncovering which biogeochemical processes have a critical role controlling dissolved organic matter (DOM) compositional changes in complex estuarine environments remains a challenge. In this context, the aim of this study is to characterize the dominant patterns of variability modifying the DOM composition in an estuary off the Southeastern U.S. We collected water samples during three seasons (July and October 2014 and April 2015) at both high and low tides and conducted short- (1 day) and long-term (60 days) dark incubations. Samples were analyzed for bulk DOC concentration, and optical (CDOM) and molecular (FT-ICR MS) compositions and bacterial cells were collected for metatranscriptomics. Results show that the dominant pattern of variability in DOM composition occurs at seasonal scales, likely associated with the seasonality of river discharge. After seasonal variations, long-term biodegradation was found to be comparatively more important in the fall, while tidal variability was the second most important factor correlated to DOM composition in spring, when the freshwater content in the estuary was high. Over shorter time scales, however, the influence of microbial processing was small. Microbial data revealed a similar pattern, with variability in gene expression occurring primarily at the seasonal scale and tidal influence being of secondary importance. Our analyses suggest that future changes in the seasonal delivery of freshwater to this system have the potential to significantly impact DOM composition. Changes in residence time may also be important, helping control the relative contribution of tides and long-term biodegradation to DOM compositional changes in the estuary.
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INTRODUCTION

The world ocean is one of the largest reservoirs of organic matter on Earth, containing approximately the same amount of carbon as atmospheric carbon dioxide (Hedges, 1992; Walther, 2013). The marine dissolved organic matter (DOM) pool is estimated to be 662 Pg C (Hansell et al., 2009), and comprises a major part of the carbon budget in marine ecosystems. Marine DOM composition is diverse, containing between tens to hundreds of thousands of distinct organic molecules (Kim et al., 2003), and a wide range of lability depending on the variety of molecular compositions in different environments (e.g., Meyer et al., 1987; Moran and Hodson, 1994; Amon and Benner, 1996). Additionally, DOM composition and quality are affected by the inputs of many different sources as well as the complex interactions of abiotic and biotic processes (Sholkovitz, 1976; Kieber et al., 1990; Miller and Moran, 1997; Hernes and Benner, 2003).

Coastal ecosystems are specifically important to our understanding of DOM composition and transformation due to the combination of carbon inputs from both marine and terrestrial sources (Hedges et al., 1997). Researching DOM composition in estuaries can elucidate processes involved in organic carbon production (Bianchi, 2006) and sequestration (Watanabe and Kuwae, 2015) in these areas. By uncovering how estuaries process DOM, we gain insight into fluxes of dissolved organic carbon (DOC) to the ocean and fluxes of CO2 to the atmosphere, especially because these regions can be both carbon sources and sinks (Bauer et al., 2013; Noriega and Araujo, 2014; Canuel and Hardison, 2016). Therefore, determining the biogeochemical processes that affect DOM composition is important to our understanding of carbon cycling in estuaries.

Exploring the differences between major DOM inputs to estuaries provides insight into which biogeochemical factors are most important in considering transformations in a given region. For instance, seasonal changes in river discharge, as is typical in the Southeast U.S., have been shown to enhance the export of terrigenous DOM to estuaries (e.g., Medeiros et al., 2017b; Letourneau and Medeiros, 2019; Osburn et al., 2019). Tides also have an impact on the DOM composition in estuaries as sources of DOM shift on short-time scales (Tzortziou et al., 2008; Seidel et al., 2014). Substantial transformations of DOM composition due to bacterial consumption have also been observed in Southeastern U.S. coastal waters (Moran and Hodson, 1989, 1994; Miller and Moran, 1997; Moran et al., 1999; Medeiros et al., 2015a,2017b; Vorobev et al., 2018; Letourneau et al., 2021). These environmental complexities make quantifying the influence of sources and biogeochemical processes affecting DOM composition in estuaries difficult. Previous studies have found the driving control of DOM compositional change in many estuarine systems to be water mixing across a marine-freshwater gradient (Sleighter and Hatcher, 2008; Medeiros et al., 2015a; Osterholz et al., 2016). Medeiros et al. (2017b) described how DOM from different sources may influence the patterns of transformation at the molecular level due to biodegradation. Additionally, studies have investigated the microbial community composition to gain insight into their role modifying the molecular composition of the DOM pool (Osterholz et al., 2016, 2018; Vorobev et al., 2018).

This study aims to build upon prior research by characterizing the most important patterns of variability modifying the DOM composition in a typical estuary of the Southeastern U.S. over three seasons. In this context, we used dark incubations on short (1 day) and long (60 days) timescales to compare biodegradation of DOM to seasonal and tidally-driven changes in DOM composition using bulk, optical and molecular chemical techniques coupled with metatranscriptomic data to assess composition variability at the molecular level.



