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To predict the impacts of climate change it is essential to understand how anthropogenic change alters the balance between atmosphere, ocean, and terrestrial reservoirs of carbon. It has been estimated that natural atmospheric concentrations of CO2 are almost 200 ppm lower than they would be without the transport of organic material produced in the surface ocean to depth, an ecosystem service driven by mechanisms collectively referred to as the biological carbon pump. Here we quantify potential reductions in carbon sequestration fluxes in the North Atlantic Ocean through the biological carbon pump over the twenty-first century, using two independent biogeochemical models, driven by low and high IPCC AR5 carbon emission scenarios. The carbon flux at 1000 m (the depth at which it is assumed that carbon is sequestered) in the North Atlantic was estimated to decline between 27 and 43% by the end of the century, depending on the biogeochemical model and the emission scenario considered. In monetary terms, the value of this loss in carbon sequestration service in the North Atlantic was estimated to range between US$170–US$3000 billion in abatement (mitigation) costs and US$23–US$401 billion in social (adaptation) costs, over the twenty-first century. Our results challenge the frequent assumption that coastal habitats store more significant amounts of carbon and are under greater threat. We highlight the largely unrecognized economic importance of the natural, blue carbon sequestration service provided by the open ocean, which is predicted to undergo significant anthropogenic-driven change.
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INTRODUCTION

Anthropogenic emissions of CO2, particularly through fossil-fuel combustion and land-use changes, have driven increases in its atmospheric concentration from pre-industrial conditions (Hartmann et al., 2013). To date, ~25% of anthropogenic CO2 emissions have entered the ocean (Khatiwala et al., 2013), driven primarily by physicochemical processes, contributing to the reservoir of dissolved inorganic carbon (DIC). A significant but less well-understood component of the ocean's natural carbon cycle is that driven by marine biota. Through a suite of biogeochemical processes collectively known as the biological carbon pump (BCP; Broecker, 1982; Volk and Hoffert, 1985), a fraction of the organic carbon produced in sunlit surface waters is transported to the deep ocean via gravitational sinking and vertical migration. The strength of this pump depends on both the amount of primary production and how this is attenuated down the water column by respiration. The depth and location of this respiration controls how quickly the released DIC comes back into contact with the atmosphere, where it can potentially outgas as CO2 (Robinson et al., 2014). The net effect of the biological pump is to elevate the ocean's reservoir of DIC above that expected from CO2 solubility alone. About 1% of primary production is thought to sink into the deep ocean interior or into seafloor sediments (Sanders et al., 2014), where it may be sequestered for hundreds to thousands of years.

As a component of the Earth's contemporary carbon cycle, carbon sequestration driven by the biological pump plays a role in producing the Earth's current, equable climate by contributing to the regulation of the balance of Carbon between the ocean and atmosphere. As such, the biological pump provides an ecosystem service, whose importance may be curtailed by anthropogenic climate change. Recent IPCC reports indicate that climate change will lead to a more stable density stratification in the ocean and a general slowing down of large-scale mixing and circulation, with both a reduced ocean uptake of anthropogenic carbon and a reduced supply of nutrients to ultimately drive the BCP (Sarmiento et al., 1998; Bopp et al., 2001; Heinze et al., 2015). The service provided by the BCP has an economic significance that is often poorly represented in the development of policy and management narratives (Luisetti et al., 2013). Monetary and non-monetary valuation can facilitate this narrative by allowing a comparison of costs with alternative ecosystem service provision and across future socio-economic scenarios, or with mitigation and adaptation interventions. There are currently very few studies which value offshore ecosystem services, and little effort has been devoted to understanding the economic cost of such a potential reduction in carbon sequestration service provision (e.g., Lutz and Martin, 2014; Rogers et al., 2014).

Here we computed changes in carbon export beyond 500 and 1000 m deep in the North Atlantic Ocean, as a function of low and high IPCC AR5 Representative Concentration Pathways (RCP 2.6 and 8.5; Rogelj et al., 2012), and accumulated these over the twenty-first century. We use the magnitude of the flux associated with the biological pump at 1000 m depth as a proxy for the ecosystem service provided by marine life in storing carbon in the North Atlantic Ocean, defining organic carbon as sequestered when it cannot return to the atmosphere for >100 years (e.g., within the span of our model projection; but see Robinson et al., 2014) or when it reaches depths >1000 m (IPCC, WGI, 2007; chapter 5; Lampitt et al., 2008; Guidi et al., 2015). The differences at depth from present-day fluxes are translated into economic values, using the social (adaptation) costs of carbon (Tol, 2005) and an abatement (mitigation) cost approach (DECC, 2011), to estimate the economic cost of changes in the North Atlantic ocean BCP.

