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Estimates of primary production represent the input of carbon into food webs, as well as the initial step in the biological pump. For the past 60 years, much of the productivity information has been obtained using measurements of 14C-bicarbonate removal during simulated in situ incubations. However, such measurements often do not reflect the complexity of the environment, and also suffer from uncertainties, biases and limitations. A vertically resolved bio-optical model has been used to estimate productivity based on profiles commonly assessed in oceanographic investigations, but comparisons with simultaneous measurements of 14C-uptake are limited. We conducted three cruises off the coast of New England that included sampling continental shelf waters, the shelf-break region, and deeper waters at scales of 7 km, all of which had productivity estimated by a vertically resolved productivity model as well as by traditional 14C-uptake measurements using simulated in situ techniques. We found that the vertically resolved bio-optical model gave results that appear to be more robust and resolved productivity at smaller vertical and horizontal scales, and seem less biased by some of the uncertainties in 14C-uptake measurements. Both estimates suggest that the New England waters are highly productive due to a variety of biological and physical processes occurring at different times of the year, but there was no consistent stimulation at the shelf break over the time scales of these estimates.
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INTRODUCTION

The Mid-Atlantic Bight (MAB) continental shelf supports extensive and productive fisheries (O’Reilly and Busch, 1984; Townsend et al., 2006). The diverse and productive ecosystem results from a number of processes, such as the fluxes onto the shelf of nutrient-rich deep waters, convective mixing, and land-based nutrient inputs, all of which stimulate primary productivity. The region is characterized by relatively high chlorophyll concentrations, which vary substantially over broad spatial and temporal scales. A winter phytoplankton bloom occurs on the middle and outer shelf, while a spring bloom occurs on the outer shelf-break and slope region (Yoder et al., 1993, 2001, 2002; Xu et al., 2011; Zhang et al., 2013). Summer conditions tend to be oligotrophic throughout the shelf and slope regions.

Frontal systems play a significant role in many continental shelf regions, as they separate cool and fresh shelf water from the more saline slope waters, resulting in biological and physical differences between these two regions (Linder and Gawarkiewicz, 1998; Xu et al., 2011; Zhang et al., 2013). The shelf-slope front in the Mid-Atlantic Bight persists over the entire annual cycle, albeit with a different structure, extending from the bottom to the surface in winter, and in summer between the bottom to the seasonal thermocline (Marra et al., 1982; Houghton et al., 1988; Linder and Gawarkiewicz, 1998; Lozier and Gawarkiewicz, 2001). Fontal systems have also been implicated as an important potential site of upwelling (Linder and Gawarkiewicz, 1998), and hence may be loci for enhanced biological activity.

A number of mechanisms have been suggested to drive upwelling at the shelf break (Linder et al., 2004; Zhang et al., 2011; Zhang and Gawarkiewicz, 2015). Despite the potential for upwelling, monthly satellite composites do not show enhanced mean chlorophyll concentrations at the shelf break (Zhang et al., 2013; Oliver et al., 2022), and only a few images show a clear shelf-break enhancement (Ryan et al., 1999a,b). This may result from either the short duration of upwelling and its biological effects (Oliver et al., 2022), enhanced phytoplankton growth and accumulation below the depth of satellite detection, or the rapid removal of phytoplankton by zooplankton grazing (Zhang et al., 2013). Deep waters (near the 1% isolume) have been shown to be dominant features in summer offshore waters influenced by warm core ring intrusions (Oliver et al., 2021), but the importance of deep production as a general feature has not been established.

We focus on the estimation of primary production and analyze whether the chlorophyll and productivity are enhanced at the shelf break. Primary productivity has traditionally been assessed by short (24 h or less) measurements of 14C-uptake. The method is simple, and has been applied by numerous investigators over broad areas of the ocean and has provided a valuable data set to assess photosynthesis in the ocean (Marra et al., 2021). However, questions remain on the interpretation of these incubations (Marra et al., 1990, 2021; Marra and Barber, 2004). For example, the quantitative impact of phytoplankton respiration remains unclear, and variations among studies with regard to the starting time of incubations, length of incubations, size of bottles, measurement of dissolved organic carbon release during incubations, and temperature control during incubations remain. As a result, comparison among different studies is problematic. Regardless, previous estimates of productivity of the mid-Atlantic Bight region suggested that the annual rate of production is about 12 mol C m–2 (±20%) (Marra et al., 1992). Daily estimates can exceed 2 g C m–2 d–1.