MATERIALS AND METHODS


Sample Collection and Incubation

Surface water samples were collected in three seasons (July and October 2014, and April 2015) at Marsh Landing in Doboy Sound, Georgia, United States (Figure 1). Temperatures at the time of collection were ∼30, 26, and 21.5°C for July, October and April, respectively. Doboy Sound is characterized by marine influence augmented with terrestrial inputs from the Altamaha River (Medeiros et al., 2015a), the dominant source of freshwater to the area (Schaefer and Alber, 2007). This study location was selected due to extensive prior research on the gene expression from ambient microbial communities (e.g., Poretsky et al., 2005, 2010; Gifford et al., 2011, 2013; Hollibaugh et al., 2011, 2013) coupled with characterization of the DOM pool (Medeiros et al., 2015a,2017b; Letourneau et al., 2021). Samples from July and October 2014 analyzed here have been previously described in Vorobev et al. (2018).


[image: image]

FIGURE 1. (left) Sampling location in Doboy Sound, GA (red circle). Salt marshes and uplands are shown in gray and white, respectively. Colors indicate bottom topography in meters. Location of oceanographic mooring GCE6, where salinity time series was obtained (see Figure 8), is shown by red cross. (right) Region around sampling site is shown in detail.
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FIGURE 2. Time series of Altamaha River discharge at Doctortown, Georgia (black). Long-term average is shown in gray. Red vertical lines indicate sampling periods.
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FIGURE 3. Principal component analysis of DOM composition. (A) Scores of the principal components from the same month are circled and labeled. Solid and open symbols represent T0 and T1, respectively. Circle and square symbols represent high tide and low tide, respectively. Van Krevelen diagrams color coded with loadings of (B) PC 1 and (C) PC 2 are also shown. The first and second principal components explained 28% and 10% of the variance.
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FIGURE 4. Average ± 1 standard deviation of molecular mass as a function of the loading of PC 2 shown in Figure 3C. Positive loadings (shown in red) represent molecular formulae enriched in samples collected at low tide (LT), while negative loadings (shown in blue) represent formulae enriched in samples collected at high tide (HT).
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FIGURE 5. Comparison of patterns of variability between chemical and microbial data. Black and red symbols represent July and October, respectively. Solid and open symbols represent T0 and T1, respectively. Circle and square symbols represent high tide and low tide, respectively. (A) PCA scores of DOM composition. The first and second principal components explained 32% and 9% of the variance. (B) Corresponding PCA scores for gene expression data. The first and second principal components explained 66% and 13% of the variance.



[image: image]

FIGURE 6. Percent contribution to the total transcriptome for the 50 highest transcript-recruiting reference genomes categorized by taxonomic group. Black and red symbols represent July and October, respectively. Solid and open symbols represent T0 and T1, respectively. Circle and square symbols represent high tide and low tide, respectively. In some cases, error bars are smaller than symbols.
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FIGURE 7. Principal component analyses of DOM composition including long-term incubations for (A) October 2014 and (B) April 2015. T0 and T60 samples are grouped with ellipses for emphasis, while arrows emphasize the extent of DOM transformation over the incubation period based on the first two principal components. The first and second principal components explained 26% and 21% of the variance in (A) and 24% and 13% in (B).
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FIGURE 8. Time series of salinity at oceanographic mooring GCE6 at the main channel of Doboy Sound (see Figure 1 for location) during October 2014 and April 2015 collections. Red circles indicate timing of sample collection.


In the three seasons, water samples were collected at high and low tide into triplicate 20 L acid-washed carboys for initial (T0), and short-term (1 day; T1) dark incubations. Long-term (60 days; T60) dark incubations were also pursued for high tide samples in October 2014 and April 2015. Triplicate T0 samples were processed immediately, while triplicate T1 water containers were wrapped in black plastic and immediately returned to Doboy Sound for a 1-day (24 h) incubation before processing. Samples were processed by filtering 3 L through 3 μm pore-size filters (Capsule Pleated Versapor Membrane filters; Pall Life Sciences) to remove eukaryotic cells, then through 0.2 μm pore-size filters (Supor polyethersulfone filter; Pall Life Sciences) to collect bacterial cells. The 0.2 μm filters were placed in Whirl-Pak plastic bags and flash-frozen in liquid nitrogen for metatranscriptomic analysis, which was conducted on July and October samples (Vorobev et al., 2018). Sample filtrates were collected for bulk DOC concentration, and optical (CDOM) and molecular (FT-ICR MS) composition analyses. Aliquots for DOC and CDOM analyses were collected and stored frozen (–20°C) and refrigerated (4°C), respectively. The remaining filtrates (2 L) were acidified to pH 2 (using HCl), and DOM was extracted with solid phase extraction (SPE) using styrene divinyl benzene polymer (Agilent Bond Elut PPL) as described in Letourneau and Medeiros (2019).

