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Dissolved organic carbon (DOC) forms one of the largest active organic carbon reservoirs on Earth and reaches average radiocarbon ages of several thousand years. Many previous large scale DOC models assume different lability classes (labile to refractory) with prescribed, globally constant decay rates. In contrast, we assume that all DOC compounds are equally degradable by a heterotrophic microbial community. Based on this central assumption, we simulate DOC concentrations using a simple biogeochemical box model. Parameterized correctly, the simple model of neutral DOC uptake produced a recalcitrant carbon pool of 33 mmolC/m3, throughout the entire virtual ocean. The spatial distribution of DOC in the model was independent of the distribution of DOC sources from primary production and particle degradation. Instead, DOC concentrations were primarily driven by spatial gradients in microbial physiology, e.g., mortality rate or growth efficiency. Applying such a gradient, we find DOC concentrations of ~70 mmolC/m3 at the surface and ~35 mmolC/m3 in the deep ocean. Introducing model variations, such as seasonally-varying supply rates or temperature-dependent DOC uptake did not significantly alter model results. DOC spatial patterns are thus not necessarily shaped by the co-cycling of separate reactivity fractions, but can also arise from gradients in physiological parameters determining DOC uptake. We conclude that neutral DOC uptake can lead to realistic large-scale patterns of DOC concentration in the ocean.
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1. INTRODUCTION

Dissolved organic carbon (DOC) forms one of the largest active organic carbon reservoirs on Earth, holding more than 600 Pg of carbon (Hansell et al., 2009). Changes to the balance of DOC production and decomposition processes would alter its oceanic inventory, and thus influence the atmospheric CO2 concentrations (Hedges, 2002). DOC is mainly formed by primary producers in the euphotic layer. While most of the freshly produced DOC compounds are decomposed by microbes on a time scale of hours to days (i.e., labile DOC, Hansell, 2013), some DOC compounds resist degradation and accumulate in the ocean (Williams and Druffel, 1987). These recalcitrant DOC compounds can reach radiocarbon ages of more than 10,000 years (Follett et al., 2014), which indicates that they persist over several ocean mixing cycles of ~300–1,400 years each (Khatiwala et al., 2012). The reason for this recalcitrance of DOC compounds has not yet been identified. Mostly, it is assumed, that the stable DOC compounds have specific structural features that make them intrinsically resistant to microbial uptake. This notion is supported by the observation that the radiocarbon age of DOC correlates with the structural features of DOC compounds, such as size and polarity (Loh et al., 2004; Benner and Amon, 2015; Walker et al., 2016). This view has been challenged by the introduction of the “dilution hypothesis” (Jannasch, 1967, 1994; Arrieta et al., 2015). The dilution hypothesis states that DOC is not structurally recalcitrant, but microbial uptake of DOC is limited by the low concentration of the individual compounds. This is supported by the observation, that recalcitrant DOC is taken up by bacteria if concentrated (Arrieta et al., 2015). Recently, it was demonstrated that concentration-limited uptake can explain the amount and longevity of DOC in the ocean (Mentges et al., 2019).

DOC in the ocean shows a characteristic vertical profile: high concentrations of ~55–80 mmolC/m3 near the sunlit surface in low latitudes, which rapidly decline at 100–200 m to relatively uniform concentrations of ~34–45 mmolC/m3 in the deep sea (Hansell et al., 2009; Hansell, 2013). The ubiquitously observed decline with depth is, together with latitudinal and seasonal changes, among the strongest marine gradients in DOC concentration. To describe the spatial distribution of dissolved organic matter (DOM, i.e., dissolved organic carbon, nitrogen, and phosphorus), various mathematical models have been developed. The distribution of DOM in the ocean is commonly reproduced by modeling three separate reactivity fractions (Hansell, 2013): (i) labile DOM, which is produced in the surface layer, where it fuels microbial growth, (ii) semi-labile DOM, which persists long enough to be exported to deeper waters, but is short-lived enough to show variations during one ocean mixing cycle, and (iii) refractory DOM, which is unavailable to microbial degradation in the deep sea and thus forms the “background” DOM concentration (e.g., Ogura, 1972; Anderson and Williams, 1999; Hopkinson et al., 2002; Luo et al., 2010; Keller and Hood, 2011).

The implementation of distinct DOM reactivity fractions reflects the prevalent assumption that DOM stability is governed by structural differences among compounds. Modeling studies assuming concentration-dependent uptake of DOM without assuming reactivity differences are rare (Wilson and Arndt, 2017; Wang et al., 2018; Mentges et al., 2019). DOM degradation is often modeled by assuming fixed decomposition rates, i.e., without including an explicit microbial population (e.g., Roussenov et al., 2006; Hansell et al., 2009, 2012; Letscher et al., 2015; Mostovaya et al., 2016). Such models describe the distribution of DOM very well, however they do not elucidate the mechanisms driving DOM decomposition. Mechanistic DOM models, which consider an explicit microbial population, also typically include several reactivity fractions (Anderson and Pondaven, 2003; Blackford et al., 2004; Moore et al., 2004; Grégoire et al., 2008; Luo et al., 2010) or a lability gradient (Pahlow and Vézina, 2003). Alternatively, low degradation rates of DOC can also be explained by nutrient limitation of microbes due to competition with phytoplankton near the ocean surface (Thingstad et al., 1997), e.g., in the phosphorus-limited Mediterranean (Zweifel et al., 1993). Such mechanistic models are rarely used in global scale applications (but see the model by Hasumi and Nagata, 2014, which includes microbes, bioavailable and refractory DOC).