MATERIALS AND METHODS

Physical–Biological Models

We use two different state of the art biogeochemical ecosystem models of the North Atlantic, MEDUSA (Yool et al., 2013b) and ERSEM (Butenschön et al., 2016), simulated under identical climate forcing and with common geographical coverage (but with differential spatial resolution), to estimate the functioning of the BCP. We deliberately use two different models to provide a measure of uncertainty in our results. Both models have an appropriate description of the carbon cycle, i.e., primary and secondary production, respiration, the carbonate system, sedimentation, decomposition of organic matter, and air-sea fluxes of CO2, but with different representation of the microbial food-web, reflecting the lack of robust mechanistic understanding of underlying processes. Projections from both models were normalized by the present “baseline period” (1990–2009), to ensure we captured the strong interannual variability observed in North Atlantic carbon fluxes (Gruber et al., 2002).

MEDUSA (Model of Ecosystem Dynamics, nutrient Utilization, Sequestration and Acidification, Yool et al., 2013b) is an intermediate complexity plankton ecosystem model designed to have sufficient complexity to study key feedbacks between anthropogenically-driven changes and oceanic biogeochemistry. MEDUSA resolves a size-structured ecosystem of small (nanophytoplankton and microzooplankton) and large (microphytoplankton and mesozooplankton) components that explicitly includes the biogeochemical cycles of nitrogen, silicon, and iron nutrients as well as the cycles of carbon, alkalinity, and oxygen. Export production in MEDUSA-2 comprises explicit, slow-sinking particles with temperature-dependent remineralization, and implicit, fast-sinking particles that use biogenic silicon, and a parameterization of the calcification rain ratio (Ridgwell et al., 2007) to ballast sinking organic material (Armstrong et al., 2002). The entire World Ocean is simulated and the model output post-processed to the North Atlantic cut-out shown here. The model was initialized using standard biogeochemical climatological fields (Garcia et al., 2010; Key et al., 2014) and simulated under surface atmospheric forcing derived from HadGEM2-ES simulations performed for CMIP5. A single medium resolution (1°) NEMO-MEDUSA simulation ran for the “historical period” from 1860 to 2005, and was then split into two separate simulations running under IPCC RCPs 2.6 and 8.5 from 2006 to 2099 (Yool et al., 2013a). MEDUSA's export of organic material to the ocean interior is vulnerable both to stratification-mediated climate change and to calcification-mediated ocean acidification (Yool et al., 2013a).

The ERSEM (European Regional Seas Ecosystem Model, Butenschön et al., 2016) model provides a comparatively detailed description. It uses three phytoplankton size classes complemented by diatoms, three size classes of zooplankton, a class of heterotrophic bacteria, three size classes of particulate organic matter and three classes of dissolved matter with distinct degradation time scales. The model resolves the dynamical cycles of the major constituents, carbon, nitrogen, phosphorus, silicate, and iron, independently, and includes a sub-model for the carbonate system providing the fields of alkalinity. The sinking of organic material occurs in relation to the size of the organic material with correspondingly distinct remineralization time scales and the same parameterization of the rain ratio as used in MEDUSA. The NEMO-ERSEM projection is performed on a dedicated North Atlantic domain at a spatial resolution of 0.25°, extending from 20°S to 70–80°N allowing for some spatial buffer toward the model boundaries with respect to the core of the domain used for the analysis of this work in order to discard any artificial boundary effects. The simulation has used the same initial and atmospheric boundary conditions as the NEMO-MEDUSA simulation.

Both models were initialized from observationally derived climatological fields of inorganic nutrients and DIC taken from the World Ocean Atlas and GLODAP Carbon Synthesis Project. However, they differed in the path leading to the modeled present day conditions: the MEDUSA simulation was initialized in 1860 and run continuously up to the present day, while ERSEM was initialized in 1958 in hindcast mode. The 1970 conditions from the hindcast simulation where then used to initialize the climate model forced projection in 1970.