For the long-term incubations, 4 L water samples were immediately transported to the laboratory, where inorganic nutrients (20 μM Na2PO4 and 50 μM NH4Cl) were added to the raw seawater to alleviate inorganic nutrient limitation on bacterial carbon processing. Samples were then filtered through pre-combusted (5 h at 450°C) 2.7 μm pore size filters (GF/D; Whatman) before dark-incubating in triplicate for 60 days at 24°C. After incubations were complete, samples were filtered through Pall Supor membrane filters (0.2 μm) and filtrates were collected for DOC, CDOM and FT-ICR MS analyses as described above.



Bulk Dissolved Organic Carbon and Chromophoric Dissolved Organic Matter

Dissolved organic carbon concentrations from T0, T1, and T60 water samples and SPE-DOC extracts (dried and resuspended in ultrapure water) were measured using a Shimadzu TOC-LCPH analyzer with potassium hydrogen phthalate as a standard. Milli-Q water blanks were tested before sample analysis and throughout instrument use. Accuracy and precision were tested against deep-sea reference material (Hansell, 2005) and were better than 5%. SPE extraction efficiency across all samples (the SPE extract vs. DOC concentration in the original sample) was 71% ± 4% of the DOC. Biodegradation of DOC (%) was determined as
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where DOCT0 is the concentration of DOC in the samples before incubations, and DOCTend is the concentration of DOC in samples after either 1- or 60-day incubations.

Absorbance measurements of water samples for CDOM were taken at room temperature using an Agilent 8453 UV-visible spectrophotometer with a 1 cm quartz cuvette. Blank calibrations using Milli-Q water were performed prior to sample measurement to achieve a baseline background level. Absorbance was measured from wavelengths 190 to 1,100 nm and was converted to absorption coefficients as in D’Sa et al. (1999). The ratio of absorption coefficients at λ = 250 nm to λ = 365 nm [ag(250):ag(365)] was calculated for each sample. The CDOM absorption ratio is inversely correlated to DOM aromaticity and molecular weight (Peuravuori and Pihlaja, 1997). The spectral slope (S275–295) was calculated between 275 and 295 nm as in Helms et al. (2008) and has been shown to be correlated negatively with terrigenous DOM (Fichot and Benner, 2012).



Molecular Analysis Using FT-ICR MS

The molecular composition of DOM extracts (200 mg C L–1 in methanol) was analyzed using a 9.4 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) at the National High Magnetic Field Laboratory (NHMFL, Florida State University, Tallahassee, FL, United States) with electrospray ionization (ESI; negative mode). Samples were processed as described in Vorobev et al. (2018). Briefly, each m/z spectrum was internally calibrated with respect to an abundant homologous alkylation series whose members differ in mass by integer multiples of 14.01565 Da (mass of a CH2 unit) confirmed by isotopic fine structure (Savory et al., 2011), achieving a mass error of < 0.5 ppm. Molecular formulae were assigned for masses in the range of 150 and 750 Da by applying the following restrictions: 12C1–100 1H1–200 O1–25 14N0–4 S0–2, where the subscripts indicate the range in the number of atoms considered when assigning formulae. Molecular formulae assignment was performed by Kendrick mass defect analysis (Wu et al., 2004) using PetroOrg software (Corilo, 2014) as in Letourneau and Medeiros (2019). Compounds with a signal-to-noise ratio smaller than 6 were discarded from the analysis to eliminate inter-sample variability based on peaks that were close to the detection limit. The peak intensity of each molecular formula was normalized by the sum peak intensities of the total identified peaks in each sample.



Microbial Analysis

Bioinformatic processing via differential gene expression (DGE) was performed using the DESeq2 package in R (Love et al., 2014). Genes were mapped on marine microbial genomic databases (SILVA database)1 to identify taxa associated with gene expression. Separately, principal component (PC) analysis was performed using the normalized gene expression data from DEseq2 to capture patterns of variability in the microbial samples. A detailed description of the microbial data processing is presented in Vorobev et al. (2018).



Ancillary Data

River discharge at the Altamaha River is routinely measured by the U.S. Geological Survey (USGS) at Doctortown, GA.2 Temperature and salinity time series at multiple locations in the estuary are available as part of the Georgia Coastal Ecosystem Long Term Ecological Research (GCE-LTER) program.3 Long-term monitoring site GCE6 is located about 3 km from our sampling site (Figure 1).