Here, we model the spatial distribution of DOC under the central assumption of neutral uptake, i.e., equal degradability of all compounds. Thus, we assume that all DOC compounds are available for microbial uptake and neglect any reactivity differences among compounds. The rate of microbial uptake depends exclusively on the concentration of the substrate compounds, not on their structure. Our model describes only heterotrophic decomposition of DOC. Abiotic processes, such as photodegradation, are intentionally excluded, to isolate the influence of neutral heterotrophic decomposition on the spatial distribution of oceanic DOC. The model is composed of a biogeochemical model, describing the decomposition of DOC by microbes based on a model by Mentges et al. (2019), coupled to a 7 box ocean model adapted from Toggweiler (1999). Due to its simplicity, the box model allows for efficient testing of a variety of model modifications. Modeled DOC is produced mainly in the euphotic zone and exported to greater depths via deep-sea circulation. Additionally, DOC is produced to a small degree from sinking particles in the deep ocean, as well as microbially via release and lysis (Smith et al., 1992; Follett et al., 2014).

We test the influence of three model modifications on the spatial distribution of DOC in the Atlantic Ocean. First, we introduce a seasonal pattern of the DOC supply rate in the surface boxes, to reflect the effect of varying light intensity on DOC release by phytoplankton. Second, we couple microbial DOC uptake to seawater temperature, to account for the temperature-dependence of metabolic rates (Fukunaga and Russell, 1990; Nedwell and Rutter, 1994). Third, we introduce a vertical gradient in model parameters, to reflect the change in environmental conditions with water depth, e.g., nutrient availability, which affect microbial communities, and thus DOC production and remineralization (Roshan and DeVries, 2017).

We aim to find out whether neutral uptake can lead to a realistic spatial pattern of DOC concentration. Specifically, we ask: (i) what shapes the spatial distribution of DOC under a neutral uptake assumption: the local equilibrium of the biogeochemical interaction between DOC and microbes, the spatial distribution of DOC supply rates, or mixing of water masses? (ii) how do seasonal supply and temperature-dependent DOC uptake affect the spatial distribution of DOC? and (iii) how important are spatial differences in the physiological properties of the DOC degrading microbial community (e.g., growth efficiency, mortality)?

The aim of this study is not to prove or disprove the existence of structurally-recalcitrant molecules, which exist in the ocean for example in the form of black carbon (Preston and Schmidt, 2006; Dittmar and Paeng, 2009). The simulations were designed to test whether neutral uptake, i.e., equal degradability of all compounds, can resolve the observed spatial patterns of DOC concentration. We use a simple, computationally efficient model to test whether these scenarios reproduce observed DOC gradients, such as the latitudinal gradient and the decline of DOC concentration with depth.



2. METHODS

To predict spatial concentration patterns of DOC and microbial biomass, we coupled a biogeochemical model to a simple spatially-resolved physical box model of the Atlantic Ocean.


2.1. The Biogeochemical Model
 
2.1.1. Derivation From the Network Model

The biogeochemical model is a simplified version of the DOC-microbe-network model (hereafter network model, Mentges et al., 2019). The network model describes the decomposition of DOC by assuming a network of m groups of degrading microbes and n DOC compound groups, where each group of microbes degrades and releases a unique suite of compounds. The biogeochemical model used here does not resolve the individual microbes Bi and compounds Dj. Instead, it describes their summed concentrations [image: image] and [image: image] (Figure 1A). It approximates the complex interactions in the network by assuming the interaction of average compounds with average microbes, i.e., the individual uptake- and release profiles of microbes are replaced by averaging across all microbial groups (for a detailed derivation of the biogeochemical model see Supplementary Equations 1–6). Thus, the simplified biogeochemical model predicts the total concentration of DOC D and the total microbial carbon concentration B through the following ordinary differential equations:
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where n is the total number of different DOC compounds. A subset of nU compounds out of n is on average available to each individual microbe. Collectively, microbes can degrade all DOC compounds. DOC uptake is described by an approximation of the Michaelis-Menten kinetic for low DOC concentrations, with the maximum uptake rate ρ and the half-saturation constant κ. From the DOC uptake, a fraction η is fixed into microbial biomass. The fraction β(1−η) of uptake is released back to the DOC pool. The remaining fraction of carbon (1−β)(1−η) is respired, i.e., permanently transferred to the dissolved inorganic carbon pool I. DOC is supplied from non-microbial sources at a constant rate s, e.g., from primary production or particle dissolution. Lysis of microbes proportional to the mortality rate μ is assumed to contribute to the formation of DOC. Together, the carbon-based state variables (B, D, I) form a mass conserving carbon pool. The inorganic carbon concentration can thus be inferred from the two main state variables B and D, therefore I is not shown in the results. The parameters of the biogeochemical model were chosen according to the default parameterization of the network model (Mentges et al., 2019), i.e., n = 100, nU = 3, η = 0.2, β(1−η) = 0.14, ρ = 1 d−1, κ = 10 mmolC/m3, and μ = 0.02 d−1.