In order to identify any spurious model drift control simulations for both MEDUSA and ERSEM models were performed exposing the model system to external forcing that is not affected by climate change. In the case of ERSEM this was achieved by performing a simulation of the model under the atmospheric conditions of the decade 1970–1979 as used in the projection, but periodically repeated from 1980 to the end of the simulation period (2099) with the partial pressure of CO2 kept at a constant level corresponding to the initial value of the projection (1971). For MEDUSA a similar experiment was conducted, which due to the reduced resource requirements of this system was possible to extend to a longer period. In this case the control run was started as the projection in 1860, but exposed to the periodically repeated atmospheric conditions of 1860–1889 and the atmospheric pCO2 kept constant at the starting value of 1860 throughout the simulation. Results (see Supplementary Material) show that for both simulations the trend in vertical flux is clearly dominated by the climate change signal and not by model drift. Compared to the average present day fluxes of the control simulations the estimated drift is below 10% for both models, while relative to the change signal of the projection simulation it amounts to 10% for the MEDUSA simulation, while for ERSEM it is around 20% due to the smaller change signal in the projection of this model. Thus, for both model systems the projected changes can be attributed to ecosystem process changes under the climate scenarios.

Economic Valuation

To reflect the variability in valuation methodology two carbon prices are applied to carbon export fluxes below 1000 m. Firstly, a social cost of carbon (SCC, Tol, 2005) of $50 per tC (2005 prices), uprated each year by 2% to reflect the incremental damage of each unit of carbon as temperature rises (Stern, 2006; Defra, 2007). While the price could potentially be uprated by a higher percentage under the RCP8.5 scenario, this is not fully supported by current literature. Thus, the established rate of 2% is applied to both RCP scenarios. SCC is a shadow price of carbon emissions and corresponds to the net present value of the cumulative, worldwide impact of one additional t of C emitted to the atmosphere today over its residence time in the atmosphere (van den Bergh and Botzen, 2015). Secondly, a non-traded mid marginal abatement cost (MAC) of £55 tCO2 (2014 prices) is applied (DECC, 2011), converted to US$/tC and also increasing over time at the same rate. The MAC method is a mitigation cost, assuming measures and related costs required to meet a specific emission reduction target, which are forecasted into the future. There is significant literature on the most appropriate discount rate to use (HM Treasury, 2011; van den Bergh and Botzen, 2015), as this rate is essential to determine what climate policy to pursue. In this analysis we used the current UK recommended social discount rate of 3.5% diminishing over time (Defra, 2007), consistent with recent valuation exercises (Luisetti et al., 2013).

RESULTS

Carbon Fluxes

Trends in North Atlantic carbon fluxes over the twenty-first century, normalized to 1990 estimates, indicate a continuous decline in export at 500 m and 1000 m depth. At 500 m deep the decline is consistent until ~2040, at which point the decline is larger for emissions scenario RCP8.5 and larger for MEDUSA than ERSEM (Figure 1). At 1000 m deep the differences between models and emissions are also consistent, but the decline is particularly evident in MEDUSA RCP8.5 (Figure 1). As discussed later, the differences between MEDUSA and ERSEM emerge from the absence of detailed mechanistic understanding of processes in the twilight zone (Sanders et al., 2014).
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FIGURE 1. Five hundred meter deep (top) and 1000 m (bottom) annual C fluxes (PgC year−1), normalized according to 1990 estimates, by biogeochemical model and IPCC RCP emissions scenario.



Over the baseline period (1990–2009), the North Atlantic operated as a significant sink of organic carbon to the deep ocean (Figures 2A,B), but the declines in carbon export by the end of the century (Figure 1) are not geographically consistent. By the decade 2090–2099 carbon sequestration under both greenhouse gas emission scenarios is predicted to see a reduction compared to the period 1990–2009 (Figures 2C–F). This reduction is particularly evident at 500 m deep between 45 and 65°N, and off the North African coast (Figures 2C–E). Export fluxes at 1000 m depth are significantly lower and geographically more homogeneous, partially due to the exponential nature of POC decay, but with similar reductions in export to the ocean interior in the central North Atlantic by the end of the twenty-first century (Figures 2D–F).
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FIGURE 2. Maps of Carbon fluxes in the North Atlantic based on MEDUSA (1° × 1°). Present fluxes (1990–2009, in g.m−2.year−1) (A) 500 m (B) 1000 m. Changes in 2090–2099 according to the RCP 2.6 emission scenario, referenced to the present (C) 500 m (D) 1000 m. Changes in 2090–2099 according to the RCP 8.5 emission scenario, referenced to the present (E) 500 m (F) 1000 m. Positive values indicate C uptake to the ocean.