RESULTS

The estuary around Sapelo Island is characterized by strong seasonal variability. Peak Altamaha River discharge generally occurs in March and April, and discharge is reduced during summer and fall (Di Iorio and Castelao, 2013). From mid-2014 to early 2015, the Altamaha River discharge was close to the long-term average (Figure 2), with low discharge during the July and October 2014 sampling periods, and high discharge in April 2015. Consistent with that, the lowest salinity at the sampling site was observed in April 2015 (Table 1). Salinity in July 2014 was the highest, with October 2014 being characterized by intermediate values. For each season, salinity at low tide was 1–3 psu lower than during high tide (Table 1).


TABLE 1. Environmental, bulk and optical measurements for seasonal DOM samples collected at Doboy Sound (GA) at high and low tides.
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Patterns of Dissolved Organic Carbon and CDOM Variability

Concentrations of DOC for T0 samples were variable between different seasons and tidal conditions. During the sampling period, DOC ranged from 194 to 337 μM, with larger values for each season observed at low tide, which is consistent with observations from other systems (e.g., Tzortziou et al., 2008; Osterholz et al., 2018). During July and October, mean high tide DOC concentrations were not significantly different from one another (t-test, p = 0.18). In April, when river discharge was high, mean DOC concentration was significantly different (1.5 times higher) from both previous seasons (for both, t-test, p < 0.01). During low tide, each season’s DOC concentration was significantly different from one another (ANOVA, F = 174.6, df = 2.8, p < 0.01), with July having the lowest DOC concentration, followed by October and then April (Table 1). Seasonal differences in DOC have been observed in previous studies of the region, where DOC concentrations tend to peak in spring as compared to summer and fall (e.g., Medeiros et al., 2017a; Letourneau and Medeiros, 2019).

Differences in DOM composition between seasons were quantified by analyzing optical properties (Table 1). At both high and low tides, the observed absorption ratio at λ = 250 nm to λ = 365 nm was smaller in April than July or October, though all months were significantly different from one another (ANOVA, high tide: F = 14.5, df = 2.5, p = 0.02; low tide: F = 504, df = 2.8, p < 0.05). Decreased values for absorption ratios indicate a shift toward more aromatic structures (Peuravuori and Pihlaja, 1997), which is a typical characteristic of terrigenous DOM (Sleighter and Hatcher, 2008; Medeiros et al., 2015b). Spectral slope coefficients in April were also reduced compared to July and October, which is consistent with increased terrigenous content during spring. No differences in the mean absorption ratio were observed between samples collected at high or low tides for July and October (t-test, p > 0.05), while for April the difference in the ratio for high and low tide was marginally significant (t-test, p = 0.047). S275–295 were not significantly different for samples collected at high and low tide in all seasons (t-test, p > 0.05).

Biodegradation over a short time scale (1-day long incubation) resulted in only small and non-significant changes in DOC concentrations. Long-term dark incubations (60 days; T60) performed on high tide samples revealed larger changes, however. The percent of DOC biodegraded was slightly higher in October (11.7%) than in April (9.0%). The absorption ratio [ag(250):ag(365)] decreased in most incubations (Table 1), indicating a shift toward more aromatic structures in the remaining DOM pools.



Drivers of Dissolved Organic Matter Composition Variability

DOM composition was investigated at the molecular level using FT-ICR MS analysis. Over 5,000 molecular formulae were assigned for triplicate samples over three seasons. The vast majority of the molecular formulae identified were observed in all seasons. Considering all replicates, there were only 36, 10 and 8 formulae that were observed exclusively in July, October and April, respectively. There were 157 formulae that were observed in October and April but not in July, however. These formulae were characterized by small H/C and especially O/C ratios (H/C = 1.02 ± 0.31, O/C = 0.29 ± 0.17), suggesting that some of the most aromatic compounds may have been missing from samples collected during summer.

To decipher environmental drivers of DOM variability using FT-ICR MS, DOM composition for pre- and post-incubation (1 day) samples collected in different seasons and tidal conditions were decomposed into principal components (Bro and Smilde, 2014). Analyses were run in Matlab using all replicates simultaneously after normalization by the standard deviation between samples and mean centering (Figure 3). Only modes that were statistically significant (95% confidence level) are shown (Overland and Preisendorfer, 1982). Plots of PC scores are related to van Krevelen diagrams of the loadings; for a given sample, where the score of a PC is positive, DOM is relatively enriched with compounds associated with molecular formulae whose loadings for that PC are positive and relatively depleted with those whose loadings are negative.