[image: Figure 1]
FIGURE 1. Scheme of the two model compartments. (A) The simplified DOC-microbe-interaction model, based on Mentges et al. (2019), predicts the concentration of DOC, the carbon concentration of microbial biomass, and the concentration of inorganic carbon (not shown in results). Microbes take up DOC, partially convert it to inorganic carbon, partially release it back to the DOC pool, and fix the remaining carbon into microbial biomass. DOC is supplied at a fixed rate from primary production. This simplified DOC-microbe-interaction model is coupled to (B) a seven box model, adapted from Toggweiler (1999). The box model comprises four surface boxes (AA, Antarctic surface water; SA, Sub-Antarctic surface water; LL, Low-latitude surface water, NA, North Atlantic surface water) and three deep boxes (TC, Thermocline; NADW, North Atlantic deep water; AABW, Antarctic Bottom Water). DOC and microbial biomass are transported from one box to another along four circulation pathways based on the overturning circulation: deep convective mixing in the North Atlantic ΨM, the ventilation of the thermocline ΨT, and the thermohaline deep circulation in the northern and southern hemispheres ΨN, ΨS (dotted lines), approximating the formation rates of NADW and AABW, respectively. The rate of DOC supply from primary production is specific to each box. Note that the axes are non-linearly scaled for illustration purposes.


The simplifications applied to the original network model largely conserve its behavior. The simplified biogeochemical model reproduces the long-term dynamics of the original network model; and the two models agree closely in their sensitivity to parameter variations (for a comparison see Supplementary Figures 1–3, note that deviations in the time of equilibration can occur between the network and the simplified model, see Supplementary Figure 1). Therefore, the simplified geochemical model can be considered an appropriate and computationally efficient approximation of the original network model.



2.1.2. Local Equilibria of the Biogeochemical Model

The equilibrium points of the biogeochemical model (Equations 3–4) represent the local long-term carbon concentrations reached in a single, uncoupled box (i.e., in a scenario without circulation, for the derivation and detailed interpretation see Supplementary Material).
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The equilibrium biomass concentration B* (Equation 3) is constrained by mortality and respiration, while it is proportional to parameters that promote microbial growth, i.e., the supply rate of DOC s and the microbial growth efficiency η (note that there is another non-zero equilibrium state in the model for s = 0, i.e., if no DOC is supplied, microbes go extinct and leave behind residual DOC, see Supplementary Figure 4).

The equilibrium DOC concentration D* (Equation 4, see also Mentges et al., 2019) essentially reproduces results from the well-known resource competition theory of Tilman: Analogous to the R* value, that gives “the levels to which each competitor can reduce a single limiting resource” (Tilman, 2007), the D* value represents the minimum DOC concentration that can be reached by biological degradation. It is determined by three ratios: The ratio of the mortality rate to the growth efficiency [image: image] (i.e., the ratio of carbon loss to carbon gain), the ratio of the half-saturation constant to the uptake rate [image: image] (i.e., microbial affinity, Reay et al., 1999), and the ratio of the total diversity of compounds to the number of compounds that are taken up per microbial unit [image: image] (i.e., the inverse fraction of DOC compounds that are taken up by an average bacterium). This equilibrium is stable (see Supplementary Material for the stability analysis), indicating that, after small perturbations, the system will return to the steady-state.




2.2. The Physical Box Model

The biogeochemical model was coupled to an ocean box model, adapted from a study by Toggweiler (1999). The box model connects seven distinct water masses (“boxes”) through four conceptually separate flows representing the overturning circulation. Therefore, it is computationally very efficient and can be used to simulate very long time scales of 10,000 years or longer (Matsumoto et al., 2008). The box model we use here comprises four surface boxes, which cover distinct latitudinal ranges, and three deeper boxes of different depth (Table 1). It predicts the carbon concentration of DOC and microbes per cubic meter of sea water. The box model was parameterized to reflect the processes in the global ocean (e.g., volume of the global ocean). Carbon is transported along four circulation pathways, based on a simplified version of the Atlantic overturning circulation: wind-driven ventilation of the thermocline from the low-latitude surface ΨT, deep convective mixing (2-way vertical exchange) in the North Atlantic ΨM, and the buoyancy-driven deep ocean circulation from the North ΨN and from the South ΨS (Figure 1B). The circulation is implemented using a matrix defining the transported water volumes per day between boxes (for the circulation matrix Ψ see Supplementary Table 1). The biogeochemical model equations are thus extended by a specific circulation term for each box (see Supplementary Equations 7–9, for box volumes and residence times see Supplementary Table 2). Further, each box receives a tailored amount of DOC supply from primary production (see below, section 2.3). All other biological and chemical parameters are equal across the boxes by default.


Table 1. Properties of the seven boxes from the box model.

[image: Table 1]



2.3. DOC Supply Rate

We assume a constant supply of DOC, i.e., DOC is produced continuously from non-heterotrophic sources, such as primary production and particle dissolution. For each box x, we estimated the supply rate of DOC sx (Table 1). The supply rate in the surface boxes was derived based on approximations of net primary production (NPP) of the year 2016 from the ocean productivity website of the Oregon State University (Behrenfeld and Falkowski, 1997, www.science.oregonstate.edu/ocean.productivity/). The global NPP data were averaged over a longitudinal range from −40°N to 0° and the latitudinal ranges of the surface boxes, yielding NPP of ~190, 360, 410, 790 mgC/m2/d for the Antarctic, Sub-Antarctic, low latitude and North Atlantic box, respectively. From these NPP values we estimated DOC production in the surface boxes, applying a factor of 0.4 for the production of DOC (Williams, 2000). The supply rates of DOC in the deep boxes (i.e., supply of DOC in the deep from sinking particles, this carbon flux contributes to balancing DOC degradation in equilibrium) were chosen such that the equilibrium value of microbial biomass corresponds to the reference microbial biomass concentrations (i.e., field observations for comparison, see Table 1). We chose to optimize the supply to reflect microbial biomass concentrations in the deep sea rather than exactly matching published estimates of total DOC production rates, because we consider measurements of microbial biomass concentration better constrained, as there are direct measurements available for microbial biomass. To reproduce natural microbial biomass concentrations in the deep ocean, our model requires double the currently estimated deep DOC supply. The total DOC supply in the boxes sums up to a global rate of ~50 PgC/y, thus to about twice the published estimates (25 PgC/y, Hansell, 2013), this is possibly because part of DOC is so quickly taken up after release that is not recovered in many incubation experiments. Similarly, Arístegui et al. (2009) reported that their estimated microbial carbon demand in the deep sea was roughly twice as high as current estimates of DOC supply. The authors state that estimates of DOC supply based on sediment traps might severely underestimate the true supply (Herndl and Reinthaler, 2013), and that previous estimates often neglect the influence of migrant metazoans and suspended particles in the deep ocean carbon budget. The magnitude of supply rates in the model exclusively affects bacterial biomass concentrations, while equilibrium DOC concentrations are independent of the DOC supply rate (for sensitivity of the model to the rate of supply, see Supplementary Figure 7).



