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Storm-Induced Predator-Prey Decoupling Promotes Springtime Accumulation of North Atlantic Phytoplankton
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We examined the response of North Atlantic plankton population dynamics to rapid re-stratification of surface waters following a deep mixing event during spring. Over the 4-day occupation of a station, we measured phytoplankton growth and grazer/virus-induced mortality rates in dilution assays conducted across a range of light intensities. Rates were estimated from changes in chlorophyll a and the abundance of three phytoplankton groups identified by flow cytometry. Initially, biological and physical water column properties were homogeneous down to >200 m, followed by rapid shoaling of the mixed layer to 20–30 m. Initial in situ chlorophyll a concentration was 0.4 μg L–1, and phytoplankton biomass accumulated at an average rate of 0.4 d–1 over the next 2 days. When mixed layer depth was maximal, there were no mortality losses and phytoplankton growth rates increased with increased light intensity. After shoaling, grazing rates increased, but never matched the magnitude of phytoplankton growth rates. When the mixed layer was shallowest, growth rates exceeded >1 d–1 at all non-dark light intensities. Chlorophyll a based grazing rates were consistent across light levels (∼0.3 d–1) and were highest on Synechococcus (0.3–0.6 d–1) and lowest on pico-eukaryotes (∼0.2 d–1). The delay with which grazing resumed resulted in growth exceeding losses and consumption of an average of 30% of primary production. Virus-induced mortality rates were minimal across all mixing profiles and light intensities. Overall, both chlorophyll a and group-specific phytoplankton accumulation rates predicted from the shipboard experiments matched those in situ, suggesting that incubation conditions faithfully captured the growth and loss processes governing in situ population dynamics. The observations made here indicate that transient deepening of the mixed layer followed by rapid stratification provided conditions under which phytoplankton escape protistan grazing and accumulate biomass. During the physically dynamic springtime in the North Atlantic, frequent ephemeral fluctuations in the depth of mixing may represent an important mechanism governing the formation and the magnitude of the North Atlantic spring bloom.
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INTRODUCTION

In the subpolar North Atlantic, the phytoplankton spring bloom stands as a yearly spectacular event of a biomass climax so large it can be seen from space (McClain, 2009). The bloom provides critical support to the marine food web (Platt et al., 2003), and largely contributes to the export of fixed carbon from the ocean surface (Turner, 2002; Alkire et al., 2012), with implications for the removal of atmospheric CO2 (Takahashi et al., 2009). Due to its ecological importance, the bloom has been studied for decades, and has been the focus of several large-scale research programs including both the 1989–1990 JGOFS and the 2008 North Atlantic Bloom Experiment (Ducklow and Harris, 1993; Alkire et al., 2012), and the British Ocean Flux Study (Savidge et al., 1992). Many hypotheses investigating the factors responsible for the bloom trigger have been proposed. As summarized in publications about the bloom (e.g., Behrenfeld and Boss, 2014; Lindemann and St. John, 2014; Morison and Menden-Deuer, 2015), a large body of work has followed early studies by Gran and Braarud (1935) and Sverdrup (1953). These studies have generally focused on physical mechanisms contributing to ocean surface stratification, and the associated release of the light limitation exerted on phytoplankton growth during the subpolar winter conditions of low light and deep mixing.

Other views have stressed that blooms occur as the result of an imbalance between growth and losses (Evans and Parslow, 1985; Banse, 1994). It is well established that the most critical loss process of primary production in the ocean is grazing, principally by microzooplankton (Steinberg and Landry, 2017). It has also become clear that viruses represent important agents of phytoplankton mortality (Brussaard, 2004; Suttle, 2007; Mojica et al., 2016). Although losses due to viral lysis remain poorly quantified (Weitz and Wilhelm, 2012), estimates of the impact of viral mortality on primary production is dwarfed by the 10-fold larger microzooplankton grazing impact (Schmoker et al., 2013; Steinberg and Landry, 2017). Thus, most emphasis has been placed on microzooplankton when examining the role of predation losses in bloom formation. Within this framework, blooms are understood to result from grazers’ failure to control primary production, which has been attributed to several mechanisms: unpalatability of blooming species that inhibit predation (Irigoien et al., 2005; Franzè et al., 2018); cold water restraint on grazers’ growth rates but not phytoplankton’s (Rose and Caron, 2007); limited grazer biomass insufficient to prevent or limit blooms due to both bottom up (food limitation) and top down (predation) controls (Sherr and Sherr, 2009).

More recently, the importance of predator-induced losses was re-examined resulting in the Disturbance-Recovery Hypothesis (DRH) (Behrenfeld et al., 2013), which posits that the yearly cycle of phytoplankton biomass is governed by the influence of seasonal variations in mixing depths and light availability on the balance between phytoplankton growth and grazing losses (Behrenfeld, 2010; Behrenfeld and Boss, 2014). The DRH is supported by both satellite (Behrenfeld, 2010) and float data (Boss and Behrenfeld, 2010), however, the lack of in situ measurements of key contributing rate processes has limited an empirically based understanding of the relative responses of phytoplankton growth and predator-induced mortality rates to mixed layer dynamics.

A unique opportunity to make such measurements presented itself during the second field campaign of the North Atlantic Aerosols and Marine Ecosystems Study (NAAMES), when rapid shoaling of the mixed layer following a storm-mediated disturbance prompted prolonged occupation of a sampling station (Behrenfeld et al., 2019), during which we concurrently quantified rates of phytoplankton growth and losses due to grazing and viral lysis under quasi in situ and light manipulated incubation conditions.