To estimate the economic value of the reduction in carbon sequestration we first computed baseline (1990–2009) carbon export fluxes in the North Atlantic at 500 m and 1000 m deep (Table 1). These range between 0.08 Pg C.year−1 for MEDUSA and 0.56 Pg C.year−1 for ERSEM at 500 m deep, and between 0.02 Pg C.year−1 for MEDUSA and 0.45 Pg C. year1 for ERSEM at 1000 m deep (Table 1). MEDUSA export fluxes drop ~70% between both depths while ERSEM fluxes drop by only 20% (see below). We compared the cumulative (2010–2099) difference in carbon export between model outputs and a projection of the fluxes for the baseline period until the end of the century. The cumulative reduction in carbon export by the biological pump in the North Atlantic between 2010 and 2100 ranges, at 500 m, between 1.5 PgC (MEDUSA RCP2.6) and 12.7 PgC (ERSEM RCP8.5). At 1000 m these reductions range between 0.6 Pg C (MEDUSA RCP2.6) to 10.8 Pg C (ERSEM RCP8.5, Table 1). These losses, while significantly different in absolute values, correspond approximately to a 25% reduction in carbon exports over the rest of the twenty-first century compared to present fluxes projected over the same period.


Table 1. Economic value of the reduction in the ecosystem service of carbon sequestration over the period 2011–2099, compared to the baseline fluxes in the period 1990–2009, according to RCP emission scenarios and biogeochemical model.
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Economic Valuation of Flux Changes

Monetary valuation of changes in carbon fluxes enables a transparent debate to compare costs and benefits to other ecosystem services, and discuss various intervention or management options. Carbon uptake and sequestration are important components in the regulation of climate, and these benefits can be valued using carbon price as a proxy.

We translated the differences in export fluxes at 1000 m in our scenarios into economic values, using the social (adaptation) and abatement (mitigation) costs approaches. Organic carbon sinking below this level is unlikely to return to the surface and enter in contact with the atmosphere within the span of our model projection. Discounted social costs, for the period 2010–2099 amount to US$23-US$401 billion, the highest figure corresponding to emission scenario RCP8.5 under ERSEM. Discounted abatement costs, also discounted, bring figures between US$170 billion (MEDUSA RCP2.6) and US$3000 billion (ERSEM RCP8.5). This indicates the higher costs of mitigation (abatement) compared to the adaptation costs of resultant negative impacts on society and the economy (social costs) (Table 1).

DISCUSSION

In this paper we estimated the potential reduction in the biological carbon pump in the North Atlantic over the twenty-first century, using two well-recognized biochemical modeling frameworks for two extreme-end greenhouse gas emission scenarios, and calculate the impacts of these reductions on the BCP carbon sequestration service of the North Atlantic Ocean, using two alternative cost models. This ecological-economic assessment highlights the significant contribution of marine biota to blue carbon sequestration, computes the cost of the loss of ecosystem service provision, and provides a level of uncertainty estimation.

Our results show expected declines in the North Atlantic carbon budgets over the twenty-first century of ~25% from baseline figures projected over the same period. This is qualitatively consistent with other model projections which expect that climate change will reduce oceanic carbon uptake in most oceanic regions, with the North Atlantic predicted to show a larger reduction in ocean carbon sink in response to climate change compared to other ocean basins (Roy et al., 2011).

We have focused exclusively on costing the loss of the ecosystem service provided by the North Atlantic Ocean in terms of storing carbon over the full twenty-first century; carbon that cannot return to the atmosphere for >100 years (e.g., within the span of our model projection) or when it reaches depths >1000 m. This is a critical assumption that would not be valid in all regions (e.g., Robinson et al., 2014), but has been used before to describe carbon sequestration thresholds in the North Atlantic (Lampitt et al., 2008). Guidi et al. (2015) suggest a density surface of 1027.6 (or a more stringent 2000 m) as a more accurate estimate of the carbon sequestration depth. With the exception of the northern margin of our domain, this surface is deeper than seasonal mixing and shallower than our selected horizon. Thus, we would argue that our choice of sequestration depth generally represents a conservative horizon. Furthermore, although it is possible that ocean ventilation may actually decline into the future, the fraction of the carbon flux to >1000 m that may return to surface waters can be assumed to be similar between the present-day and the future. Changes in the long-term storage pool of carbon will be reflected in the air-sea exchange budget (Kwon et al., 2009).

