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Under future climate scenarios, ocean temperatures that are presently extreme and qualify as marine heatwaves (MHW) are forecasted to increase in frequency and intensity, but little is known about the impact of these events on one of the most common paleoproxies, planktonic foraminifera. Planktonic foraminifera are globally ubiquitous, shelled marine protists. Their abundances and geochemistry vary with ocean conditions and fossil specimens are commonly used to reconstruct ancient ocean conditions. Planktonic foraminiferal assemblages are known to vary globally with sea surface temperature, primary productivity, and other hydrographic conditions, but have not been studied in the context of mid-latitude MHWs. For this study, the community composition and abundance of planktonic foraminifera were quantified for 2010-2019 along the Newport Hydrographic Line, a long-term monitoring transect at 44.6°N in the Northern California Current (NCC). Samples were obtained from archived plankton tows spanning 46 to 370 km offshore during annual autumn (August – October) cruises. Two MHWs impacted the region during this timeframe: the first during 2014-2016 and a second, shorter duration MHW in 2019. During the 2014-2016 MHW, warm water subtropical and tropical foraminifera species were more prevalent than the typical polar, subpolar, and transitional species common to this region. Cold water species were abundant again after the first MHW dissipated in late 2016. During the second, shorter-duration MHW in 2019, the assemblage consisted of a warm water assemblage but did not include tropical species. The foraminiferal assemblage variability correlated with changes in temperature and salinity in the upper 100 meters and was not correlated with distance offshore or upwelling. These results suggest that fossil foraminiferal assemblages from deep sea sediment cores may provide insight into the magnitude and frequency of past MHWs.




Keywords: foraminifera, microzooplankton, marine heatwave (MHW), Newport Hydrographic Line, Northern California Current, Oregon, USA




1 Introduction

The California Current is an eastern boundary upwelling system known for its immense productivity that supports a diverse ecosystem and valuable fisheries (Figure 1). This productivity is driven by wind-driven coastal upwelling that delivers nutrient rich waters to the photic zone. In the northern California Current (NCC) region, productivity varies seasonally, with equatorward winds driving the upwelling of cold, nutrient-rich water onto the shelf during summer months and poleward winds driving downwelling conditions during winter months (Figure 2; Checkley and Barth, 2009). Filaments of cold upwelled water can extend approximately 200 km from shore, delivering nutrient subsidies to otherwise oligotrophic offshore waters (Huyer, 1983). This ecologically and commercially important region recently experienced two marine heatwaves (MHWs), resulting in major impacts on the marine food web and fisheries (Brodeur et al., 2019).




Figure 1 | Study region. (A) Schematic map of Northeast Pacific oceanography. (B) Bathymetry along the Newport Hydrographic Line (black line) with individual sampling stations (red dots), and National Buoy Data Center buoys (blue diamonds). Bathymetry data from GEBCO Bathymetric Compilation Group (2021).






Figure 2 | Sea-surface temperature (SST) climatology and Hovmöller plot of SST anomalies along the Newport Hydrographic (NH) Line. The 39-year (1982-2020) seasonal climatology is shown across two years in the upper panel (from OISST, see Methods). In the lower panel, SST anomalies from 2010-2019 are shown relative to the 39-year climatology. Vertical lines show the NH Line stations from NH-5 to NH-200. The date and location of each sample analyzed in this study is indicated with a black circle.



MHWs are discrete warm water events distinguished by prolonged strongly positive sea surface temperature (SST) anomalies relative to a historical baseline (Hobday et al., 2016). The first MHW (colloquially called the ‘Warm Blob’ (Bond et al., 2015)) initially formed in the Gulf of Alaska in 2013 and was associated with anomalously high atmospheric pressure (Tseng et al., 2017). The anomalously warm water mass persisted in the Northeast Pacific and extended to the NCC in the fall of 2014 (Figure 2; Peterson et al., 2017). SSTs off the coast of Oregon State rose by 6°C within seven hours in mid-September 2014 (Peterson et al., 2017). The NCC SST anomalies remained warm through 2015. In late 2015 and into 2016, the MHW was exacerbated by an El Niño (Gentemann et al., 2017; Tseng et al., 2017). During peak warming in the fall-winter 2015-2016, the positive temperature anomaly reached a depth of 150 m (Peterson et al., 2017). A second, shorter-duration, MHW emerged in the Gulf of Alaska in May 2019, coined the ‘Blob 2.0’ (Amaya et al., 2020). This MHW spread to the NCC in late summer 2019, peaked in the NCC in September 2019, and was of a similar magnitude of surface warming to the ‘Warm Blob’ (Figure 2), though the depth of the temperature anomaly was shallower (~upper 20 m, Thompson et al., 2019; Amaya et al., 2020).