2.4. Reference Data for DOC and Microbial Biomass

Reference DOC concentrations for each box (i.e., field observations for comparison to model results, see Table 3 and Figures 3A,B) were extracted from the CLIVAR Repeat Section A16N and A16S cruises in the Atlantic Ocean (Baringer et al., 2016; Wanninkhof et al., 2017). Sample depth was approximated from sea water pressure using the Gibbs Sea Water Oceanographic toolbox (McDougall and Barker, 2011). The DOC values were averaged over the latitudinal ranges of the boxes (Table 1). Reference microbial carbon concentrations for each box (see Supplementary Table 4) were compiled from Buitenhuis et al. (2012) for latitudes North of 5°S and Smetacek et al. (1997) for Southern latitudes. Sample values were averaged over >30 samples for Antarctic and Sub-Antarctic surface boxes, and >1,000 samples for the other boxes, respectively.



2.5. Modifications to the Box Model

We applied three modifications to the box model, to test whether they increase the agreement of model results with field observations. Hence, we adapted the model to include seasonal DOC supply, temperature-dependent DOC uptake, and depth-dependent physiology. To study the individual effect of the three modifications, they were applied to the model separately (for a simultaneous application of the modifications, see Supplementary Figure 5, Supplementary Table 5).


2.5.1. Seasonal Supply

The natural rate of DOC supply from primary production varies seasonally with the light intensity, availability of nutrients and other factors. To partly reproduce this temporal variability in a model modification, a seasonal pattern was imposed on the DOC supply rates at the surface. The seasonal pattern is based on the monthly averages of NPP, yielding elevated DOC supply rates from December to January in the (Sub-) Antarctic, and highest supply rates from June to August in the North Atlantic (Figure 2A). To get a smooth transition between individual time points, we interpolated between monthly averages. The supply rates in the deep boxes were assumed to be constant throughout the seasons.


[image: Figure 2]
FIGURE 2. Modifications to the model including seasonal supply or temperature dependent uptake. (A) Monthly DOC supply rate in the four surface boxes, estimated based on NPP data from Behrenfeld and Falkowski (1997, section 2.3). Open symbols indicate interpolated values. (B) Temperature response factor for microbial uptake as a function of box temperature (AA, Antarctic surface water; SA, Sub-Antarctic surface water; LL, Low-latitude surface water; NA, North Atlantic surface water; TC, Thermocline; NADW, North Atlantic deep water; AABW, Antarctic Bottom Water). The gray dashed line indicates the response function as defined by Blackford et al. (2004).




2.5.2. Temperature-Dependent DOC Uptake

The metabolic rates of microbes are known to be strongly temperature-dependent; for example the microbial uptake rate for organic substrates generally increases with temperature (Fukunaga and Russell, 1990; Nedwell and Rutter, 1994). The temperature-dependence of microbial production shows strong vertical gradients, which has been suggested to be related to the vertical gradient in DOC recalcitrance (Lønborg et al., 2016). In the standard model, water temperature does not influence the microbial degradation of DOC. Therefore, we accounted for this in a model modification, by multiplying the uptake rate with a temperature response factor ft. The temperature response factor is defined as [image: image] (Blackford et al., 2004). It depends on the temperature tx in the local box x (estimated based on in situ measurements from 2005 to 2012 from the World Ocean Atlas, Boyer et al., 2013, see Table 1), the reference temperature ([image: image], Blackford et al., 2004), and the Q10 temperature coefficient, which measures how fast the rate changes with temperature (Q10 = 2 for heterotrophic microbes, Blackford et al., 2004).

At box temperatures between −1 and 20° C (Table 1), ft equals 0.48, 0.73, 1.99, 0.71 for the surface boxes (AA, SA, LL, NA), and 1.00, 0.78, 0.51 for the deeper boxes (TC, NADW, AABW), respectively (Figure 2B). At a temperature response factor of ft <1 the microbial uptake rate is decreased with respect to the default simulation. In comparison to the default model set-up, the uptake rate is thus increased in the low-latitude box, remains unchanged in the thermocline box, and is decreased in all other boxes.