Biogeochemical Models: Performance and Uncertainties

Our results indicate significant differences in the projection trends between MEDUSA and ERSEM runs, particularly toward the end of the century (Figure 1). Our models estimate a baseline export at 1000 m of 0.450 PgC.year−1 in ERSEM and 0.025 PgC.year−1 in MEDUSA (Table 1), thus significantly different. Model discrepancies could be caused by the different mineralization rate in the mesopelagic domain or by different surface production and export. Significant model differences in fluxes between 500 m and 1000 m were also observed. For example, MEDUSA export fluxes drop ~70% between both depths while ERSEM fluxes drop by only 20%. Sedimentation rates based on North Pacific traps suggest a drop of ~45%, thus intermediate to both models (Martin et al., 1987).

To better understand the origin of the discrepancies we first compared the modeled fluxes at 1000 m depth for the period 2000–2009 and compared them with observations from sediment traps from Honjo et al. (2008), using only measurements that covered a full seasonal cycle, and projected to the 1000 m depth assuming a Martin curve with an exponent of −0.86 (Martin et al., 1987, Figure 3). Averaging Honjo data for the North Atlantic model domain, suggest an export flux of 0.12 Gt C.year−1, closer to the averaged MEDUSA export values for the whole North Atlantic domain, but still five times larger than the model run. Calculations also based on observational data from Guidi et al. (2015) give an export estimate at 1000 m depth of 0.33 Pg C.year−1 globally, without taking into account lateral fluxes from land sources (Regnier et al., 2013). Downscaling this estimate to the surface area of the North Atlantic, assuming constant average between ocean basins, would result in North Atlantic fluxes of 0.046 Pg C.year−1, twice the MEDUSA estimates but 10 times smaller than ERSEM.
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FIGURE 3. Downward flux estimates of particulate organic carbon (log10 mmol m−2 year−1) at 1000 m. Mean field from the outputs of MEDUSA (top panel) and ERSEM (bottom panel) for the period (2000–2009). Overlaying circles are observations from sediment data from Honjo et al. (2008). Only points where measurements covered a full seasonal cycle were considered. Values were projected to the 1000 m depth assuming a Martin curve with an exponent of −0.86 (Martin et al., 1987).



At this point it must be noted that MEDUSA and ERSEM parameterize the exponential decay of sinking organic carbon and the vertical patterns of remineralization differently. In MEDUSA the remineralization is represented by a parametric description of slow and fast sinking detritus, while in ERSEM it is directly mediated by the scavenging of zooplankton and uptake and release of the functional type for bacteria. Yool et al. (2013a) report that the parametric description in MEDUSA shows an average b of 1.342 in the 1990 s, and 1.524 in the 2090 s, indicating that the sinking flux of organic material is attenuated more rapidly with depth than observed profiles would suggest, an effect that is even increased when progressing into the future. The ERSEM simulation on the contrary show significantly lower values of only 0.3 on average, with simulations showing an increase in relative attenuation in the future (0.33 for the 2090 s). The original assigned value of b is 0.858, although from a relatively limited dataset Buesseler et al. (2007) report values of 1.33 and 0.51 for North Pacific sites, while global synthesis reports a broad geographical range from 0.24 to 1.18 (Henson et al., 2012). This shows that ERSEM and MEDUSA are essentially at both extremes of the plausible remineralization range. Differences between both models therefore can most likely be attributed to the increased metabolic activity of the remineralizing bacteria, which are explicitly included in the ERSEM case, while for MEDUSA the temperature dependence is directly imposed on the remineralization rate.

We also explored whether differences in NPP and export from the photic zone may be responsible for the model differences. Figure 4 shows the estimated C fluxes at 100 m from both models, compared to estimates using the algorithm of Henson et al. (2011), which uses satellite-based Primary Production, the Vertical Generalized Production Model (VGPM, Behrenfeld and Falkowski, 1997), and Advanced Very High Resolution Radiometer (AVHRR) Sea Surface Temperature, for the period 2000–2009. The integrated fluxes at 100 m were 0.46 Pg/y for the satellite-based estimate, compared to 0.87 Pg/y for ERSEM and 0.65 Pg/y for MEDUSA. Thus, while model outputs appear to be higher than the satellite-based Henson dataset, both ERSEM and MEDUSA provide reasonably comparable results.
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FIGURE 4. Downward flux estimates of particulate organic carbon (log10 mmol m−2 year−1) at 100 m. Estimated fluxes using the Henson et al. (2011) algorithm, which uses Primary Production derived from satellite data and the Vertical Generalized Production Model (VGPM, Behrenfeld and Falkowski, 1997), and Advanced Very High Resolution Radiometer (AVHRR) Sea Surface Temperature (top panel), and outputs from the MEDUSA (middle panel) and ERSEM (bottom panel) models for the period (2000–2009).