MATERIALS AND METHODS

Measurements of in situ water column physical and biological properties as well as phytoplankton growth and mortality rates were conducted aboard the R/V Atlantis during the second NAAMES field campaign (May–June 2016) at station 4 (47° 39.360 N, 39° 11.398 W), which was occupied from May 24 to 27. The station occupation followed a Lagrangian approach. The occupied water mass was tracked using a float and a drifter, and the ship was repositioned at regular intervals according to their location (see Graff and Behrenfeld, 2018, for details). Recent Lagrangian re-analysis suggests that on the last day of occupation, the R/V Atlantis drifted out of the core of the occupied anti-cyclonic eddy to its periphery (A. Dellapenna, pers. communication), with potentially significant implications for the distribution and process rates of the biological constituents (Chelton et al., 2011). Thus, the data presented here focus on the plankton population dynamics within the same water mass over the first 3 days at the station.

Hydrographic Data Collection and Mixed Layer Depth Estimation

On each day of the station occupation, hydrographic data were collected using a Seabird SBE911PlusCTD equipped with sensors of chlorophyll fluorescence (WET Labs ECO-AFL/FL), beam transmission (WET Labs C-Star), turbidity (WET Labs ECO), and oxygen (SBE 43).

Incident photosynthetically active radiation (PAR) was measured as described in Graff and Behrenfeld (2018), and data presented here were obtained from the SeaWiFS Bio-optical Archive and Storage System (SeaBASS)1.

Mixed layer depth (MLD) was estimated using multiple criteria previously described in Graff and Behrenfeld (2018). Additionally, we used the CTD fluorescence profiles to determine a biologically rooted estimate of MLD (hereafter referred to as BioMLD). CTD data were smoothed using 1 m bin averages. To calculate BioMLD, we used a fluorescence threshold criterion equal to one standard deviation of the mean of positive fluorescence values. In order to eliminate potential interference due to surface non-photochemical quenching, the reference used was the maximum value in the smoothed fluorescence profile. BioMLD was determined as the shallowest depth at which the decrease in fluorescence from the reference value exceeded the threshold.

Experimental Set-Up

Incubation Experiments

To estimate virus-induced mortality, microzooplankton grazing, and phytoplankton growth rates, we used a “modified dilution assay” (Evans et al., 2003; Kimmance and Brussaard, 2010; Staniewski and Short, 2018) using the 2-point method (Worden and Binder, 2003; Chen, 2015; Morison and Menden-Deuer, 2017) in a total of 11 experiments conducted at the station (Table 1). Water for the experiments was collected from the surface (5 m) using the CTD rosette sampler. Two consecutive casts were performed in order to collect the needed volume of water. Both casts were conducted within 2 h in order for the incubations to start before sunrise and to minimize changes in water characteristics. Water from the first cast was used to generate grazer-free filtered seawater (FSW) by direct gravity-filtration of the water from the CTD Niskin bottles through a membrane filter capsule (Pall) with a pore size of 0.45 μm (Mojica et al., 2016), which allows retention of large viruses (Evans et al., 2003; Staniewski and Short, 2018). Some of the FSW was further processed through a 30 kDa tangential flow filtration system (Millipore) to obtain the virus-free diluent (TFF). The second cast was used to collect mesozooplankton-free “whole” seawater (WSW) by gently transferring seawater from the Niskin bottles into 10–20 L carboys through a silicone tube with a 200 μm mesh at the end to exclude larger grazers.

TABLE 1. Daily rates (d–1) of phytoplankton growth (μ), and grazer- (g) and virus-induced (v) mortality for three consecutive days at station 4 during NAAMES II.
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The two dilution levels used were 100% and 20% WSW treatments. The 20% WSW dilutions were prepared as a stock in a carboy by first adding the needed proportion of either FSW (for the microzooplankton grazing assay) or TFF (for the viral mortality assay), followed by gently siphoning in the needed proportion of WSW. Each dilution treatment was further gently siphoned through silicone tubing from the stock carboys into duplicate 1.2 L polycarbonate bottles.

To ensure that the dilution method’s assumption of density-independent phytoplankton growth was met (Landry and Hassett, 1982), macronutrients were added to TFF/FSW dilutions and WSW incubation bottles (six bottles total) to a final concentration of 10 μM of both nitrate and silicate, and 1 μM of phosphate. Additionally, a set of duplicate WSW bottles was prepared without adding nutrients to serve as nutrient control.

Light Treatments

In order to quantify the balance between phytoplankton growth and grazing/viral losses for the entire mixed layer, in which cells are exposed to varying light intensities, on the first and third day at the station incubations were performed at five light intensities representing a 0–100% gradient of incoming irradiance. On the second day, incubations were conducted at only one light level targeted to represent the average light for the mixed layer. Incubation bottles were placed in four separate deck-board incubators, three of which were covered with mesh screening to obtain light levels corresponding to 20, 40, and 65% of the irradiance in an unscreened 100% light level incubator. Incubations in the dark were conducted by placing the bottles in mesh bags lined with thick opaque black plastic inserts. Bottles were incubated for 24 h, covering the time span from pre-dawn to pre-dawn the following day, during which light intensity (lux) and temperature were recorded at 5 min intervals using a Hobo (Onset) data logger placed in each incubator. Incubations were maintained at ambient sea surface temperature with ship-supplied flow-through surface seawater.