Satellite estimates of chlorophyll have driven the development of new means of estimating productivity. Behrenfeld and Falkowski (1997a,b) described a method to estimate integrated productivity based solely on euphotic zone chlorophyll (estimated from chlorophyll concentrations in the upper water column), sea surface temperature, and photosynthetically active radiation (PAR), all of which are coupled to an established photosynthesis model. This method allows for far greater spatial and temporal resolution of primary productivity than can be obtained from discrete sampling, and is a powerful indication of how much carbon is being fixed into particulate matter over broad regions of the ocean. A second, related method is the vertically resolved method of estimating productivity, which again uses temperature, chlorophyll concentrations, and PAR in combination with a photosynthesis model. This allows for the primary productivity to be estimated throughout the water column at discrete depths and then integrated to give daily productivity estimates, and can be applied to different locations where highly resolved chlorophyll and temperature data are available (e.g., from closely spaced CTD measurements; Oliver et al., 2021; Smith et al., 2021). Such a method allows for the incorporation of small-scale features (e.g., narrow chlorophyll maxima) to be included in estimates of integrated productivity (Oliver et al., 2021), as well as to more reliably account for vertical temperature changes. Various algorithms to estimate primary productivity have been developed and compared (Campbell et al., 2002). They found that the algorithms tested generally were within a factor of two when compared to 14C-uptake measurements, and that the performance of algorithms was independent of the algorithm’s complexity.

We investigated the primary productivity on the continental shelf and the slope in the Mid-Atlantic Bight (Figure 1) and hypothesized that the continental shelf break would be a site of enhanced primary productivity, despite its lack of appearance in satellite chlorophyll images or composites. Oliver et al. (2022) showed that wind-driven events of short (a few days) durations could enhance productivity at the shelf break by enhancing frontal stratification, but a complete assessment of the importance of these events on longer time scales was not conducted. To test the importance of the shelf-break productivity relative to that on the shelf and slope, we analyzed productivity by three methods: simulated in situ incubations using a vertically resolved bio-optical model, 14C-uptake measurements, and surface variable estimates.
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FIGURE 1. The locations of CTD stations occupied during (A) AR29, (B) RB1904, and (C) TN368 on the continental shelf and the slope waters off New England.




MATERIALS AND METHODS

We conducted three cruises as part of the SPIROPA project (Shelf-break Productivity Interdisciplinary Research Operation at the Pioneer Array). The cruises were conducted in early spring (April 16–29, 2018 on the R.V. Armstrong), one in late spring (May 12–25, 2019 on the R.V. Brown) and one in summer (July 06–18, 2019 on the R.V. Thompson; Figure 1). A total of 161, 109, and 125 CTD casts were completed in the three cruises, with 11, 9, and 11 transects generally sampling from location A5 to A18, respectively (Figure 1). A majority of stations were occupied along a 125 km north-south transect perpendicular to the shelf break at 70.8°W (Figure 1). Station spacing was ca. 7 km, allowing the observation of mesoscale and sub-mesoscale processes. Twenty-four, 24 and 23 stations were sampled for 14C-incubations during the early spring (AR29), late spring (RB1904) and summer (TN368; Supplementary Table 1).

At each station, water was collected using a CTD-rosette system that had 24 10-L Niskin bottles, a PAR sensor, fluorometer, and transmissometer. Surface PAR data were collected continuously using a BioSpherical Model 240 quantum sensor. Water sampling depths were either standard depths (0, 10, 20, 30, 40, 50, 70, 100, 125, 150, 200, 250, and 500 m) or depths chosen by irradiance levels (selected during the down cast) for isotopic productivity determinations. Euphotic depths were the depths to which 1% irradiance of surface irradiance penetrated. Mixed layer depths were determined from the depth which increased by 0.03 σT units from the 5 m value. The σT values were irregular at some stations in the Armstrong cruise; therefore, a mean σT value in the upper 10 m was used to determine surface layer density. The location of the front was determined as the 34.5 isohaline (Zhang et al., 2013). The main transects were divided into inshore, frontal and offshore zones based on the 34.5 isohaline location (shelf-break stations were defined as those within 15 km on each side of 34.5 isohaline and generally included 2 stations on each side of the front). Isolumes chosen for productivity measurements were 100, 50, 25, 15, 5, 1, and 0.1% of surface irradiance. Water samples were collected for nutrients, chlorophyll, particulate organic carbon and nitrogen, biogenic silica, and phytoplankton taxonomy. Nutrients were filtered through polycarbonate filters, placed in acid-washed 50 mL polycarbonate bottles, frozen and analyzed using automated procedures at the Woods Hole Nutrient Facility. Chlorophyll samples were filtered through 25 mm Whatman GF/F filters under low pressure and frozen in liquid nitrogen for later analyses. Samples were extracted in 90% acetone and analyzed by fluorometry, and the fluorometer calibrated using commercially purified chlorophyll a (Knap et al., 1996). Particulate organic carbon and nitrogen samples were filtered through combusted (450°C for 4 h) 25 mm GF/F filters, rinsed with ca. 5 mL 0.01N HCl in filtered seawater, placed in combusted glass vials, and covered with combusted aluminum foil. Samples were dried at 60°C and analyzed on a Costech ECS Model 4010 elemental analyzer (Gardner et al., 2000).