The dominant PC (PC 1) accounted for 28% of the total variance in DOM composition in Doboy Sound during the sampling period and separated samples according to sample month. The analysis showed samples from months with lower salinities (Table 1) tending toward higher PC 1 scores (Figure 3A). Analysis of a van Krevelen diagram of the loading of PC 1 showed a tendency for high positive loadings to cluster at low H/C ratios, and low negative loadings to cluster at high H/C ratios (Figure 3B). This is similar to the pattern observed in river-to-ocean transects (Medeiros et al., 2015b), as the terrigenous vs. marine gradient of DOM sources in the system has previously been defined (Medeiros et al., 2015a), and terrigenous DOM is known to be enriched with molecular formulae with low H/C ratios (Sleighter and Hatcher, 2008). Thus, DOM samples were enriched with compounds with more terrigenous characteristics in April and shifted toward having a more marine character during July. This corroborates previous studies in this region that found that DOM has a more terrigenous character during spring than summer and fall (e.g., Letourneau and Medeiros, 2019), and suggests that the most important pattern of DOM variability in the estuary occurs at seasonal scales, likely associated with variations in river discharge (Figure 2).

Within the same analysis, high and low tide samples from each season were separated along PC 2 (Figure 3A), which represented 10% of the total variance in DOM composition for the samples. This suggests the secondary mode of variance in DOM composition is influenced by tidal variability. High tide samples were relatively enriched with compounds found near the center of the van Krevelen diagram (shown in blue in Figure 3C), while low tide samples for all seasons were comparatively enriched with compounds near the periphery of the diagram (shown in red in Figure 3C). A separate plot (not shown), which contours the molecular mass of each formula as a function of its O/C and H/C ratios in van Krevelen space, indicates that compounds near the center of the diagram are generally characterized by higher molecular mass. Indeed, comparing the loading of PC 2 with the molecular mass of the respective compounds indicates that molecular formulae relatively enriched during low tide (∼8% of all formulae) were characterized by low molecular mass (< ∼300 Da), while formulae relatively enriched during high tide (∼12% of all formulae) were characterized by high molecular mass (>∼400 Da) (Figure 4). Although low tide samples were enriched with formulae found at the lower sector of the diagram (low H/C ratios; 3.9% of all formulae), which are characterized by high aromaticity (Koch and Dittmar, 2006, 2016), they were also enriched with formulae with high H/C ratios (4.1% of all formulae), which are less aromatic (Figure 3C). This suggests that the overall aromaticity of the DOM may not have been strongly affected by tides. This could help explain the results described earlier based on the optical data, which showed that low and high tide samples were not significantly different with respect to the absorption ratio at λ = 250 nm to λ = 365 nm and to S275–295 (Table 1), which are related to DOM aromaticity (Peuravuori and Pihlaja, 1997) and to the terrigenous content of the DOM (Fichot and Benner, 2012), respectively.

In all cases including different seasons and tidal conditions, the impact of short-time scale biodegradation on DOM composition was comparatively small. No significant differences were observed between the PC scores for samples within a given month and tidal phase before and after the 1-day incubations (Figure 3A). Collectively, the analyses revealed that the dominant factor controlling DOM composition during the study period varied at seasonal scale. That was followed by tidal variability, with microbial degradation over short time scales having a smaller effect.



Drivers of Change in Gene Expression

Changes in DOM chemical composition are difficult to measure on short time scales because the highly labile compounds make up a small proportion of total DOM at any one time (Hansell, 2013; Moran et al., 2016). Further, methods for concentrating DOM are not efficient at capturing low molecular weight (LMW) and polar compounds, typically important components of the most labile DOM (Kujawinski, 2011). Instead, we used differences in gene expression by microbial taxa as a proxy for chemical differences in DOM composition over the 1-day incubations (Vorobev et al., 2018). Homology searches of metatranscriptomic reads against marine microbial genomic data allowed expression of individual genes to be associated with their taxonomic origin.