2.5.3. Depth-Dependent Physiology

Environmental conditions at the sea surface differ from the deep sea, e.g., light, supply of organic matter, nutrient availability, temperature, and pressure. As a consequence, several biogeochemical parameters show considerable changes with depth. Microbial growth efficiency η is lower near the surface compared to the deep sea, due to the relation between maintenance metabolism and water temperature (Rivkin and Legendre, 2001; Hall et al., 2008). The rate of microbial mortality μ (i.e., lysis or spontaneous death) is higher near the surface, due to the influence of a higher ratio of virus-like particles to heterotrophic microbes (Arístegui et al., 2009), increased temperature (Servais et al., 1985), and a higher per capita rate of grazing (higher activity of, e.g., flagellates; Arístegui et al., 2009). The diversity of DOM compounds n, i.e., the number of metabolically different DOC compounds, is also higher near the surface. Molecular richness, i.e., the number of molecular formulas identified in DOM, has been shown to be stable throughout the ocean (Mentges et al., 2017). However, in the context of the model, diversity measures that are related to the substrates' concentration and structural diversity are more relevant, because DOC diversity in our model is defined as the number compound units that are structurally similar with respect to microbial uptake. Abundance-based and functional DOM diversity are higher near the ocean surface (Mentges et al., 2017). The number of DOC substrates utilized by an average microbe nU in contrast, is lower near the surface, as surface communities are known to be more specialized (Carlson et al., 2004). Compared to surface microbes, pressure-adapted deep sea microbes are able to utilize additional compounds due to high ectoenzymatic activity (Tamburini et al., 2002) and higher abundance of transporters targeting aromatic compounds (Bergauer et al., 2018). Together, n and nU define the relative substrate specificity (n/nU): For a high relative substrate specificity, few substrates can be taken up in relation to the total DOC diversity. As n is higher and nU is lower, it follows that the relative substrate specificity is higher near the surface. This relative substrate specificity has been suggested to crucially determine long-term DOC concentrations (Mentges et al., 2019).

To represent these physiological depth gradients in the model, we altered the respective model parameters in the surface boxes compared to the deep boxes. In separate simulations, physiological parameters were multiplied by either a factor of 0.5 or 2 in the surface boxes, depending on whether they are increasing or decreasing with depth (Table 2). In the deeper boxes, all parameters were kept at their default values. We do not wish to imply that this doubling or halving of the parameter value is an accurate description of its natural vertical profile. We designed this model modification to test the general influence of a directional change of these parameter with depth on the distribution of DOC concentrations in the model. The resulting four simulations were very similar to each other with respect to the DOC concentration (see Supplementary Table 6), therefore they are considered interchangeable and results are presented and discussed together.


Table 2. Depth-dependent physiology.

[image: Table 2]




2.6. Computational Details

The differential equations were solved numerically in MATLAB (Version 2015b, The MathWorks, Inc., Natick, Massachusetts, United States), using the stiff differential equation solver ode15s with the following options: absolute error tolerance of 1 × 10−18, relative error tolerance of 1 × 10−13, and all state variables were defined as non-negative. The time-step was chosen by the solver. To ensure equilibration of the system, all simulations were run for at least 1,000 simulation years.




3. RESULTS


3.1. Default Box Model

The DOC concentrations in the default box model run were practically constant across all boxes (33.63–34.53 mmolC/m3, Figure 3C, Table 3, at DOC turnover times of 2, 1, 0.4, 0.6 years in the four surface boxes and 6, 10, and 24 years in the deep boxes, see Supplementary Table 3). The microbial biomass concentrations varied between 0.04–2.00 mmolC/m3. Highest biomass concentrations were found in the low-latitude box (ranging from −42 to 51 ° N), while lowest concentrations were found in the Antarctic bottom water (Figure 3D). The results of the default run closely match the local equilibria of the uncoupled boxes (i.e., B* and D*, Equations 3–4, see Table 3).


[image: Figure 3]
FIGURE 3. Carbon concentrations from the default box model and its modifications. DOC (left column) and microbial biomass (right column) concentrations are shown in the seven oceanic boxes, for: (A,B) the reference data, (C,D) the default box model run, (E,F) a model modification with temperature-dependent DOC uptake, and (G,H) a model modification with depth-dependent physiological parameters. For exact DOC concentrations at the end of each simulation, see Table 3, and Supplementary Table 4 for microbial biomass, respectively. The results of the model modification with seasonal supply are shown over time in Figure 4; averaged over one year they closely match the default model run shown in (A,B).



Table 3. DOC concentration from reference data, the equilibrium prediction by the biogeochemical model (D*), and from four box model simulations: the default set-up, a model modification with seasonal supply, a model modification with temperature-dependent uptake rate, and a model modification with depth-dependent physiological parameters.

[image: Table 3]



3.2. Modification: Seasonal Supply

The seasonal variability led to yearly oscillations of microbial biomass and DOC concentrations (Figure 4). The microbial biomass varied by a factor of <1.5 over the seasons. The strongest seasonal variation in DOC concentrations was found in the North Atlantic surface water (28–40 mmolC/m3). The seasonal variation exceeded the spatial variation of DOC among the boxes. The time-averaged DOC and microbial biomass were close to the concentrations found in the default model simulation (Table 3).


[image: Figure 4]
FIGURE 4. Box model modification with seasonal supply. (A) DOC and (B) microbial biomass concentration are shown over simulation time. The supply rate is interpolated between monthly average values. The colored lines indicate the concentrations in the seven boxes (AA, Antarctic surface water; SA, Sub-Antarctic surface water; LL, Low-latitude surface water; NA, North Atlantic surface water; TC, Thermocline; NADW, North Atlantic deep water; AABW, Antarctic Bottom Water).