Productivity was also measured using 14C-uptake (Smith et al., 2000, 2021). Briefly, samples were collected from known isolumes and placed into sterile 280 mL Qorpak bottles to which ca. 100 μCi NaH14CO3 were added (pH = 9.6). Bottles were then placed in an incubator through which surface seawater flowed and which had tubes wrapped with neutral density screening to reduce irradiance to that of the sampling depth. Incubations lasted 24 h. Most incubations were started prior to local noon. After incubation, samples were filtered through 25 mm GFF filters, which were rinsed with 0.01N HCL in seawater to remove inorganic carbon from the filter. Filters were placed in 7 mL scintillation vials and had 5 mL Ecolume® added. All samples were kept in the dark for at least 24 h to reduce chemiluminescence. The total amount of added isotope was quantified from a sample of 0.1 mL unfiltered sample placed into a scintillation vial. All samples were counted on a scintillation counter and the counts converted into carbon units.

Productivity was also modeled using two methods. The first was a model that originally used satellite estimates of surface temperature, chlorophyll concentrations and daily PAR information combined with a photosynthesis model to predict productivity (Behrenfeld and Falkowski, 1997a; Campbell et al., 2002). We used our surface CTD observations of surface temperatures and chlorophyll along with the measured PAR to estimate productivity in this manner. We also generated vertically resolved estimates of productivity using the CTD data from our casts and the measured PAR. Fluorescence values were converted to chlorophyll concentrations by regressing the extracted chlorophyll concentrations with the fluorescence values at the same depth. At each depth the available PAR was either measured or calculated from attenuation coefficients, and [image: image] values derived from temperature (Behrenfeld and Falkowski, 1997b). PAR and [image: image] values were used to calculate the photosynthetic rates using a hyperbolic tangent photosynthesis model (Platt and Jassby, 1976) at 1-m intervals and converted to carbon units using the vertical chlorophyll distributions. Photoinhibition effects were included using the relationship determined by Behrenfeld and Falkowski (1997b). Daily productivity was derived by integrating the rates through the 1% isolume depth (Oliver et al., 2021; Smith et al., 2021). All variables of both models are listed in Table 1.


TABLE 1. The variables used in the two bio-optical models and their units, and the types of primary productivity estimates.

[image: Table 1]


RESULTS


Vertical Distributions of Temperature, σt, Chlorophyll, and Nitrate

The temperature ranges encountered during AR29, RB1904 and TN368 cruises were 5.9– 18.3, 5.6 – 20.9, and 7.0 – 25.8°C, respectively (Figures 2, 3, 4; additional sections provided in Supplementary Figures 1–3). A salinity front generally separated coastal waters from the more saline, Gulf Stream waters and at times restricted water movement off the shelf, but the strength and location of the front varied temporally (Figures 2–4; transects near the beginnings and ends of the three cruises). During the summer the 34.5 isohaline did not penetrate to the surface, so the location of the front was chosen as the shallowest penetration of that isohaline. These sections were chosen to help us to understand how temperature, the position of front and chlorophyll affect primary productivity (Figures 2–4).


[image: image]

FIGURE 2. The first and last section occupied during AR29. (A) temperature, (B) density (expressed as σT), (C) chlorophyll and (D) nitrate concentrations (NO3) sampled from April 17–18, 2018, and (E) temperature, (F) density (expressed as σT), (G) chlorophyll and (H) nitrate concentrations (NO3) sampled from April 27–28, 2018.
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FIGURE 3. The first and last section occupied during RB1904; (A) temperature, (B) density (expressed as σT), (C) chlorophyll and (D) nitrate concentrations (NO3) sampled on May 15, 2019, and (E) temperature, (F) density (expressed as σT), (G) chlorophyll and (H) nitrate concentrations (NO3) sampled from May 22–23, 2019.
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FIGURE 4. The first and last section occupied during TN368; (A) temperature, (B) density (expressed as σT), (C) chlorophyll and (D) nitrate concentrations (NO3) sampled on July 6, 2019, and (E) temperature, (F) density (expressed as σT), (G) chlorophyll and (H) nitrate concentrations (NO3) sampled from July 16–17, 2019.