Phytoplankton Growth and Mortality Rates

Rate estimates were based both on changes in total chlorophyll a (Chla), as well as cell abundances of groups identified through flow cytometry (FC). Samples for Chla and FC analyses were taken at the start and the end of each experiment to determine rates of phytoplankton growth and losses due to grazing and viral lysis.

Chla concentration was determined from triplicate 180 ml subsamples taken from each initial dilution stock and after 24 h from each incubation bottle. Chla extraction and determination followed Graff and Rynearson (2011), except that extraction took place in the dark at room temperature for 12 h in 96% ethanol (Jespersen and Christoffersen, 1987). Initial Chla concentrations were compared to those obtained from High Performance Liquid Chromatography (HPLC) analysis as described in Graff and Behrenfeld (2018). HPLC data were obtained from SeaBASS.

Cell abundances were determined from triplicate and single 200 μl aliquots from the dilution stock and each incubation bottle, respectively, analyzed live using a Guava Technologies easyCyte BG HT flow cytometer (EMD Millipore). Three major phytoplankton groups (i.e., Synechococcus sp., pico-, and nano-eukaryotes) were distinguished based on their forward scatter and red (695/50) emission characteristics with 488 nm excitation, and orange (620/52) emission parameters with 532 nm excitation. Instrument-specific easyCheck beads were used for quality control and all samples were run at 0.24 μl s–1 for three min.

The net rate of change in either Chla or abundance (k, d–1), often referred to as the “apparent” phytoplankton growth rate, was estimated using the equation k = 1/t ln (Pt − P0), in which t is the incubation time in days, and P0 and Pt are the Chla concentration or abundance of each phytoplankton group at the beginning and the end of the experiment, respectively. Rates (d–1) of total mortality (m = grazer (g) + virus (v)) and of grazer-induced mortality (g, d–1) were estimated using the equation m (or g) = (kd − k)/(1 − D), in which D represents the realized fraction of WSW in the diluted treatment, and Chla based and FC-based k values are used for Chla-based and group specific rates, respectively. Virus-induced mortality rates (v, d–1) were then calculated as the difference between m and g. To determine if total mortality and grazing rates were significantly different from zero and significantly different from each other, k in each of the dilution treatments were compared using one-way Analysis of Variance followed by a post hoc Tukey’s Honest Significant Difference test (α = 0.05). As is customary, non-significant mortality rates were set to zero (Calbet and Landry, 2004). Phytoplankton Chla-based instantaneous growth rates and group specific FC-based division rates (μ, d–1) were determined from the equation μ = m + k1, using the relevant k values. Negative values of mortality rates, which result when the phytoplankton apparent growth rate (k) is lower in the diluted than in the undiluted treatments, indicate a violation of a central assumption of the dilution method (Landry and Hassett, 1982). Thus in case of statistically significant negative mortality rates, losses were considered undetectable, and in the absence of a loss estimate, μ was equaled to k1.

Photoacclimation

Photoacclimation refers to the phenotypic responses of phytoplankton cells to irradiance changes (Graff and Behrenfeld, 2018 and references therein). Among these responses, adjustment in cellular pigment content and change in the Chla to carbon ratio are inherent and most relevant to incubations, as they can introduce unwanted artifacts in the estimation of phytoplankton growth rates based on changes in Chla (Gutiérrez-Rodríguez et al., 2010 and references therein). Thus we calculated a photoacclimation index (Phi) from FC measurements of red fluorescence (FLR) to forward scatter ratio (FLR:FSC), the latter used as a proxy for Chla:carbon. Initial and final ratios were obtained for each of the three major phytoplankton groups, weighted according to each group’s contribution to total FLR, and summed to obtain an overall ratio for the entire phytoplankton population. Phi was calculated as the ratio of the overall FLR:FSC in the final water samples to the corresponding initial FLR:FSC. In order to avoid artifacts due to changes in pigment content, Phi was applied in the calculation of k, using the equation k = 1/t × ln ([Pt/Phi]/P0). To estimate in situ photoacclimation, the same procedure was followed, except that Phi was calculated using the initial FLR:FSC ratios of consecutive days.

Experimentally Predicted vs. Observed Accumulation Rates

In order to assess how well the process rates measured in the incubations reflected the in situ dynamics, we compared the experimentally predicted accumulation rates with those based on in situ observations made on consecutive days at the station. For this comparison, when possible we used rates obtained under the incubation light intensity in which Phi was closest to in situ Phi, which we assumed to indicate that in situ and incubation light conditions were similar.

Plankton Species Composition and Particle Size Distribution

In addition to Chla and FC measurements, subsamples of WSW used in the dilution experiments were analyzed live using a benchtop B3 series FlowCAM (Fluid Imaging Techonologies, Inc.) to obtain a qualitative description of the larger (>6 μm) phytoplankton taxa not captured by flow cytometry. Large aliquots of source seawater (2–4 L) were concentrated three–sixfold over a 5-μm mesh. Volumes of 5–7 ml of the concentrated sample, of which between 5 and 9% was imaged, were analyzed at 10× or 20× magnification using a 100 or 50 μm standard flow cell in fluorescence trigger mode.