The biological impacts of these NCC MHWs were dramatic, including coastwide harmful algal blooms, the appearance of novel species, and declines in economically important fisheries (McCabe et al., 2016; Peterson et al., 2017; Du and Peterson, 2018; Brodeur et al., 2019). In 2015-2016, ichthyoplankton spawning and nursery habitats shifted 500-1,000 km to the north because of warming (Auth et al., 2018). Six novel tropical copepod species were collected off Oregon during the 2014-2016 MHW that had not previously been found in the NCC in the 20+ years of a long-term study (Peterson et al., 2017). Future climate scenarios predict the temperatures we observe during present-day MHWs will become more frequent (Frölicher et al., 2018). The question remains: how will biological communities respond if conditions that presently qualify as MHWs become the “new normal”, and how will these communities shift during more extreme events? Here, we examine the response of planktonic foraminifera in the NCC to the recent transient warming events.

Planktonic foraminifera are globally ubiquitous marine protists with shells made of calcium carbonate that are commonly used as paleoproxies (Kucera, 2007). Foraminiferal assemblages and the geochemical composition of the organisms’ shells correlate with growth conditions, including ocean temperature, ocean acidification, and productivity (Schiebel and Hemleben, 2017; Jentzen et al., 2018). Foraminifera species’ long fossil record, short life cycle (~1-3 months) and known environmental affinities make fossil foraminifera valuable for tracking past ocean changes (Lea et al., 2000; Kucera, 2007; Rongstad et al., 2020).

Planktonic foraminifera also record modern, anthropogenic changes in the ocean (Field et al., 2006; Jonkers et al., 2019). In general, foraminiferal assemblages have shifted poleward since the Industrial age (Roy et al., 2015; Jonkers et al., 2019). Gradual changes in foraminiferal assemblages in seafloor sediment samples from the Santa Barbara Basin, California, USA, during the Industrial age correlate with long-term changes in temperature and carbonate chemistry (Field et al., 2006; Pak et al., 2018; Osborne et al., 2020). Marine calcifiers, like foraminifera, are impacted by multiple stressors, like the synergistic effects of increased warming and ocean acidification, which makes it harder for these organisms to build their shells (Russell et al., 2004; Moy et al., 2009; Osborne et al., 2020). These sediment records demonstrate the utility of foraminifera for reconstructing ocean temperature and ocean acidification trends in the California Current. Understanding how modern planktonic foraminiferal assemblages respond to dramatic, transient warming events such as MHWs will help predict how foraminifera will fare under future warming scenarios. This understanding will also improve the interpretation of sediment cores, providing insight into the magnitude and frequency of past warming events and will improve the interpretation of sediment cores obtained from the NCC region.