3.3. Modification: Temperature-Dependence

The introduction of temperature-dependent DOC uptake produced spatially variable DOC concentrations, ranging from 16 to 72 mmolC/m3 in the boxes (Figure 3E). In this model modification, simulated DOC concentrations increase with sea water depth. The DOC concentration in the simulated Antarctic bottom water was about four times higher than in the low-latitude surface water (~66 mmolC/m3, Table 3). The total DOC concentration was higher than in the default simulation, because the local temperature in most boxes was lower than the reference temperature, hence decreasing the microbial uptake rate. While the spatial distribution of DOC was affected by the temperature-dependence, the microbial biomass remained largely unchanged from the default simulation (Figure 3F). Microbial biomass levels are independent from the rate of DOC uptake, as the biomass equilibrium B* of the biogeochemical model does not include the uptake rate ρ (Equation 3; for DOC turnover times see Supplementary Table 3).



3.4. Modification: Depth-Dependent Physiology

To account for variations of microbial traits due to, e.g., pressure, nutrient concentration, or food web structure, we altered model parameters in the surface boxes. This modification yielded a vertical gradient in DOC concentrations: high DOC concentrations near the surface (64–67 mmolC/m3) and low DOC concentrations in the deeper boxes (~33 mmolC/m3, Figure 3G). Microbial biomass concentrations were highest in the low-latitude surface box (0.94 mmolC/m3), declining toward the poles and with depth (Figure 3H). Lowest microbial biomass concentrations were found in the Antarctic bottom water (0.04 mmolC/m3, see Supplementary Table 4).




4. DISCUSSION


4.1. Default Box Model

Although we assumed neutral uptake and lability of DOC, a recalcitrant carbon pool emerged from the default simulation, which was present throughout the virtual ocean. The size of this pool is similar to the ubiquitously observed deep-ocean background concentration of DOC (Hansell et al., 2009; Hansell, 2013). It corresponds to the equilibrium DOC level (D*) reached when the uptake of diverse DOC compounds balances microbial mortality (Mentges et al., 2019). This simulation result does not imply that structurally-recalcitrant DOC compounds (such as black carbon, Preston and Schmidt, 2006; Dittmar and Paeng, 2009) do not exist. Instead, it demonstrates that the major features of the observed global DOC distribution can be reproduced assuming neutral uptake, i.e., neglecting reactivity differences among compounds.

The default simulation includes a spatially-variable distribution of DOC supply rates as an environmental gradient. The rates of DOC supply decline from the surface to the deep sea. Such a decline of DOC production rates is often assumed to cause the ubiquitously observed decline in DOC concentrations with depth, e.g., new primary production has been reported to drive Atlantic DOC distributions (Romera-Castillo et al., 2016). However, in our default simulation, the DOC concentrations do not decline toward the deep, but are uniform throughout the virtual ocean. Thus, for the present model formulation, we do not see an impact of the DOC supply rate on the spatial distribution of DOC concentrations (as can be seen in the D*, Equation 4, which does not include a supply term). Microbial biomass concentrations, in contrast, are strongly influenced by the DOC supply rate (Equation 3).

DOC concentrations are independent of the rate of DOC supply in our model, because the individual boxes reach their local equilibrium, and this equilibrium concentration D* is independent of the DOC supply rate s (Equation 4, for the sensitivity of DOC and microbial biomass in the seven boxes to the supply rate see Supplementary Figure 7). The time scale of mixing in the box model is long enough to allow for equilibration of the biogeochemical processes within individual boxes. The turnover time of water in the boxes ranges between 4 and 516 years, exceeding the average time scale of DOC turnover in all boxes (Supplementary Table 3). Only very small deviations of DOC concentration from the equilibrium (Table 3) occur due to the influence of the overturning circulation. Increasing the circulation rate introduces deviations from equilibrium (<10 mmolC/m3, see Supplementary Figure 8).

In our model, the rate of DOC supply s does not affect the long-term DOC concentration D*. This lack of direct dependency might seem counter-intuitive at first, but is a common characteristic in resource(DOC)-consumer(microbe)-models like the one presented here: The model quickly reaches equilibrium in all boxes, and this equilibrium concentration is independent from the supply rate as shown in our equilibrium analysis (section 2.1.2). Consequently, these results are in agreement with models with a similar basic consumer-resource-structure: Pahlow and Vézina (2003) found that the long-term accumulation of DOM in the ocean is controlled by characteristics of microbial DOM utilization, while phytoplankton-associated terms have little influence. Also, Wilson and Arndt (2017) showed that assuming dilution-limited DOC degradation, deep ocean DOC concentrations in a 2-box-model were independent of the amount of DOC production. In another model study by Tian et al. (2000), the rate of primary production did affect DOC concentrations. However, their model differs in two aspects from ours: (1) they include a lower threshold of microbial DOC uptake (κ, for the sensitivity of model results to this parameter see Supplementary Figures 2, 3), which could explain why additional algal-derived DOC did not lead to an increase of the microbial population, and (2) their model structure differs as predation exerts an additional top-down effect on microbes, which is connected to primary production. Our results thus suggest that if the control of bacteria and archaea on DOC is purely bottom-up, equilibrium DOC concentration is independent from supply.