Vorobev et al. (2018) used metatranscriptome and FT-ICR MS analyses together to characterize components of labile DOM in these samples. Here, given that gene expression data are only available for July and October 2014, we repeated the analysis of DOM composition using only samples collected in those months (Figure 5A), which yielded results consistent with those described before. Despite the fact that the chemical (FT-ICR MS) and microbiological (functional assignments of transcripts) assessments largely tracked different components of the DOM pool, we noted that the important scales over which changes occurred coincided. The largest differences in both cases were observed between seasons and then for different tidal phases, with short-term incubations having a comparatively smaller effect (Figures 5A,B). Yet, analysis of specific gene functions differentiated shifts in microbial uptake and metabolism after the 1-day incubation (Vorobev et al., 2018). Within the 50 highest transcript-recruiting reference genomes, July had statistically elevated transcript abundance of Actinobacteria (p = 0.01), Nitrosomondales (p = 0.04), Rhodospiralles (p < 0.05), SAR 11 (p = 0.02), and SAR 86 (p = 0.03) as compared to October, while in October the Archaea taxon Euryarchaeota (p < 0.05) was the greatest contributor to metatranscriptomes (Figure 6). Following the pattern of DOM driver importance, tides secondarily impacted taxon-based gene expression patterns. Specifically, we observed small variations in the taxa contributing most to gene expression for different tidal stages within a season. While no differences in transcript production by taxon was observed between tides during October, in July the Verrucomicrobia population for T0 samples increased during low tides (p < 0.05) (Figure 6). Kara and Shade (2009) reported that over a time scale of a few days (74 h), the microbial community composition near Doboy Sound was most impacted by tides, which is consistent with our observations that once seasonality is removed, the influence of tides becomes more evident.



Dissolved Organic Matter Compositional Variability on Long Timescales

In the absence of highly labile compounds, microbial transformation is constrained to the components of DOM that are more recalcitrant and less energetically favorable to metabolize. Over time, these slower microbial transformations of DOM accumulate and can typically be observed after several weeks (e.g., Medeiros et al., 2017b; Logozzo et al., 2021). To observe effects of long-term biodegradation on DOM and quantify the relative importance in comparison to other processes, analyses were repeated including the samples collected at the end of the 60-day long incubations (T60). Given the constraints imposed by the PC analyses, however, it is difficult to interpret transformations associated with tidal variability and long-term biodegradation considering all samples together, since additional modes of variability must be orthogonal to the dominant mode associated with seasonal variability. This often results in variability associated with processes of secondary importance being split into more than one mode (Medeiros et al., 2017b). Thus, we chose to remove the influence of seasonal variability by repeating the analysis separately for each season. This allowed us to assess the relative contributions of tidal variability versus long-term biodegradation to changes in DOM composition in each season.

During October 2014, the dominant PC separated the high tide T60 samples from both T0 and T1 collected during high or low tide, indicating that the change in DOM composition due to the long-term degradation was larger than the differences in DOM composition observed between different tidal phases (Figure 7A). Conversely, during April 2015 the high tide T0-T60 samples represented a smaller difference in DOM composition compared to the difference found between high tide and low tide T0 samples (Figure 7B). Thus, the change in DOM composition due to long-term incubations was larger than due to tidal variability in October, but the opposite was true in April. We note that the salinity difference between high and low tide conditions at an oceanographic mooring located ∼3 km from our sampling location was significantly higher in April 2015 than in October 2014, and the average salinity was lower in spring (Figure 8). This is consistent with river discharge data and indicates that more freshwater was present in the system in April (Table 1).




DISCUSSION

DOM composition and transformation play an important role in a variety of processes in estuaries, including nutrient availability, bacterial production, and carbon export to the coastal ocean (Hedges et al., 1997; Aitkenhead-Peterson et al., 2003; Crump et al., 2009; Moran et al., 2016; Medeiros et al., 2017a). Several processes are known to influence DOM composition in estuarine settings at various spatial and temporal scales. Here, we assess the relative importance of seasonality, tides and microbial processing on variations in DOM composition in the estuary around Sapelo Island, off the Southeastern U.S. Our analyses revealed that the primary mode of variability in DOM composition in Doboy Sound occurs at the seasonal scale and is associated with the terrigenous content of the DOM. This is consistent with previous studies that have shown that the seasonal delivery of freshwater to the system plays an important role controlling DOM composition in the estuary (Medeiros et al., 2015a). Given that our samples were collected during 3 instances in the year, we cannot compute correlations between DOM composition and environmental drivers such as river discharge. However, Letourneau and Medeiros (2019) analyzed monthly time series of DOM composition at the mouth of the Altamaha River to show that the terrigenous signature of the DOM delivered to the estuary is highly correlated with river discharge when river flow is higher than 150 m3 s–1, while for low discharge conditions the signature of marsh-derived inputs can be observed. Letourneau and Medeiros (2019) samples were all collected in high tide conditions, however, so they were not able to assess the relative importance of seasonal variability associated with riverine inputs and variability at semi-diurnal scales associated with tides, which has been shown to be of critical importance in other estuaries (e.g., Tzortziou et al., 2008; Cao and Tzortziou, 2021). By analyzing samples from different seasons collected twice on each tidal cycle, we were able to expand on Letourneau and Medeiros (2019) analyses by directly comparing the relative importance of riverine inputs and tidal stage.