To characterize the species composition and biomass of the grazer community, well-mixed 500 ml subsamples of the initial WSW were preserved in a 2% acidified Lugol’s solution (Menden-Deuer et al., 2001). Back in the laboratory, samples were left to settle undisturbed for several weeks. At the time of analysis, samples were concentrated by gently siphoning out the top ∼350 ml, after which microzooplankton were enumerated using the Utermöhl (1958) method. Settled volumes of 10–25 ml were used, which corresponded to 20–100 ml of unconcentrated sample, and the entire surface area of the chamber was counted using an inverted microscope at 200× magnification. Microzooplankton were identified to major taxon following Dodge (1982) for dinoflagellates and Strüder-Kypke et al. (2002) for ciliates, and were sized using an eyepiece micrometer. All ciliates and >15 μm dinoflagellates were enumerated. Some dinoflagellates could not be assigned to specific taxa and were instead grouped into size categories. Few dinoflagellates have been found to be strictly heterotrophic. Many function as mixotrophs (Jeong et al., 2010; Flynn et al., 2013), and even chlorophyll and plastid containing dinoflagellates are capable of phagotrophy (Stoecker et al., 2017), thus all dinoflagellates were included in the counts as potentially herbivorous. Although heterotrophic nanoflagellates contribute to the grazing rates measured, they were not enumerated as the Utermöhl method underestimates their abundance (Davis and Sieburth, 1984). Microzooplankton biomass was estimated based on approximated geometric shapes and published volume to carbon conversion factors (Putt and Stoecker, 1989; Menden-Deuer and Lessard, 2000).

The abundance and size distribution of all particles were measured using a MultisizerTM 3 Coulter Counter® (Beckman Coulter). Source water used in the dilution experiments was sub-sampled into 10 ml aliquots, 2 ml of which were counted using a 100 μm aperture. The particle size abundance spectrum for counts ranged from 2.0 and 60 μm at a default bin width of 0.2 μm.

RESULTS

Temporal Evolution of Physical Conditions

The first CTD cast at Station 4 on May 24, 2016 revealed a deeply mixed water column, with homogeneous profiles of physical and biological properties from the surface to ∼200 m, resulting from a storm system that affected the study region prior to our arrival (see Graff and Behrenfeld, 2018, for details). All but one approach to hydrologically defining MLD yielded MLD estimates of ≥189 m, including MLD based on a density gradient-criterion (194 m), which best agreed with profiles of buoyancy frequency obtained for the whole period at station (Graff and Behrenfeld, 2018). Differences often arise between hydrologically defined MLD and the depth to which phytoplankton are actually mixed (Brainerd and Gregg, 1995; Brody and Lozier, 2014; Franks, 2015; Lacour et al., 2017), yet in this case all estimates, including the BioMLD estimate, agreed and indicated a deep mixed layer (Figure 1), suggesting recent deep mixing of phytoplankton. All estimates of MLD also agreed that a significant shoaling of the ML occurred over the following days. According to the density gradient criterion, by the end of day 1 the ML had decreased to 11 m (Figure 1). During this same time period, BioMLD showed that phytoplankton were still homogeneously distributed down to 80 m (Figure 1), a ML shoaling of >150 m, and resulting in a substantial increase in the light available for photosynthesis. It is noteworthy that the rate of shoaling estimated by physical properties was much more rapid than the gradual shoaling in Chla fluorescence (Figure 1), reflecting the different time scales of biological and physical processes. In this case, the BioMLD probably provides a better reflection of the MLD as far as biological constituents and characteristics are concerned, and may be a superior metric for determining MLD for biological processes. By the middle of day 2 and until the end of the station occupation, all MLD estimates indicated a sustained period of water column stratification (Figure 1).
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FIGURE 1. Evolution of mixed layer depth (m) based on density gradient (clear diamond symbols) and fluorescence threshold (BioMLD, solid dots). See section “Materials and Methods” for description of estimates.



On the first day, integrated incident PAR was 49 mol m–2 d–1, the highest recorded during the station occupation. The next days spent at S4 were generally overcast. As a result, integrated incident PAR decreased, with values of 21 and 28 mol m–2 d–1 for day 2 and day 3, respectively.

In situ Phytoplankton Community Dynamics

When the water column was deeply mixed, Chla concentration in the ML was 0.4 (±0.03) μg L–1. A regression of HPLC vs. shipboard extracted Chla for the entire May field campaign showed excellent agreement between the two measurements (R2 = 0.99, p < 0.0001). Overall S4 measurements of extracted Chla were on average within ±6% of Chla estimates from HPLC analysis (Figure 2A). The general agreement between measures of extracted Chla and FC total red fluorescence in all samples analyzed (R2 = 0.96, 0.98, and 0.93 for day 1, 2, and 3, respectively) indicates that in general, the FC analysis captured the bulk of the phytoplankton community, which was dominated by small cells. Among the phytoplankton groups distinguished by FC, picoeukaryotes made up the largest proportion of both total red fluorescence (75%; Figure 2A) and total cell abundance (89%; Figure 2B). Synechococcus represented 9% of total abundance. The low abundance of nanoeukaryotes puts relatively less confidence on the rate estimates of this group compared to the dominant picoeukaryotes. For phytoplankton >6 μm, FlowCAM analyses also showed highest abundance (68%) of cells in the smallest (6–10 μm) size range. Analysis of the abundance of all particles using the Coulter Counter showed trends similar to the other instruments, with particles <5 μm representing 94% of the total. Thus, all assessments performed agreed that small cells, primarily in the pico-size range, dominated phytoplankton biomass and abundance.
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FIGURE 2. Characterization of the phytoplankton community during the occupation of station 4 during NAAMES II: (A) Contribution to total red fluorescence (stacked columns, left y-axis) by each of three phytoplankton populations distinguished by flow-cytometry (SYN, Synechococcus; PICO, Picoeukarytoes; NANO, Nanoeukaryotes), and chlorophyll a (line plots, right y-axis) from both pigment extraction and HPLC analysis. (B) Phytoplankton abundance per group (line plots, right y-axis) and contribution (%) of each group to total abundance (stacked columns, left y-axis).