While foraminifera are widely studied in tropical and subtropical oceans, comparatively fewer studies have been conducted in the NCC, with sediment trap and plankton net studies limited to only a few years (Bradshaw, 1959; Reynolds and Thunell, 1985; Ortiz and Mix, 1992; Ortiz et al., 1995; Davis et al., 2016). These studies showed that foraminiferal assemblages and abundances in the NCC are linked to temperature, salinity, light, and food availability (Ortiz et al., 1995). Previous studies suggest planktonic foraminifera common in the NCC during upwelling periods when the thermocline is shallower include the polar species Neogloboquadrina pachyderma, the subpolar species Turborotalita quinqueloba and Neogloboquadrina incompta, and the transitional species Globigerina bulloides (Ortiz and Mix, 1992). The presence of these species in the NCC varies seasonally, with the species N. pachyderma and G. bulloides associated with colder, upwelled water (Taylor et al., 2018). During periods with a deeper, more stable thermocline and in samples obtained farther offshore, the assemblages consist of subtropical species including Orbulina universa, Neogloboquadrina dutertrei, and Globigerinoides ruber, though the last is in lower abundance (Reynolds and Thunell, 1985; Ortiz and Mix, 1992). In southern offshore waters near the North Pacific subtropical gyre, species diversity increases, and subtropical and tropical species like G. ruber, Trilobatus sacculifer, Globigerinella siphonifera, and Globigerinella calida are present (Figure 1A; Taylor et al., 2018).

To investigate changes in the planktonic foraminiferal assemblage during recent MHWs in the NCC, we analyzed community composition using preserved samples collected during the late summer and fall from a preexisting long-term ocean monitoring program (2010-2019). The samples were collected with vertical plankton net tows (upper 100 meters) at stations from 46 to 370 km offshore along the Newport Hydrographic (NH) Line, a long-term, longitudinal sampling transect off the Oregon coast at a latitude of 44.6°N (Figure 1B). We tested whether the presence or absence of a MHW co-occurred with distinct foraminiferal assemblages across the sampling transect. We also investigated whether the foraminifera community composition changed in response to distance offshore and other potential environmental predictors, as the transect spans gradients in environmental variables including temperature, salinity, and nutrients that are strongly influenced by seasonal upwelling (Huyer, 1983; Bograd et al., 2009; Checkley and Barth, 2009). We found that the planktonic foraminiferal assemblage changed dramatically along with water temperature during the 2014-16 and 2019 MHWs. As the first record of planktonic foraminifera assemblage changes associated with MHWs in the NCC, this archive represents a novel perspective on a planktonic community, one with unique paleoclimate utility that could provide valuable information on the occurrence of warm water anomalies before the modern temperature record. The implications are significant globally because foraminifera play a role in the long-term carbon cycle through shell flux to the deep sea (Schiebel et al., 2007).




2 Materials and methods

Foraminifera were enumerated from previously archived plankton net samples collected from NH Line stations NH25, NH35, NH45, NH65, NH75, NH105, NH125, NH150, NH175, and NH200 during the fall (August-October) from 2010, 2012, and 2014-2019 (Figure 1B; Table 1). Plankton tows were collected using a ½ meter diameter plankton net fitted with 200- µm mesh and towed vertically over the upper 100 m. Juvenile forms and smaller foraminifera species, like T. quinqueloba, may be under-sampled in this archive due to the mesh size of the nets. However, smaller specimens (<100 µm) were routinely found in the net tow samples, indicating they were at least partially represented. The tow volume was recorded using a TSK 2030 flowmeter. Samples were preserved in 5% sodium-bicarbonate (NaHCO3) buffered formalin. Samples were collected at different times of day, and while daytime samples could have missed diel vertical migrators, most studies have shown that planktonic foraminifera do not exhibit this migration pattern (Schiebel and Hemleben, 2017; Meilland et al., 2019). Further, although sampling was limited to the upper 100 m, potentially missing deeper-dwelling species like G. scitula, G. hexagona and G. calida, previous studies have shown that, in this region, foraminifera are most abundant in the upper 100 m (Ortiz and Mix, 1992).


Table 1 | Foraminifera abundance data.



Foraminifera were picked from the preserved tow material using a dissecting microscope after pouring and swirling the contents from each sample into a large beaker to isolate the foraminifera into the center. The ‘swirl and pick’ procedure was repeated until all foraminifera were removed from the tow material. Live and dead foraminifera could not be distinguished. Plankton tow samples with a pH <7.5 and less than 5 foraminifera were excluded due to preservation concerns (4 samples out of the total 63). All foraminifera were rinsed in buffered deionized water, air-dried, and transferred to paleontological slides. Foraminifera were identified to species. Counts of each species were normalized by the tow volume to account for the variability in volume between tows, and abundances are reported as the number per cubic meter of tow volume (Table 1; Supplement, Dataset S1). Foraminifera abundances were also reported as percent abundances, i.e., the relative abundance of each species to the total foraminifera abundances, because plankton tows can be ‘patchy’, and this representation helps to standardize across the variability in total abundance among stations or years (Figures 3C, D). Foraminifera species are reported by bioprovince using the classification of Kucera (2007).