Temperature increased markedly from inshore to offshore during AR29 (Figures 2A,E), and on April 25, 2018, the offshore area was substantially warmer (> 15°C; Supplementary Figure 1) than that inshore. The inner shelf’s chlorophyll was initially relatively low, but increased through time. Chlorophyll in offshore waters was elevated during the entire cruise. From April 17 to April 24, offshore movement of the front (the position of the 34.5 isohaline) was consistent with a westward motion of the front oriented in a WNW-ESE direction. The spring inshore bloom was at times dominated by Phaeocystis pouchetii, but the chlorophyll offshore was dominated by diatoms (Smith et al., 2021). Nitrate concentrations exceeded 5 μM inshore but less in offshore waters. By the end of the cruise offshore water nitrate concentrations were less than 1 μM (Figures 2D,H).

During RB1904, we observed two shelf-break eddies (Figure 3). From May 22-May 23 the subsurface shelf water was indicative of upwelling at the front, resulting in high nitrate water from the deeper part of the shelf being brought into the euphotic zone. A warm-core ring to the southeast of our sampling propagated north and west during sampling, which caused upwelling and may have led to substantial chlorophyll enhancement. The chlorophyll is enhanced by May 17 due to the effect of the ring streamer (Supplementary Figure 2). High abundance of diatoms also was observed at the offshore edge of the front during RB1904 (Oliver et al., 2022). Nitrate concentrations were low (2 μM or less) in the surface layer, but during the first transect a clear increase was noted in the frontal region (Figure 3D).

During TN368, surface temperatures were increased by solar radiation absorption and in turn generated strong stratification in the upper 30 m throughout the entire transect (Figure 4). Low-salinity shelf water was pulled southward by the ring streamer, and the 34.5 isohaline didn’t reach the surface (Figure 4). The stratification flattened isopycnals in the upper ocean (Figure 4), facilitating exchange of water masses across the front. As a result, the shelf water characteristics in the surface layer extended to station A18 (Figure 4 and Supplementary Figure 3). The strong stratification reduced the transport of nutrients into the surface layer, leading to low surface chlorophyll levels and elevated subsurface chlorophyll accumulations (Figure 4). Nitrate concentrations were very low (<0.5 μM in the upper 25 m) over the entire transect (Figure 4D,H).

Chlorophyll concentrations in the frontal area averaged ∼1.2 μg L–1 in early spring, 0.8 μg L–1 in late spring, and 0.7 μg L–1 in summer, although they were not statistically different (Figure 5). In AR29 chlorophyll concentrations averaged 1.2, 1.1, and 1.1 μg L–1 in the three regions. Mean chlorophyll concentrations in offshore waters decreased through time (from 1.2 to 0.4 μg L–1). In summer, chlorophyll generally decreased with distance from the coast: 0.9 μg L–1 in inshore areas, 0.6 μg L–1 at the front and 0.4 μg L–1 in offshore areas (Figure 5), whereas there was no marked trend in early and late spring. There was no obvious chlorophyll enhancement at the front in any season based on mean chlorophyll levels.


[image: image]

FIGURE 5. The distribution of chlorophyll at stations inshore of the front, near the front, and offshore of the front within the three cruises. The dots outside of the boxes are extreme values that were not included in the means. Error bars represent the standard deviations.




Productivity Estimates

Primary productivity was measured using a vertically resolved bio-optical model (PP1), 14C-uptake incubations (PP2), and surface variable estimates (PP3; Tables 2–4). The euphotic zone depths (and standard deviations) were 40.7 ± 12.2, 35.2 ± 6.6, and 39.2 ± 9.3 m during the AR29, RB1904, and TN368 cruises, suggesting that light reached similar depths in each cruise to support water column photosynthesis. Mixed layer depths decreased from early spring to summer due to the temperature effects on stratification. At most stations, the primary productivity measured via 14C-incubations was greater than the estimates of either the vertically resolved model or the surface variable estimates (Tables 2–4), but certainly within the range based on the Campbell et al. (2002) comparison. The average primary productivity was measured by 14C-incubations in early spring was ca. 1,560 mg C m–2 d–1, and decreased to 1,090 mg C m–2 d–1 in late spring and 456 mg C m–2 d–1 in summer. The vertically resolved model productivity averaged 575, 444, and 292 mg C m–2 d–1 in AR29, RB1904, and TN368. Primary productivity estimated from surface parameters was larger than those of the vertically resolved model and similar to those measured isotopically: 1,510, 1,000 and 524 mg C m–2 d–1 during the three cruises.


TABLE 2. Primary productivity during AR29.
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TABLE 3. Primary productivity during RB1904.
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TABLE 4. Primary productivity during TN368.
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As assimilation numbers (productivity per unit chlorophyll) are influenced by nutrients, we investigated the relationship of the maximum assimilation number within those stations where 14C-incubations were completed and nitrate concentrations at that isolume (data not shown). We found no significant correlation in any cruise, suggesting nutrients did not have a major impact on regulating maximum photosynthetic rates.