Although seasonal variability likely due to riverine inputs is dominant, the analyses also revealed significant increases in DOC during low tide conditions, which is consistent with results of Tzortziou et al. (2008) for Chesapeake Bay. Optical analyses (absorption ratio at λ = 250 nm to λ = 365 nm; spectral slope: S275–295) revealed no significant differences in DOM composition between high and low tide conditions, however. This is surprising, considering that Tzortziou et al. (2008) reported strong tidal modulation in optical properties in Chesapeake Bay, with a clear signature of marsh-exported CDOM during low tide. Given that our samples were collected in a relatively wide (∼220 m) channel close to the main channel of Doboy Sound (which is itself 1.6 km wide and 10 m deep), relatively far from narrow and shallow tidal creeks (see Figure 1 for sampling location), it is possible that the influence of marsh-derived DOM introduced at low tide was diluted at our study site, resulting in a smaller difference in DOM composition between high and low tide conditions. The chemical analyses at the molecular level revealed that DOM at high and low tide conditions have distinct compositions, though. During low tide, DOM in all seasons was relatively enriched with highly aromatic compounds (Koch and Dittmar, 2006, 2016), which is consistent with the observations from Chesapeake Bay (Tzortziou et al., 2008). However, DOM during low tide was also relatively enriched with aliphatic compounds characterized by high H/C ratios (Seidel et al., 2014). Thus, the overall aromaticity of the added DOM may not be much different than the original signature, which could contribute to the optical signatures reflecting the average aromaticity of the DOM (Peuravuori and Pihlaja, 1997) not being significantly different between low and high tide. We were not able to quantify the specific contribution of the input of the aromatic or aliphatic compounds to the optical signature of each sample since that would depend on the change in concentration and in the extinction coefficient of each compound, none of which are known.

We were also able to identify the relative contribution of microbial degradation to DOM compositional changes, which showed that on short time scales transformations due to microbial activity were small when compared to variations associated with seasonal or tidal variability. This is likely affected by the low inventory of biologically labile compounds maintained in seawater combined with the poor capture efficiency of LMW molecules by solid-phase extraction methods (Kujawinski, 2011; Moran et al., 2016). Short-term incubations were done with whole seawater to mimic in situ conditions as close as possible, and thus included a full range of trophic levels including bacterial grazers. The bacterial cell number decreased by ∼20% during the incubation; however, numbers were between 1.3 and 2.4 million cells per milliliter, and therefore were sufficient in number to assimilate available DOM.

Collectively, this analysis provided an assessment of the relative importance of these three processes in modifying DOM composition during the study period. The metatranscriptomics data largely mirrored these results, with tidal scale being of secondary importance relative to seasonal scale. As was the case for DOM composition, short-term incubations were found to have a smaller effect on variability in the microbial data. It is likely that both DOM chemical composition and the microbial response to DOM composition primarily followed terrestrial versus marine water mass budgets in the estuary (e.g., higher influence of freshwater in April during peak river discharge; high influence of oceanic water during high tide for each season) as has been observed in the Delaware Estuary (Osterholz et al., 2018).

Although short-term biodegradation was found to have a comparatively small effect on DOM composition, our analyses indicate that over longer time scales microbial activity significantly altered the DOM chemistry. Indeed, while DOM composition changes in the 1-day incubations reported here have been previously shown to be consistent with microbial cleavage of functional groups from semi-polar compounds (Vorobev et al., 2018), changes over longer time scales are consistent with progressive transformation of functional groups of intermediates in degradation pathways, resulting in larger net changes in DOM composition (Medeiros et al., 2017b). Our analyses indicate that over these longer scales, microbial biodegradation can produce DOM composition differences comparable to that observed in response to tides, previously recognized to be important (e.g., Tzortziou et al., 2008; Cao et al., 2018; Cao and Tzortziou, 2021). Thus, if estuarine residence time is large in comparison to the time scale of biodegradation, microbial activity can exert a first-order effect on DOM composition. Here, estuarine water was incubated for 60 days, which is longer than the residence time in the system (Wang et al., 2017). However, Medeiros et al. (2017b) pursued dark incubations of Doboy Sound water for different durations and identified molecular formulae whose relative abundances were enriched or depleted during the incubations. They showed that the difference in the average mass of these formulae was similar for incubations lasting 35 and 70 days. This suggests that significant changes in DOM composition occur on times scales of 1 month. Logozzo et al. (2021) used dark incubations of Chesapeake Bay water to show that significant changes in DOC concentration and DOM composition due to microbial activity can occur on time scales of 2 weeks. Microbial activity can therefore play an important role controlling DOM dynamics in at least some areas of the estuary. Residence time at the Altamaha River averages only a few days (Sheldon and Alber, 2002) but can reach several weeks in many parts of the estuary (Wang et al., 2017). For example, DOM composition was significantly enriched in terrigenous molecules 30 days after the passage of Hurricane Irma in 2017, indicating a residence time of at least 1 month for organic material introduced during the passage of the storm (Letourneau et al., 2021) and sufficient time for microbial transformation before export to the coastal ocean.