Figure 3 | Planktonic foraminifera relative abundances in MHW and non-MHW years. (A, B) Time-averaged sea surface temperature anomalies for (A) 23 August - 21 September 2018, a 30-day period during a representative non-MHW year, and (B) 12 September - 11 October 2015, a 30-day period during a representative MHW year. Anomalies are calculated relative to a 39-year climatological estimate (from OISST, see Methods). (C, D) Foraminifera relative abundance (%) for all available NH Line stations from fall cruises, grouped by years (C) without a MHW and (D) with a MHW. Species are grouped by bioprovince following Kucera (2007). Foraminifera samples were collected in the upper 100 m of the water column. Station name denotes distance in nautical miles offshore, e.g., NH200 is 200 nautical miles offshore.



To visualize the spatial and temporal evolution of the SST anomalies along the NH Line during each MHW, a Hovmöller plot was generated from the Daily Optimum Interpolation Sea Surface Temperature (OISST v2.1) product, which is provided on a 0.25° latitude-longitude grid (Huang et al., 2021). SST anomalies were calculated by subtracting a climatology derived from the best-fit mean plus annual and semi-annual harmonics of SST calculated for the 39-year period 1982-2020 at each grid location (Figure 2). Additionally, 30-day mean SST anomaly plots were generated for the periods 12 September - 11 October 2015 (a MHW year) and 23 August - 21 September 2018 (a non-MHW year) using the same OISST v2.1 product and climatology (Figures 3A, B).

To investigate what environmental correlates corresponded with changes in foraminifera abundances, we considered the following environmental parameters that were co-located with each vertical plankton tow: sea surface temperature (SST), average temperature over the upper 100 m (Ave. Temp), sea surface salinity (SSS), average salinity over the upper 100 m (Ave. Sal), extracted chlorophyll-a concentration (µg L-1) from the deep chlorophyll maximum (DCM). We also considered the mean Biologically Effective Upwelling Transport Index (BEUTI) for the previous 30 days at 45°N, a reanalysis-based estimate of the total vertical nitrate flux upwelled/downwelled (Jacox et al., 2018). Environmental parameters are summarized in the Supplement, Dataset S2. Water column temperature and salinity were collected using a profiling Seabird SBE911 or SBE25 CTD and averaged in 1-m vertical bins. Chlorophyll-a (chl-a) water samples collected from the DCM were immediately filtered through precombusted 25-mm glass-fiber filters and stored at 20°C, then extracted for 12 h in the dark at 20°C using 90% acetone as the solvent (Du et al., 2015). Chlorophyll fluorescence was measured with a Turner Designs©10-AU fluorometer (Turner Designs, Sunnyvale, CA, USA). Chl-a data were log-transformed, and all environmental data were standardized with z-scores to weigh all variables equally. The depth range of the strong temperature anomalies varied from year to year, so we included two temperature and salinity metrics (Table 2; Figure S1). Although environmental variables showed some multicollinearity, all variables were included in the model selection process. The strongest correlation was between Ave.Sal and SST and Ave.Sal and Ave.Temp (Table S1, Pearson correlation coefficient r=0.76 and r=0.78 respectively). To test whether there were significant differences in foraminifera abundances between years with the presence/absence of a MHW, we used a one-way analysis of variance (ANOVA; R Core Team, 2020).


Table 2 | Average annual environmental data.