The Distribution of Primary Productivity

The distribution of primary productivity in early spring increased from inshore to offshore when estimated by the bio-optical model and surface variables estimates, but the 14C-estimates suggested a slight productivity enhancement near the front (Figure 6). Individual transects derived from the vertically resolved model suggested a temporary enhancement as well (Figures 6, 7). In late spring the same spatial trend with chlorophyll occurred: an increase with distance from the coast. Any frontal enhancement in RB1904 could not be resolved due to the limited number of 14C-incubations completed inshore. During TN368 productivity decreased from inshore to offshore as determined by all three estimates (Figures 6, 7) and paralelled the chlorophyll distribution (Figure 5). During early spring, primary productivity of the inshore area was low likely due to the relatively weak stratification, although a bloom of the haptophyte Phaeocystis occurred and increased productivity slightly (Smith et al., 2021). During late spring productivity was greatest in the deep, warmer waters influenced by the Gulf Stream intrusions and short productivity pulses driven by Ekman restratification (Oliver et al., 2022), and in summer was greatest on the continental shelf.
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FIGURE 6. The distribution of average primary productivity at stations inshore of the front, near the front, and offshore of the front within the three cruises. The dots outside of the boxes are extreme values that were not included in the means. Error bars represent the standard deviations.
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FIGURE 7. The distribution of primary productivity determined by the vertically resolved productivity model along all transects occupied within (A) AR29, (B) RB1904, and (C) TN368.


The spatial distribution of primary productivity estimated by the vertically resolved productivity model of each transect in the three cruises indicated that there was a slight primary productivity enhancement in many of the transects (Figures 6, 7), but the increase was only statistically significant in two of the 24 transects. Specifically, there was a statistically significant increase in productivity in 1 of 11 transects in AR29, 1 of 6 transects in RB1904, and none in TN368 (P < 0.05; t-test), although slight increases at the shelf break locations occurred within five transects in each cruise. This suggests that a productivity enhancement can and does occur in the shelf-break region, but is not consistent through time; furthermore, its magnitude is such that it is difficult to clearly identify unless specifically targeted by mesoscale sampling. Such modest spatial intensifications may not last for extended periods of time. That is, two consecutive transects showed different patterns of productivity, and if it was enhanced at the front in one, it was rarely enhanced in one sampled immediately before or after (usually a matter of 48 h). As a result, such increases will not be apparent in satellite composites of chlorophyll or productivity estimates.



The Relationship Among the Three Methods

To understand the relationship between the two models and the 14C-method, we examined productivity relationships among all three estimates (Figure 8). We observed that the primary productivity of all three estimates increased and decreased at the same time, which is not surprising as all are largely a function of chlorophyll, irradiance and temperature (despite the fact that the surface variable estimates do not include photoinhibition, and the 14C-incubations could be impacted by factors such as the change of temperature of flowing seawater during incubations and the changing meteorological patterns (clouds) in space as the ship moved). There were significant differences between the productivity estimated by bio-optical model and 14C-uptake (P < 0.05, t-test), but no significant difference in all three cruises between the productivity measured via the surface variable estimates and 14C-incubations. We believe the estimates derived by bio-optical model may be more representative of the true productivity, although some substantial variations at selected stations remain unexplained.
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FIGURE 8. The distribution of primary productivity determined by the vertically resolved productivity model (PP1), 14C-uptake (PP2), and by the surface variable productivity model (PP3) along (A) AR29, (B) RB1904, and (C) TN368.





DISCUSSION

The 14C-incubation method is highly sensitive and historically has been the preferred method for measuring productivity in the ocean. However, there are still uncertainties and biases due to a lack of agreement on standardized methods. Some of the concerns and uncertainties include the different size of incubation bottles (usually not larger than 250 ml), the use of trace-metal clean sampling, the incubation technique, the various lengths of incubations (up to 48 h), and the different post-incubational treatment of samples. It has been suggested that the 14C-method may overestimate primary production (Peterson, 1978), and that isotopic measurements underestimate total productivity unless they include the release of dissolved organic carbon during incubations (Gosselin et al., 1997). However, until satellite estimates of chlorophyll, surface temperatures and PAR became available, there was no way to compare independent estimates with the isotopic incubations.