The relative importance of tidal variability versus long-term incubation differed between October 2014 and April 2015. While tidal variability drove larger DOM changes than did long-term biodegradation in spring, the opposite was true in the fall. This may be related to seasonal differences in DOM lability, which has often been linked to DOM source (Obernosterer and Benner, 2004), including for this system (e.g., Medeiros et al., 2017b). More labile components of the DOM may have been available to microbes in October 2014 than in April 2015, resulting in larger DOM transformation. Indeed, we observed slightly more DOC long-term degradation in October (11.7%) than in April (9.0%) (Table 1). Alternatively, the high and low tide difference in DOM composition in April 2015 could be related to a greater freshwater content in the estuary during that time. Time series data of salinity at the main channel of Doboy Sound (see Figure 1 for location), ∼3 km from our sampling site, indicated that the salinity difference between high and low tide conditions in October 2014 was about 2 psu, but in April 2015 that difference was about 6 psu (Figure 8). Thus, it is possible that the comparatively larger importance of tidal variability in April 2015 was simply because a stronger gradient in freshwater content (and presumably in DOM composition) was advected back and forth by tidal currents across our sampling location. This also highlights an important aspect of the influence of tides on DOM composition in estuaries. Although in some cases variability may be associated with an input of organic matter, such as from salt marshes (Tzortziou et al., 2008), representing an actual alteration of DOM composition, other tidally-linked changes in DOM composition at a given site may be due to a gradient of DOM advected back and forth across the site.

We note that our analyses cannot fully resolve seasonal variability, given that samples were collected in three different months in a single 12-month period. As such, variability at different scales (e.g., interannual) may have been aliased into the seasonal component of variability extracted by our analyses. Our results for different months are consistent with those reported by Letourneau and Medeiros (2019), however, suggesting that a similar pattern of variability is observed in different years. Similarly, because of sampling constraints, only 2 samples (with triplicates) were collected to represent tidal differences in each season, one at high and another at low tide. Although this does not allow for tidal variability to be fully resolved or for correlations with sea level height to be computed, the fact that results were quantitatively similar for all seasons (i.e., shift in second principal component for low tide samples was similar for all months; Figure 3) suggests that the change in composition reported here is robust and repeatable for different tidal cycles. Our analyses indicate that short-term transformations due to biodegradation are small compared to other drivers for the fraction of the DOM captured by our analysis, which excludes LMW compounds known to be highly labile (Kujawinski, 2011) as well as classes of compounds often targeted by microorganisms (e.g., polysaccharides, Rich et al., 1996). Thus, the true importance of biodegradation changing DOM composition in estuaries over short-time scales may be underestimated by our analyses. Lastly, we focused on only a few factors that could be affecting DOM composition in estuaries, representing a first step toward assessing their relative importance. Future studies attempting to isolate and quantify the relative importance of other drivers, such as photochemistry, flocculation, and inputs associated with phytoplankton and zooplankton activity (Hedges, 1992), will advance our understanding of DOM dynamics in complex coastal environments.

Assessing the contribution of different drivers to DOM composition in estuaries is critically important to understand future changes in these systems. The atmospheric supply of water vapor to the Southeastern U.S. is predicted to be modestly reduced in the future (Seager et al., 2009), and the frequency of low Altamaha River discharge conditions has shown signs of increasing in recent decades (e.g., Medeiros et al., 2015a). Given that change in DOM composition at seasonal scales, likely associated with river discharge, is the most important mode of variability in the system, predicted changes in the hydroclimate can be accompanied by changes in DOM composition. Future changes in river discharge (and other factors driving local circulation, such as wind forcing) will likely also affect estuarine residence time (Sheldon and Alber, 2002; Wang et al., 2017) and therefore the time available for microbial activity to modify the DOM before export to the coastal ocean. Lastly, understanding the relative contributions of the various processes investigated here is important to highlight the likely factors explaining spatial and/or temporal differences in DOM composition in estuarine regions, and to set the context for observed differences in DOM composition between different systems.
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