Annual and along-transect trends in the community composition were visualized and evaluated using multivariate methods. Abundance data were square-root transformed to down-weight high abundances in one year and better reveal interannual patterns (Clarke et al., 2014). We conducted analysis on the Bray-Curtis dissimilarity matrix. Samples from 2016 were excluded because they contained insufficient numbers of foraminifera to represent the community, possibly an artifact of the high number of gelatinous organisms also found in the samples. Interannual patterns in the community composition were visualized using a principal coordinates ordination analysis (PCOA) plot (Figure 4A). To determine the contribution of different species, the relative contributions of the five most abundant species – N. pachyderma, N. incompta, N. dutertrei, O. universa and G. ruber – were included on the PCOA as scaled bubbles (Figure 4B). To detect if there is a relationship among stations, distances among centroids for the combined factor ‘Station x MHW’ were calculated and plotted on a PCOA plot (Figure 5).




Figure 4 | Foraminiferal assemblages highlighting annual and species distribution patterns. The foraminifera abundance data shown in a principal coordinates ordination analysis (PCOA) plot of square-root transformed Bray-Curtis resemblance matrix for all foraminifera abundance data (excluding 2016). The axes in A and B are identical. The upper plot (A) highlights the patterns in different stations and different years, and the lower plot (B) includes patterns in species abundances, with the five most abundant species plotted as bubbles. All slices of the bubbles are scaled from the foraminifera density (0-4 # m-3).






Figure 5 | Foraminiferal assemblage patterns along the NH Line transect. A PCOA plot of the distances among centroids for each station. Station centroids are differentiated for years with a MHW (red) and years without a MHW (blue). The overlaid trajectory shows increasing distance offshore from NH25 increasing to NH200.



A permutational multivariate analysis of variance (PERMANOVA) routine (Anderson et al., 2008) was used to partition the variation in the foraminiferal assemblages between years with and without a MHW. The PERMANOVA partitions variance in the multivariate space as defined by the resemblance matrix (here, Bray-Curtis dissimilarity) and simultaneously tests the response of many covariates (Anderson et al., 2008). The PERMANOVA design included MHW as a fixed factor, with year as a nested, random factor and distance offshore as a quantitative covariate. PERMANOVA assumes homogeneity of variance between pre-defined groups (Anderson et al., 2008). The dispersion between the two groups — MHW and non-MHW — was tested using the homogeneity of multivariate dispersions routine (PERMDISP with 9999 permutations). The dispersion between the two primary groupings of these data, the presence or absence of a MHW, was not significant (PERMDISP routine, p=0.9).

We tested which environmental variables best predicted the variation in the foraminiferal assemblages using a distance-based linear modeling (DistLM) multiple regression approach (Anderson et al., 2008). We used forward selection, sequential tests to select the best number of variables to include in the model. The most parsimonious model was selected based on the lowest Akaike Information Criterion corrected (AICc) model selection criteria (Sugiura, 1978). AICc was selected due to the relatively small sample size (Burnham and Anderson, 2002). The final ordination was then constrained based on the maximum variation of the environmental variables using distance-based redundancy analysis (dbRDA; Figure 6). Significant environmental variables from the DistLM were plotted as vectors (p<0.05; Figure 6). All multivariate analyses were completed using the statistical software PRIMER-e with the PERMANOVA+ add-on package (Anderson et al., 2008).




Figure 6 | Constrained ordination predicting foraminiferal assemblages from significantly related environmental variables. Foraminifera abundance data plotted as predicted by the environmental data, using redundancy analysis (dbRDA) of dissimilarities calculated on a Bray-Curtis resemblance matrix using square-root transformed foraminifera abundances. Labels indicate NH Line station and colors/symbols indicate different years. The dbRDA model explains 38.2% of the total variation of the foraminifera data. The significant environmental variables, sea surface temperature (SST), sea surface salinity (SSS), and average temperature over the upper 100-m (Ave. Temp), are plotted as vectors with their direction signifying the direction of forcing on the ordination. Best model fit and significant variables were identified using distance-based linear modelling (DistLM).