Here, we focused our efforts on the modeling of DOC and microbial biomass concentrations using a computationally efficient spatially-resolved simulation model. Another valuable constraint on DOC cycling is represented by the radiocarbon age, which is included in the original network model (Mentges et al., 2019). The network model reproduced the characteristic age spectrum of DOC by assuming that only a limited subset of DOC compounds are supplied by phytoplankton. This distinction cannot be made in the present, simplified biogeochemical model, which groups all DOC compounds into a single pool. Accordingly, the turnover time of DOC in the simplified model is much lower than observed radiocarbon ages of DOC (see Supplementary Table 3; Follett et al., 2014). Thus, the methodological approach outlined here could be extended in future efforts to integrate neutral DOC uptake in a simulation model comprising radiocarbon age, as another important step toward understanding the millennial scale stability of DOC in the world's oceans. It is known that specific DOM compound classes have higher radiocarbon ages than others and some compounds classes are preferentially decomposed in incubation experiments (e.g., Benner and Amon, 2015). This has been interpreted as evidence for a mechanistic link between molecular structure and long-term reactivity of DOC (e.g., Walker et al., 2016). As an alternative or additional explanation, Mentges et al. (2019) proposed that the distance from production in the network of microbe-DOM-interactions determine radiocarbon age and long-term turnover.



4.2. Modification: Seasonal Supply

To mimic the seasonal variability of primary production, we introduced monthly changing supply rates in a model modification. This did not increase the plausibility of model results. DOC concentrations in the North Atlantic box drop in the beginning of the year below the observed range of DOC concentrations (~28 mmolC/m3 in the box, vs. ~34 mmolC/m3 observed, Hansell, 2013). The microbial community cannot fully equilibrate and adapt to the extreme supply rates in summer and winter months, due the high frequency of the seasonal supply, i.e., the time-scale of the forcing fluctuations is shorter than the time-scale needed for biogeochemical equilibration. Therefore, the seasonal variation of microbial biomass is lower than the seasonal variation of the supply rate (factor of about 1.5 vs. 4, whereas for slower variation of the supply biomass varies proportionally, see Supplementary Figure 6). The spatial variations among boxes were smaller than the seasonal variations within boxes. The time-averaged DOC concentrations were the same as in the default run, showing no considerable variations with latitude or depth. Therefore, the model modification failed to reproduce the oceanic range of DOC concentrations.

In our model, spatial patterns of DOC do not result from a temporal variability of primary production. This independence of seasonal DOC supply from DOC concentration is in agreement with observations on seasonal and interannual time scales. Church et al. (2002) report a weak correlation of DOC and primary production rate on interannual time scales (R2 = 0.16) at station ALOHA in the subtropical gyre of the North Pacific. They rather attribute changes in DOC concentration to the community composition, which agrees with our findings that the DOC concentration is most sensitive to parameters describing microbial DOC uptake. Similarly, Hansell and Carlson (1998) report a weak correlation of DOC and primary production (R2 = 0.15, correlation calculated based on the published data) on seasonal time scales in the Sargasso Sea. Seasonal accumulation of semi-labile DOC can also result from a competition for nutrients of microbes and phytoplankton (Thingstad et al., 1997), which is not resolved by our microbe-DOC-model.



4.3. Modification: Temperature-Dependence

To simulate the effect of temperature on the microbial metabolic rates, we introduced a temperature-dependent DOC uptake rate in a model modification. Such a temperature-dependence of metabolic rates has been suggested as a possible cause for DOC gradients in the North Atlantic (Bendtsen et al., 2002). In contrast, in our model, the introduction of temperature-dependent microbial DOC uptake did not increase the plausibility of the model results. Although this model modification reproduced the naturally observed range of DOC concentrations (30–70 mmolC/m3, Table 3), the spatial distribution deviated strongly from observed oceanic distribution patterns of DOC: In the surface ocean, highest concentrations of DOC are typically observed in the tropics and subtropics, decreasing toward the poles (Roshan and DeVries, 2017), whereas in the modified model simulation, DOC concentration increased from the low latitudes toward the poles. Moreover, DOC concentrations in the model increase with depth, in contrast to observations (Hansell et al., 2009; Hansell, 2013).

The implemented temperature dependency increases the uptake rate with increasing temperature. Our equilibrium analysis (Equation 4) shows that an increased uptake rate results in a lower DOC equilibrium concentration. As temperature, and hence the increase in uptake rate, is highest in the tropical surface oceans, our model produces low DOC concentrations in tropical surface boxes. While uptake rates might strongly depend on temperature for a single organism or a local community (Blackford et al., 2004), the maximum uptake rate of the locally best adapted community on a global scale might not necessarily have the same dependency. Thomas et al. (2012) showed that while optimum temperatures did vary on a latitudinal gradient for the locally best adapted phytoplankton strain, the actual maximum growth rate for each optimum temperature did not differ strongly. Given that also other environmental conditions influence the growth of microbes, our results suggest that factors other than the temperature-dependence of the uptake rate are more relevant to the global distribution of DOC. Also, we assume a temperature-dependence of DOC uptake alone, while assuming that microbial mortality and lysis are independent of sea water temperature. We tested how a temperature-dependent mortality term would affect model results (see Supplementary Figure 9) and found that the results were similar to the default simulation if the same Q10 temperature coefficient is assumed for uptake and mortality, as in this case the effects cancel each other out. The effect of temperature on the spatial distribution of DOC thus critically depends on whether there is a difference in the temperature-dependence of microbial uptake compared to mortality.



4.4. Modification: Depth-Dependent Physiology

A central assumption of our model is the total neutrality of DOC and microbes. We thus assume for example that all microbes show an equally high degradation capacity, mortality, and overall uptake rate. While preserving this neutrality within a community, we varied the physiological properties among communities in a model modification, i.e., between the surface and the bathypelagic.