As the ML shoaled, Chla concentration increased by ∼39 and ∼23% on day 2 and 3, respectively (Figure 2A). These changes in Chla concentration underestimated changes in biomass, since in situ phytoplankton photo-physiologically adjusted to ML shoaling and higher mixed layer irradiance, as was evident by the observed decrease in the FLR:FSC ratio. This resulted in Phi values of 0.85 and 0.8 for day 1–2 and day 2–3, respectively. When Phi was included in the estimation of accumulation rates on day 1 and day 2 rates were significantly higher than if photo-acclimation was ignored (0.49 vs. 0.32 d–1 and 0.42 vs. 0.19 d–1, respectively, p < 0.0001).

Concurrent to shoaling of the ML, the in situ mixed-layer abundance of the three phytoplankton groups increased, albeit not always at the same rate (Figure 2B). From day 1 to day 2, both Synechococcus and picoeukaryote in situ cell concentration increased at a rate of ∼0.5 d–1, whereas no increase in the abundance of nano-eukaryotes was measured. As the ML shoaled, however, all groups’ abundance increased at rates of 0.6, 0.8, and 1.3 d–1 for Synechococcus, pico-, and nanoeukaryotes, respectively. Differences in each phytoplankton group’s in situ accumulation rates resulted in small changes in the contribution of each group to total abundance (Figure 2B). Most notable was the constantly high proportion of picoeukaryotes (89–91%).

Microzooplankton Community Dynamics

The initial concentration of microzooplankton totaled 3590 cells L–1, the majority of which (69%) were <20 μm ESD (Figure 3A). Microzooplankton consisted of roughly equal proportions of 48% dinoflagellates, belonging mostly to the Gymnodinium and Gyrodinium genera, and of 52% ciliates, the most abundant (44%) of which was Lohmaniella oviformis. Microzooplankton biomass was 2.4 μg C L–1 (Figure 3B), and because of their larger size, the largest contribution to total biomass (56%) was from organisms >20 μm. Along with L. oviformis, most of the identified ciliates were considered heterotrophic, representing ≥96% of both ciliate abundance and biomass (Figure 3C). Similarly, the majority of dinoflagellates were heterotrophic species, representing 72% of both dinoflagellate abundance and biomass (Figure 3C).
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FIGURE 3. Microzooplankton community composition during the first 3 days of occupation of station 4 during NAAMES II: Size distribution of ciliates and dinoflagellates in terms of (A) abundance (103 cells L–1); (B) biomass (μg C L–1); (C) Contribution (%) of ciliates and dinoflagellates as a function of their trophic mode (Mix, mixotrophy; Het, heterotrophy).



In the early stage of ML shoaling (day 1–day 2), there was minimal change in the abundance and biomass of microzooplankton, and in their group and size distribution (Figures 3A,B). Total concentration on day 2 was 11% lower than on day 1 (3185 L–1), whereas biomass increased by 6%, largely due to the appearance of >20 μm ciliates of the Strobilidium and Strombidium genera that were not recorded on day 1. On day 3, microzooplankton abundance had increased by 32% while biomass had increased by 67%, largely reflecting the increase in the abundance of >20 μm ciliates (Figure 3A). Although the increase in larger grazers might have been a response to the increase in larger prey (Figure 2B), it was also accompanied by a 28% increase in the proportion of species known to be mixotrophic, principally Strombidium spp. (Figure 3C).

Phytoplankton Growth and Mortality Rates

Growth and mortality rates from incubation experiments are presented in Table 1. The low abundance of nanoeukaryotes on the first two days (∼300 cells ml–1) precludes robust rate estimation, and thus rates for that group for days 1 and 2 are not reported. On the first day, phytoplankton collected from the deeply mixed water column showed the anticipated growth response to the gradient of light availability in the incubations, both at the community level and at the group level. Phytoplankton growth rates (μ) generally increased with increasing light intensity, with signs of photo-inhibition at the highest light intensity for Synechococcus. Based on Chla, μ ranged from 0.2 (±0.19) to 0.8 (±0.13) d–1 across the light gradient. Although many of the incubation light intensities likely exceeded in situ light availability in the deeply mixed water column, the growth response of phytoplankton to the gradient of light indicated phytoplankton’s potential to immediately exploit improved light conditions and in the absence of losses, accumulate at high rates. Based on the in situ and incubations photoacclimation response, average in situ light conditions were most similar to an incubation light level of ∼5% (Figure 4). Predicted in situ μ can be inferred from the growth to light relationship, which yields a community μ estimate of ∼0.4 d–1. Under deep mixing, Chla-based estimates indicated no grazing or viral lysis losses, corroborated by no losses of picoeukaryotes, except at the highest light intensity. For Synechococcus, loss rates were significantly negative except at the highest light intensity, indicating a violation of the method’s assumptions, and were thus considered undetectable. Due to this group’s minimal contribution to total Chla, however, its dynamics had limited influence on the overall community estimates. Thus in the absence of losses due to either grazing or viral lysis, and assuming absence of other potential loss processes not measured here, phytoplankton biomass was predicted to accumulate, in accord with in situ observations.
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FIGURE 4. Photoacclimation index (Phi), calculated from flow cytometry measurements of 24 h changes in red fluorescence to forward scatter ratios, as a function of incubation light level, for day 1 and day 3 at station 4 (NAAMES II). Dashed gray lines show calculated in situ Phi and corresponding inferred in situ light level for day 1.