Given the potential influence of temperature on 14C-rates, we hypothesized that the rates measured were either over- or under-estimates (depending on the initial sampling location). To some extent, we found that the vertically resolved bio-optical model gave results that appear to be more robust; furthermore, they clearly resolved productivity at smaller vertical and horizontal scales, and appeared to be less impacted by some of the uncertainties in 14C-measurements. Oliver et al. (2021) found very thin layers of diatoms in offshore waters, and by using a vertically resolved model determined that these thin layers (ca. 3 m in thickness) contributed up to 30% of the integrated productivity at individual stations. Both methods demonstrate that the New England waters are highly productive due to a variety of biological and physical processes occurring at different times of the year, and there exists some short-term productivity enhancements at the shelf break on short time scales. These increases are unlikely to be captured by radioisotope measurements due to the logistics of conducting these types of measurements and usually do not persist long enough to influence satellite chlorophyll determinations, but are included within the vertically resolved model.


Assessing the Impact of Temperature on 14C-Measurements

Temperature is an important factor influencing primary productivity. However, the 14C-incubations experienced a wide temperature variation during the 24-h incubations, as the ship moved between cold and warm waters frequently. Also, temperature varied vertically within the euphotic zone, and these vertical variations were not accounted for during the incubations (that is, all depths were incubated at surface temperatures). We attempted to quantify the vertical and horizontal impacts in two ways. Vertical influences were estimated from the vertically resolved model, where we arbitrarily set the temperatures of all depths to the surface value (temperature directly influencing the optimal productivity depth as per Behrenfeld and Falkowski (1997a) seven-order polynomial relationship). Because the mixed layer and euphotic zone depths were relatively similar, we did not expect a large influence of vertical changes. This proved to be correct for AR29 and RB1904, as the mean change in productivity was ca. 1% (Supplementary Table 2). The vertical temperature effect was greater in TN368, and the overestimate for locations A5 to A12 ranged from 15 – 28% (Supplementary Table 2). These changes largely resulted from the cooler temperatures at the inshore stations at depth, resulting in increases in 14C-productivity due to increased temperatures during incubation of deeper samples.

For estimates of temperature effects driven by horizontal variations, we estimated the time that each 14C-sample was in an altered temperature (one different from its original sampling depth) and calculated the change (increase or decrease) in productivity by estimating the photosynthetic rate at each temperature using the photosynthesis-temperature relationship (Behrenfeld and Falkowski, 1997a). We then estimated the degree of under- or over-estimate for each incubation (Supplementary Table 3). We hypothesized that the 14C-values would be overestimates at inshore stations in AR29 and RB1904 due to the temperature effect, since those cruises had the largest spatial gradients in temperature, and that 14C-uptake rates from offshore stations would be reduced. This was partially correct, in that the change was a function of the direction that the ship moved (offshore into warmer waters, or inshore into colder waters). 14C-productivity during AR29 was likely overestimated at locations A2-A6 by ca. 27%; offshore locations (Stations A14-A18) likely had the productivity reduced by ca. 13%. A similar pattern was observed in RB1904: at inshore locations (A5-A7) 14C-productivity was increased by 19%, and offshore stations had the productivity reduced by 8%, although substantial variability was introduced by the direction of ship movement (Supplementary Table 3). Changes within TN368 were less pronounced, as surface temperatures were more uniform. Productivity changes in that cruise ranged from a 1.7% increase to a decrease of 12.5%. Temperature effects on incubations can be significant and need to be considered using traditional isotopic procedures, especially in regions with marked in situ temperature gradients.



Is the Shelf Break a Site of Enhanced Productivity?

Our composite data do not reveal an enhancement of primary production at the shelf break, although at certain times there does appear to be a slight increase (Figure 7). Zhang et al. (2013) using a simple NPZ model suggested that there should be an enhancement at the shelf break during spring and summer based on increased nutrient fluxes from the slope water into the euphotic zone. They also noted that such increases in biomass were not apparent in the satellite or observational data, a finding confirmed by Oliver et al. (2022). Oliver et al. (2022) did find ephemeral increases in biomass at the shelf break due to Ekman restratification driven by winds, but that event was short-lived, as the winds that stimulated the bloom were in the opposite direction as the prevailing winds. Our results from the vertically resolved productivity model suggested that during certain transects there appeared to be a slight enhancement near the shelf break. Indeed, during AR29 five out of 11 transects showed an increase at the shelf break from the vertically resolved model results; during RB1904 and TN368 five (out of 6) and five out of seven showed a shelf-break increase. However, during three cruises only 1, 1, and 0 transects manifested a significant increase. Furthermore, those enhancements were modest, and as a result, productivity at the shelf break is not increased relative to the rates observed on the shelf and slope (Figure 6) in either the 14C-uptake rates or those modeled from surface variables.