It is therefore evident that model differences emerge from a fundamentally different description of the remineralization process used in the two models. MEDUSA employs an implicit remineralization form, whereby POM is directly remineralized to bioavailable nutrients according to a prescribed rate (Yool et al., 2011). In contrast ERSEM uses a fully explicit microbial model whereby bacteria are explicitly modeled and remineralize POM and DOM (Butenschön et al., 2016). It has been shown that phytoplankton community and food-web type play a central role in determining the carbon fluxes in the marine ecosystem and how carbon export is attenuated by the system (Legendre and Rassoulzadegan, 1995; Daniels et al., 2006). Consequently, substantial difference in the variability of the export is to be expected when the modeled food webs differ significantly. In MEDUSA the correlation between NPP and export is rather straightforward and almost linear, driven by particle dynamics. This is not the case for ERSEM, where export production can reach much higher values for relatively low NPP (see Supplementary Material). The link between NPP and export flux at depth has been debated since both fluxes have been measured or estimated at sea (Antia et al., 2001; Henson et al., 2012).

The large difference in sequestration fluxes must have some impact on ocean tracer fields. However, we have not explored how the models differ in the time evolution of key fields like DIC, DIN, and oxygen export, because given the limited observations available it would be impossible to deduce which export field is more credible. Nevertheless, this is worth exploring in future model comparisons.

Finally, it must be acknowledged that the extent to which the export of organic material from the surface ocean results in oceanic carbon storage is not simply controlled by the magnitude of the export flux or the depth of remineralization, but on the extent to which nutrients in the deep ocean are associated with carbon, and the extent to which this carbon is able to escape from the deep ocean (Gnanadesikan and Marinov, 2008). Further work is clearly needed before more conclusive evidence can obtained.

Finally, the percentage reductions in carbon fluxes at depth over the twenty-first century by ERSEM and MEDUSA (21–43%, Table 1) are larger but consistent with Jones et al. (2014), who estimated that the flux of particulate carbon to the seafloor would reduce by 15% in the North Atlantic by the end of the twenty-first century.

Economic Valuation and Uncertainties

We computed economic valuations using the social (adaptation) and abatement (mitigation) costs approaches, resulting in social (adaptation) costs for the period 2010–2099 of US$23-US$401 billion, and abatement (mitigation) costs, also discounted, bring figures between US$170- US$3000 billion. For comparison, the CO2 emissions resulting from conversion and degradation of vegetated coastal ecosystems equates to $US 6–42 billion annually (US$534-US$3738 billion over the same time period as in our simulation, Pendleton et al., 2012). The value of carbon sequestration over the Mediterranean basin attributable to the biological pump has been recently estimated to be €281 million per year, equivalent to US$29 billion over the same period as this study (Melaku Canu et al., 2014). There are no other comparable values for offshore habitats as the majority of current blue carbon research is focused on coastal environments (Luisetti et al., 2013; Thomas, 2014; Schaafsma and Turner, 2015).

The role of the ocean biota in carbon storage is one of the services that is more difficult to assess in monetary terms, both in terms of incomplete understanding and because it is subject to significant uncertainties not only in the underpinning ecosystem modeling but also in carbon price estimates and discounting rates (HM Treasury, 2011; van den Bergh and Botzen, 2015). Furthermore, the concept of “permanent carbon removal” can be questioned at scales larger than the model runs. Notwithstanding these uncertainties, our results suggest that the ecosystem service loss provided by the North Atlantic biological pump can reach hundreds of billion US$ in mitigation costs, and thousands of billion US$ in adaptation costs, over the twenty-first century, depending on the economic valuation methodology used.

Interest in ecosystem service quantification has led to numerous ecological assessments of ecosystem services, mostly to assist in marine spatial planning (e.g., Börger et al., 2014), or to contribute to national assessments in support of Biodiversity policies. Quantifying ecosystem services is useful for demonstrating the links between humans and the environment, allowing services to be recognized, as well as impacts and trade-offs between management options. In the marine environment, the majority of valuation studies have been applied to coastal and near-shore ecosystems (e.g., Hynes et al., 2013; Beaumont et al., 2014). Here we highlight the potential economic, environmental, and social cost of damaging the ecosystem services provided by the open ocean through anthropogenic climate change, as well as some of the uncertainty associated with projecting the value of ecosystem services into the future.
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