As the ML shoaled on day 2, rate measurements performed at a light intensity of ∼59%, yielded a community μ of 1.04 (±0.15) d–1, higher than any growth rate observed in the deep mixing phase, despite the decrease in incoming PAR. All groups divided at rates equivalent to ≥ one doubling per day. Phytoplankton growth rates continued to exceed mortality losses. Community-based grazing, presumably responding to the ongoing ML shoaling, was 0.44 ± 0.08 d–1, removing an estimated 42% of primary production. Undetectable grazing on Synechococcus and lack of grazing on picoeukaryotes suggests that Chla-based estimates resulted from grazing on larger cells, which would have been suitable prey for the increasingly abundant >20 μm ciliates. No virus-induced mortality was detected.

When MLD was shallowest, community μ increased relative to the previous days and exceeded 1.0 d–1 at all light intensities except in the dark. Division rates for pico- and nanoeukyotes were of similar magnitude. Division rates for Synechococcus were lower than for other groups, but still equivalent to ≥ one doubling per day. Even in the dark, Synechococcus division rate was 0.43 ± 0.08 d–1, a rate that may have resulted from a residual cell division fueled by prior days energy gains. Phytoplankton mortality rates lagged behind growth rates. Chla-based grazing rates were consistent (∼0.3 d–1) across all light intensities except 100%, at which no grazing was detected. At light intensity similar to in situ, grazing removed an average of 22% community primary production. Group-specific grazing rates and grazing impact on phytoplankton varied among groups. At light intensity similar to in situ, grazing removed 97% of Synechococcus primary production, whereas grazing impact on picoeukaryotes and nanoeukaryotes represented ∼16 and 30% of their production, respectively. No grazing was detected on any group in the dark, where instead viral mortality (0.5 ± 0.06 d–1) was the primary loss factor of Synechococcus. Other limited, group-specific viral losses were measured, but not maintained at all light intensities.

For the days when both incubation and in situ data are available, with few exceptions, the phytoplankton accumulation rates from the experiments compared well to the observed in situ phytoplankton biomass dynamics (Figure 5), both at the community level (Chla) and at the group level. There was no significant difference between predicted and observed estimates (paired t-test, p = 0.717), indicating that the in situ conditions where generally well characterized by the bottle incubations. Unlike on previous days, no comparison between experimental results and in situ phytoplankton dynamics was possible on day 3, because we failed to maintain a Lagrangian observation scheme, but experimental estimates of μ (Table 1) were of a magnitude that would have required high rates of mortality to reverse the biomass accumulation trend observed on the previous days.
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FIGURE 5. Comparison between accumulation rates predicted experimentally (white bars) and those observed in situ (gray bars) during the occupation of S4 during NAAMES II. Rates are based on change in total chlorophyll a (A) and based on change in abundance for Synechococcus (B), and pico-eukaryotes (C) and are given per day ±1 SD of the mean of duplicate experiments, except for Day 1 predicted rates (no error estimate). Nanoeukaryotes contributed <2% of total abundance and are omitted.


DISCUSSION

Mixed layer shoaling has been hypothesized as a process that tightens trophic coupling (Evans and Parslow, 1985; Behrenfeld and Boss, 2014). However, empirical observations, the underlying mechanisms, and the time scale at which these processes may unfold are not well documented in situ. Here we provide a coherent, quantitative documentation of the spatial and temporal scales of rapid phytoplankton biomass accumulation induced by a deep mixing event, and reveal the underlying mechanism in the decoupling of production and predation loss. Phytoplankton’s capacity to rapidly exploit newly available light accelerates its recovery relative to grazing, resulting in growth exceeding losses.

The experimentally estimated population dynamics presented here were remarkably consistent with the changes in phytoplankton abundance observed in situ, suggesting that the incubations captured the dominant drivers and temporal scales of phytoplankton population dynamics for this system. It thus implies a minimal influence of loss factors other than the ones measured here on phytoplankton biomass dynamics, particularly losses due to potential grazing by copepods and other mesozooplankton. Although not simultaneous to the present study, we made several measurements of mesozooplankton grazing during the May 2016 NAAMES campaign (Morison et al., submitted), and found limited impact of mesozooplankton grazing on primary production across physically and biologically variable locations in the NAAMES region. Numerous previous North Atlantic studies have also shown under-utilization of phytoplankton biomass by mesozooplankton, with copepod grazing removing between 2.7% (Dam et al., 1993) and 13.7% (Halvorsen et al., 2001) of primary production. Thus phytoplankton losses due to mesozooplankton grazing during the deep mixing-restratification event described here were likely minimal.