Compared to the other box model simulations, this modification reproduced the observed DOC concentrations best. Assuming one of the proposed physiological gradients between the surface and the deep sea, i.e., lower growth efficiency, higher relative substrate specificity, or higher microbial mortality at the surface, increased the plausibility of the model results: The overall oceanic DOC range was similar to observed values (30–68 mmolC/m3 for modeled DOC, 30–80 mmolC/m3 for oceanic DOC, Roshan and DeVries, 2017).

In this modification, two distinct DOC equilibrium values D* exist. In the deep boxes, all model parameters are unchanged to the standard model, therefore, the equilibrium remains at 33 mmolC/m3). In the surface boxes, the equilibrium DOC is doubled (as either the numerator of Equation 4 is multiplied by 2 or the denominator by 0.5, depending on the parameter changed, see Table 2), corresponding to 66 mmolC/m3.

The model modification produced distinct DOC concentrations between surface and deeper water boxes. Thus, based on known gradients of microbe physiology and neglecting reactivity differences in DOC, the natural gradient of oceanic DOC was reproduced. Here we only use two distinct values for the surface and the deep sea boxes. Therefore, the variation among the surface boxes and among deep water boxes are small. This could likely be further improved by using a finer distinction of physiological parameters among the boxes.



4.5. Conclusions

We modeled the oceanic distribution of DOC and microbial biomass using a simple spatially-resolved biogeochemical box model. The central assumption of the model is neutral DOC uptake, i.e., that all DOC compounds are easily degradable by a heterotrophic microbial population. Spatial variability is incorporated into the model in the form of varying DOC supply rates (i.e., total production of DOC from primary production and dissolution of particles). This simple model of neutral DOC uptake produced a recalcitrant carbon pool of 33 mmolC/m3, which was present throughout the entire virtual ocean. The spatial distribution of DOC and microbes in the model was determined by the local equilibrium of biogeochemical processes, whereas it was independent of the circulation pathways of sea water and the rate of DOC supply. We find that a spatial gradient in DOC supply rate alone did not produce realistic patterns of DOC concentration. The plausibility of model results was not enhanced by seasonally-varying supply or temperature-dependent DOC uptake rates. Instead, the spatial distribution of DOC in the model is primarily controlled by physiological characteristics of DOC degrading microbes. Therefore, the best agreement with observations was reached when spatially heterogeneous physiological parameters were assumed, i.e., higher mortality for surface microbes reflecting higher grazing pressure, a higher relative substrate-specificity, or lower growth efficiency of surface microbes. Our model suggests that oceanic DOC concentrations decrease with depth, because the physiology of the microbes changes, e.g., due to temperature, pressure, and grazing intensity, or due to the decline of molecular diversity of DOC with depth. We conclude that neutral DOC uptake can lead to realistic spatial patterns of DOC concentration, if vertical gradients of physiological parameters of the microbial community or DOC diversity are accounted for.
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Box Depth (m) Latitude °N) Temp. (*C) DOC supply (mmolC/m®/d) Ref. DOC (mmolC/m®) Ref. biomass (mmolC/m®)

Antarctic surface water (AA) 0-250 -90to -54 -1 2.55 x1072 446 0.38
Sub-Antarctic surface water (SA) 0-250 —54to0 —42 5 4.81 x1072 47.4 0.65
Low-latitude surface water (LL) 0-100 —42t051 20 1.37 x1071 65.7 0.49
North Atlantic surface water (NA) 0-250 511090 5 1.05 x107" 54.2 0.49
Thermocline (TC) 100-1,000 -42to51 10 1.07 x1072 47.2 0.16
North Atlantic deep water (NADW) 250-1,800  —54 to 90 7 6.08 x107% 42.7 0.09
Antarctic Bottom Water (AABW) 250-3,600 —90to 90 [ 251 x1073 40.7 0.04

The seawater temperature in each box was estimated based on in situ measurements from 2005 to 2012 from the World Ocean Atlas (Boyer et al., 2013). The reference data for DOC
and microbial biomass concentration were derived from Smetacek et al. (1997), Buitenhuis et al. (2012), Baringer et al. (2016), and Wanninkhof et al. (2017), respectively (section 2.4).
The supply rates of DOC represent the production from Net Primary Production based on Behrenfeld and Falkowski (1997, section 2.3).
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Parameter

Factor

05

05

Description

Increased mortality rate at
the surface

Reduced growth efficiency
atthe surface

Higher specialization at the
surface

Increased DOG diversity at
the surface

References

Servais et al., 1985;
Avistegui et al., 2009

Rivkin and Legenre,
2001; Hall et al., 2008

Tamburini et al., 2002;
Carlson et al., 2004

Bergaer et al., 2018
Mentges et al., 2017

Each parameter is altered by the specified factor in the four surface boxes. For a
comparison of the resulting four simulations we refer to Supplementary Table 6.
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Box

Antarctic surface water (AA)
Sub-Antarctic surface water (SA)
Low-latitude surface water (LL)
North Atlantic surface water (NA)
Thermocline (TC)

North Atlantic deep water (NADW)
Antarctic Bottom Water (AABW)

Reference

447
47.4
65.7
542
472
4.7
407

D*

333
333
333
333
333
333
333

Default

345
336
33.8
342
326
33.0
333

Seasonal

345
335
338
342
326
330
333

Temp.

ahg
45.8
16.4
47.9
325
420
65.7

Depth-dep.

64.1
67.0
67.1
67.4
33.1
332
33.3

For the respective microbial biomass concentrations see Supplementary Table 4. All numbers are given in units of mmolC/m?®,
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