Summary

While numerous physical mechanisms potentially can increase nutrient fluxes into the euphotic zone at the shelf break in the Mid-Atlantic Bight (e.g., Linder et al., 2004; Zhang et al., 2013), extensive surveys using multiple methods were able to define limited periods of enhanced productivity – consistent with the ephemeral increases found by Oliver et al. (2022). Our results do not address the physical forcing of the system and only assess the results of these physical processes. The region is clearly a site of substantial fisheries and higher trophic level accumulations, but the food web likely does not benefit substantially from any increased productivity based on shelf-break features. To understand the underlying causes of such a large system productivity, a full food-web analysis is needed with sampling at small (<10 km) horizontal scales. The continental shelf is being influenced by large-scale processes that in turn are being driven by climate change (e.g., increased interactions with warm core rings, bringing nutrients onto the shelf and compensatory flows of high biomass waters offshore; Gawarkiewicz et al., 2019; Zhang et al., in prep), so the impact of the shelf break on the regional food web and biogeochemical cycles may increase in coming decades.
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Cast Date Station SSS SST (°C) PARg (mol Zsii Zhix (M) Chl a (g PP; (mgC PP, (mg C PP3; (mg C

Location photons m=2d-1) (m) L) m-2d-1) m-2d-1) m-2d-1)
Inshore
13 2019/5/14 A5 32.56 8.10 35.5 31 26 0.72 327 913 634
14 2019/5/14 AB 33.26 9.85 36.0 34 13 0.56 295 921 525
16 2019/5/14 A7 32.87 8.57 36.8 34 25 0.59 277 931 452
43 2019/5/17 A10 32.89 187 53.7 52 6 0.56 416 1,310 831
44 2019/5/17 A9 33.47 10.3 53.7 33 12 0.60 283 1,337 572
69 2019/5/19 Al12 33.37 1.4 70.6 38 10 0.69 350 913 945
76 2019/5/20 A10 32.39 8.87 69.0 38 12 0.63 344 3,401 1,034
78 2019/5/20 Al12 33.24 10.8 69.0 26 12 1.34 377 2,186 864
94 2019/5/22 Al12 32.51 9.58 64.7 31 74 0.46 194 498 517
95 2019/5/22 A1l 32.95 10.6 61.4 34 5 0.43 205 363 598
98 2019/5/22 A8 32.29 10.4 52.5 45 10 0.52 279 473 548
102 2019/5/23 A5 32.46 1.1 28.1 44 13 0.52 343 279 580
Front
24 2019/5/15 Al1 34.93 141 61.0 33 27 0.86 546 1,674 1,381
25 2019/5/15 A10 35.08 14.6 59.8 34 60 0.65 409 626 967
27 2019/5/15 A9 34.32 12.0 60.0 36 10 0.54 312 500 716
34 2019/5/16 Al12 34.10 11.5 65.6 45 15 0.64 515 664 1,130
41 2019/5/17 Al12 34.19 12.2 50.5 32 15 0.88 580 2,063 1,320
79 2019/5/20 A13 33.95 12.7 68.8 27 16 0.83 236 794 519
Offshore
9 2019/5/13 A13 33.70 10.2 33.3 39 6 0.59 438 1,032 816
32 2019/5/16 A18 35.87 17.8 59.2 29 31 1.12 735 823 1,854
86 2019/5/21 A18 35.12 16.9 69.0 38 17 0.55 360 297 906
Others
57 2019/5/18 NS-6A 34.26 13.3 63.4 23 14 1.00 258 1,905 539
58 2019/5/18 EW-7 33.34 11.3 62.9 35 8 0.62 357 1,180 561
60 2019/5/18 EW-9 34.33 13.3 62.3 28 9 0.90 368 980 817
67 2019/5/19 NS-10 34.41 13.3 68.6 29 11 0.91 446 1,126 1,206