As the mixed layer shoaled following a deep mixing event, a sustained period of largely positive phytoplankton accumulation rates was observed. These positive accumulation rates were driven by two concurrent mechanisms: First, a decoupling between microzooplankton consumption of phytoplankton, as indicated by either no grazing (day 1) or grazing rates lower than phytoplankton growth (day 2 and 3); second, improved light conditions as the mixed layer shoaled, likely accompanied by nutrient entrainment, resulting in high phytoplankton growth rates that often exceeded one division per day. Interestingly, while differences existed among phytoplankton groups in terms of the degree of coupling between division and loss rates, all three groups exhibited rapid growth rates in response to the shoaling of the mixed layer. While it has been suggested that small phytoplankton cells cannot profit from sporadic improved growth conditions (Irigoien et al., 2005), the results presented here indicate that small phytoplankton respond to the same physical improvement of growth conditions thought to favor growth of larger phytoplankton taxa, supporting the “rising tide idea” (Barber and Hiscock, 2006). Thus, the storm-induced deepening of the mixed layer followed by rapid shoaling universally impacted the decoupling of predator-prey interactions and enhancement of phytoplankton growth rates across phytoplankton size classes, highlighting the strong coupling between physics and biological dynamics.

Several factors may have influenced the delayed response of grazing relative to phytoplankton growth. Although microzooplankton can grow at rates similar to phytoplankton (Sherr et al., 2003), growth rates of microzooplankton exhibit a functional response to prey abundance (Sherr and Sherr, 2009). Initial microzooplankton biomass at S4 was low compared to global measurements (Irigoien et al., 2004, 2005), which likely contributed to the initial lack of predator-induced phytoplankton mortality (Sherr and Sherr, 2009). Interestingly, the increase in microzooplankton observed over the occupation of S4 was characterized by an increase in the proportion of grazers known to be mixotrophic. It has been argued that the presence of chloroplasts within mixotrophs can lead to an underestimate of Chla-based grazing rates by artificially increasing the apparent growth rate in the undiluted treatment (Landry et al., 1995). If such an effect occurred in our experiments, it could have magnified the imbalance between Chla-based growth and grazing rates, however, this is not supported by the group-specific dynamics, which show a very similar pattern in the positive accumulation rates.

Ramifications of the predator-prey decoupling induced by the deep mixing event likely continued to act even as the mixed layer shoaled. The physical disturbance diluted the plankton population and decreased the rates of encounter between microzooplankton and their prey (Landry and Hassett, 1982; Visser and Kiørboe, 2006; Behrenfeld, 2010), which may have imposed a period of starvation for grazers (Sherr and Sherr, 2009; Sherr et al., 2009). It has been demonstrated that, when feeding resumes following starvation, microzooplankton growth responses are delayed (Anderson and Menden-Deuer, 2017), contributing to low population-level grazing pressure. Further, it is well known that predators exhibit preference for certain prey types and/or sizes (Hansen et al., 1994, 1997) and that the nutritional value or palatability of the prey can influence feeding (Strom, 2002 and references within). Thus, grazing is not necessarily a function of total prey availability but rather of a suitable match between predator type and available prey (Menden-Deuer and Kiørboe, 2016), which the deep mixing event could have disrupted or rendered difficult. Thus, several independent processes all contributed to a decoupling of production and predation rates, facilitating the observed phytoplankton biomass accumulation as the mixed layer shoaled.

The measurements made here indicate that virus-induced mortality was largely absent over the course of the station occupation. The ability of the modified dilution method to detect viral lysis may have influenced the paucity of virus-induced mortality rates observed. Individual taxa likely experience different levels of viral mortality that, when averaged using bulk metrics such as Chl a, may result in undetectable rates, unless the most affected taxon dominates the phytoplankton community biomass. Host mortality due to viruses may not be captured if virus lytic cycles exceed the duration of the incubation period (24 h) used in the dilution experiment. Further, rates of viral mortality measured via the modified dilution experiment inevitably carry the cumulative uncertainties of each grazing rates and total mortality rates that are used in their calculation. Although the 2-point approach used here has been demonstrated as a valid alternative to a dilution series for estimating grazing rates (Chen, 2015; Morison and Menden-Deuer, 2017), such an approach for viral dilutions remains to be assessed. As demonstrated in a recent meta-analysis, the modified dilution method suffers from a weak statistical power, even when multiple dilutions are used (Staniewski and Short, 2018). Despite these caveats, the calculated accumulation rates presented here matched well with the rates observed in situ, suggesting that viral lysis negligibly contributed to overall phytoplankton mortality.

The physical disturbance introduced by the deep mixing event likely impacted viral mortality through the same decreases in encounter rate applicable to grazers, limiting rates of infection. While the impact of vertical mixing on virus-induced mortality dynamics has not been explicitly explored, decreases in viroplankton abundances and virus-induced mortality rates as the result of increased vertical mixing have been observed (Parsons et al., 2012; Mojica et al., 2016). Many viruses exert host specificity (Kimmance et al., 2007), and favorable host-virus pairings may have been disrupted during the deep mixing event. Thus, deep mixing events have the potential to not just decouple predator-prey interactions, but all interactions that require cell-cell encounters.