SSS = sea surface salinity; SST = sea surface temperature; PARs = surface photosynthetically active radiation; Zey = euphotic zone depth; Zmix = mixed layer depth; Chl
a = mean euphotic zone depth chlorophyll a; PPy = primary productivity estimated from the vertically resolved productivity model; PP = primary productivity estimated
from 14 C-incubations; PPs = primary productivity estimated from surface variables.
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Location photons m=2d—1) (m) L) m=—2d-1) m=—2d-1) m=—2d-1)
Inshore
41 2019/7/9 A5 31.92 17.27 71.3 25 5 1.35 340 947 813
43 2019/7/9 AB 31.97 17.01 69.1 21 74 1.45 285 1,071 498
46 2019/7/9 A9 32.16 19.80 68.2 26 6 0.73 189 276 350
77 2019/7/12 A7 31.96 21.42 68.3 28 6 0.59 176 331 396
79 2019/7/12 AB 31.94 19.67 69.8 26 5 0.87 210 239 423
80 2019/7/12 A5 31.98 19.47 69.7 34 7 0.76 334 1,046 632
Front
11 2019/7/6 Al4 32.53 20.47 63.9 37 5 0.67 333 536 658
13 2019/7/6 A15 32.26 21.87 51.1 39 5 0.41 316 351 637
26 2019/7/7 Al4 32.84 2217 53.4 35 6 0.65 339 847 546
30 2019/7/7 Al12 32.78 21.37 54.2 30 8 0.67 251 357 415
83 2019/7/13 Al12 32.32 21.30 70.7 39 10 0.44 259 592 429
84 2019/7/13 A13 32.32 21.35 70.6 52 8 0.61 270 821 559
94 2019/7/14 Al1 32.19 21.36 68.6 31 74 0.88 277 451 475
Offshore
14 2019/7/6 A16 32.20 21.09 50.3 28 5 0.61 195 191 331
28 2019/7/7 A16 32.11 21.27 62.0 30 5 0.80 247 110 451
Others
32 2019/7/8 St 34.29 23.79 41.5 36 74 0.50 269 216 338
34 2019/7/8 S2 33.63 22.78 47.4 38 7 0.58 286 143 483
35 2019/7/8 S3 32.69 20.96 524 38 7 0.59 332 536 661
53 2019/7/10 AC2 31.96 20.16 64.0 37 5 0.92 433 226 752
56 2019/7/10 SSF2 35.37 25.22 63.9 61 16 0.39 222 304 416
63 2019/7/11 AL3 32.49 20.96 63.8 28 10 0.46 180 312 458
64 2019/7/11 AC2 31.97 19.53 56.1 31 5 0.61 247 315 536
82 2019/7/13 HS1 34.82 24.31 70.7 40 14 0.68 144 274 360

SSS = sea surface salinity; SST = sea surface temperature; PARs = surface photosynthetically active radiation; Ze, = euphotic zone depth; Zyix = mixed layer depth; Chl
a = mean euphotic zone depth chlorophyll a; PP1 = primary productivity estimated from the vertically resolved productivity model; PPy = primary productivity estimated
from 14 C-incubations; PP3 = primary productivity estimated from surface variables.
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Inshore
5 2018/4/17 A7 33.47 7.58 512 30 36 1.08 365 602 722
15 2018/4/18 A5 33.33 7.10 50.8 36 58 1.08 471 1,273 1,002
41 2018/4/20 A5 33.24 6.71 66.5 35 66 1.01 374 1,138 910
60 2018/4/21 A9 33.39 7.30 65.5 36 38 0.91 328 178 914
70 2018/4/22 A6 33.23 6.75 67.3 37 56 0.92 347 109 825
129 2018/4/26 A2 32.99 6.95 54.0 26 9 2.90 197 646 466
Front
9 2018/4/17 A10 33.62 7.95 47.9 40 37 0.73 411 179 814
16 2018/4/18 A14 34.90 11.14 42.8 53 75 1.01 910 2,793 1,662
29 2018/4/19 A13 34.12 9.17 21.0 47 14 1.23 1411 1,065 2,142
33 2018/4/19 A12 33.73 8.17 38.1 44 28 0.97 629 1,359 1,062
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83 2018/4/23 A13 33.91 8.98 64.1 31 5 1.54 741 2,398 1,336
87 2018/4/23 A12 33.84 9.08 64.5 40 11 1.13 451 2,957 914
112 2018/4/25 A1 33.58 8.65 12.8 48 21 1.04 529 1,293 1,145
162 2018/4/27 A10 33.32 7.98 524 39 19 1.54 453 3,570 1,499
Offshore
19 2018/4/18 A16 35.00 11.67 28.5 55 63 1.13 1,282 2,113 1,880
114 2018/4/25 A16 35.81 16.79 225 49 24 1.21 1,181 1,259 3,213
131 2018/4/26 A16 34.69 11.79 441 33 13 1.90 566 4,010 1,685
143 2018/4/27 A18 35.24 13.90 29.2 59 5 0.78 706 1,773 3,791
148 2018/4/27 Al4 35.95 17.43 41.2 53 26 1.07 1,111 383 4,314
Others
100 2018/4/24 AUV2 33.37 8.75 35.2 56 8 0.69 461 1,263 786
102 2018/4/24 AL-CTD 33.44 8.76 13.3 35 6 1.44 511 2,704 927

SSS = sea surface salinity; SST = sea surface temperature; PARs = surface photosynthetically active radiation; Zey = euphotic zone depth; Zmix = mixed layer depth; Chl
a = mean euphotic zone depth chlorophyll a; PP1 = primary productivity estimated from the vertically resolved productivity model; PPy = primary productivity estimated
from 14 C-incubations; PP3 = primary productivity estimated from surface variables.