The observations presented here are akin to the dynamics described in the Dilution Recoupling Hypothesis (DRH): (1) the storm-mediated deep mixing acts as a re-set of the ecosystem to winter-like physical conditions with elimination of phytoplankton losses due to grazing, and (2) although shoaling of the mixed layer favors a recoupling between growth and losses, light-driven increases in phytoplankton growth exceed mixed-layer shoaling increase in protistan herbivory, maintaining a positive balance between the two process rates (Behrenfeld, 2010; Behrenfeld and Boss, 2014). As proposed for the DRH, the disruption of predator prey encounters and resumption of light availability are governed by successive phases of the seasonal cycle, whereas the dynamics observed at S4 occur on a time-scale reduced to a few days. Thus, both predator and prey abundance and physiology during this rapid event likely differs fundamentally from that of plankton transitioning from winter to spring. Despite these differences, the fundamental mechanism of mixing facilitating phytoplankton escape from grazing pressure contributes to phytoplankton biomass accumulation in the North Atlantic during spring. Although our observations were limited to a specific eddy, mesoscale eddies are ubiquitous features, particularly in the western North Atlantic (Gaube et al., 2014; McGillicuddy, 2016). Thus, we demonstrate that the dynamics suggested by the DRH can manifest in a spatially restricted and temporally accelerated mode that may well be exemplary of the formation of the North Atlantic spring bloom.

CONCLUSION

Short-term physical disturbances are frequent and widespread in the North Atlantic, especially in early spring, when passing storms and diel changes in convective mixing repeatedly interrupt the seasonal stratification process (Bishop et al., 1986; Brainerd and Gregg, 1995; Koeve et al., 2002; Waniek, 2003) and counteract physical factors promoting quiescence of the surface turbulent layer (Franks, 2015). Thus, during early spring, the dynamics observed at S4 are likely to be repeated many times at different locations. In contrast with the gradual process of thermally driven stratification that leads to the formation of a seasonal thermocline and a gradual increase of phytoplankton biomass, here we show that by decoupling predator-prey dynamics, short-lived episodes of deep mixing followed by rapid stratification can result in pulses of biomass accumulation. This biophysical process may contribute to the noted patchiness of the North Atlantic spring bloom (Robinson et al., 1993; Mémery et al., 2005). Importantly, the observations made here suggest that frequent alternate successions of deep mixing events and ephemeral stratification may represent an important mechanism governing the formation and the magnitude of the North Atlantic spring bloom.
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OPS/images/fmars-06-00608-t001.jpg
Light Growth (g, d=1) Grazing (g, d~ ) Viral lysis (v, d=1)

Chla Syn Pico Nano Chla Syn Pico Nano Chla Syn Pico Nano
Day 1
Dark  0.20(0.19) 0.07 (0.04) 0.04 (0.01) n/a 0.00 n/d 0.00 n/a 0.34 (0.09) 0.00 0.00 n/a
13%  0.73(0.14) 0.93(0.04) 0.64(0.01) n/a 0.00 n/d 0.00 n/a 0.00 n/d 0.00 n/a
33%  0.77(0.13) 1.20(0.02) 0.80(0.03) n/a 0.00 n/d 0.00 n/a 0.00 n/d 0.00 n/a
39%  0.68(0.20) 1.10(0.11) 0.71(0.04) n/a 0.00 0.00 0.00 n/a 0.00 0.00 0.00 n/a
100% 0.40(0.07) 0.07 (0.04) 0.75(0.03) n/a 0.00 0.00 0.22 (0.02) n/a n/d 0.00 n/d n/a
Day 2
59% 1.04 (0.15) 0.81(0.01) 0.66 (0.02) n/a 0.44 (0.08) n/d 0.00 n/a n/d 0.00 n/d n/a
Day 3
Dark  0.28(0.23) 0.43(0.08) —0.02 (0.04) —0.09 (0.12) 0.32(0.12) 0.00 0.00 0.00 0.00 0.54 (0.06) 0.00 0.00
16% 1.02(0.19) 0.56 (0.03) 0.76(0.07) 1.40(0.05) 0.31(0.13) 0.39(0.03) 0.20(0.05) 0.43(0.04) 0.00 0.00 0.00 0.00
47% 1.17(0.15) 0.62 (0.05) 1.00(0.01) 1.50(0.03) 0.26(0.08) 0.60 (0.04) 0.16(0.004) 0.45(0.02) 0.00 0.00 n/d 0.00
56% 1.31(0.12) 0.77 (0.06) 1.08(0.03) 2.00(0.12) 0.30(0.09) 0.59 (0.04) 0.22(0.02) 0.62(0.06) 0.00 0.00 n/d  0.58(0.12)
100% 1.14(0.10) 0.78(0.03) 1.03(0.02) 1.40(0.12) 0.00 0.34 (0.01)  0.07 (0.01) 0.63(0.07) 0.00 0.15(0.03) n/d 0.00

Rates were estimated based on changes in chlorophyll a (Chla) and based on changes in the abundance of specific phytoplankton groups as determined by flow cytometry
(Syn, Synechococcus; Pico, pico-eukaryotes, Nano, nanoeukaryotes). Rates for nanoeukaryotes on day 1 and day 2 are not reported (n/a) due to their low abundance.
n/d, undetectable. Rates are given +1 SD of the mean of duplicate experiments. Light represents the light intensity achieved in screened incubations and is given as a
relative fraction of light in the unscreened incubation (100%).
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