3 Results

During the MHW years 2014-2016 and 2019, the NH Line experienced anomalously warm SSTs across the entire longitudinal transect (Figure 2). Average 0-100 m temperatures across the transect were higher than in other years, particularly during 2015 and 2016 (~12.9 and 12.8°C; Table 2). Estimated upwelling and primary productivity were reduced (Table 2). During non-MHW years 2010, 2012, 2017, and 2018, SST anomalies were generally negative nearer the coast at the time of sampling, and SST anomalies increased moving offshore along the Newport Hydrographic Line (Figure 2). For example, in 2018, over the month prior to sampling, stations NH25 - NH85 exhibited negative average SST anomalies and stations offshore of NH105 had neutral to slightly positive SST anomalies (Figure 3A). Although the foraminiferal assemblages were highly variable from year to year and station to station, there were robust differences between the MHW and non-MHW years.

During the MHW years, the planktonic foraminifera community composition was less variable across the transect than during non-MHW years (Figures 3D, 4). In late 2014, within a month of the onset of the 2014-2016 MHW, subtropical species N. dutertrei and O. universa were higher in abundance compared to the previous years (averaging 14% and 41% of relative abundance, respectively; Figures 3D, 4B) and the polar species N. pachyderma decreased to <10% of abundance at all stations. In October 2015, during the peak warming of the 2014-2016 marine heatwave (~2.0°C SST anomalies on monthly time scales, Figure 3B) the foraminiferal assemblage was dominated by the subpolar species N. incompta (40%) at the more nearshore stations and the subtropical species N. dutertrei (25%) and G. ruber (15%) farther offshore (Figures 3D, 4B). The subtropical species G. ruber abundances ranged from 2-10% of the total in the more coastal stations to >50% in the offshore station NH175 (Figure 4B). The tropical species T. sacculifer was also present at the offshore stations NH175 and NH200, though in low abundance (<1%, present but not visible in Figure 3D). In 2016, assemblages were like 2015, except T. sacculifer was absent (Figure 3D). In 2019, within a month of the onset of the second MHW, the subtropical species O. universa and N. dutertrei again dominated the foraminiferal assemblages, similar to the onset of the 2014-2016 MHW, although the subpolar species N. incompta was less common than in 2014 (Figures 3D, 4B).

During the non-MHW years, the polar species N. pachyderma and transitional species G. bulloides were dominant at the most nearshore stations NH25-NH45 (~70% and ~20% of relative abundance respectively; Figures 3C, 4B). These nearshore communities were associated with productive, colder water near the coast, and extended offshore as far as NH105 in 2018, possibly due to recently upwelled water (~10.3°C average through the upper 100 m; Table 2 and Figure 2). In warmer waters farther offshore, the foraminiferal assemblages were more variable across the different non-MHW years (Figure 3C). In 2010, the offshore station was dominated by the subpolar species N. incompta (79% relative abundance), while in 2018 the offshore stations were dominated by the subtropical species O. universa (~60% of the relative abundance; Figures 3C, 4B).

Total foraminifera abundances, normalized by net tow volume, were highly variable among years (Figure 3; Table 1). There was an average of 4.9 ± 7 (S.D.) foraminifera m-3 across all samples (Table 1). The average foraminifera abundances were lower for non-MHW years 2010 and 2012 than average (although those years are represented by only 3 out of 10 stations). Foraminifera density increased in 2014, at the onset of the 2014-2016 MHW, and peaked in 2015 (Table 1). In 2016, in the last year of the 2014-2016 MHW, foraminifera abundances were extremely low (Table 1), possibly due to a bloom of gelatinous organisms that can consume foraminifera (O’Loughlin et al., 2020). In 2017 and 2018, after the first MHW dissipated, foraminifera density returned to near average values, (note in 2017 data were available for only 4 out of 10 stations; Table 1), except for the high abundances (or ‘blooms’) of the polar species N. pachyderma at several individual stations (NH25 in 2017 and NH65 and NH105 in 2018; Figures 3C, 4B). During the 2019 MHW, foraminifera densities were higher (Table 1). Maximum abundances occurred in October 2015 at Station NH175 and NH200 (29.5 and 27.7 foraminifera m-3, respectively) and in September 2017 at Station NH105 (21.7 m-3, Table 1). Despite the variable average abundances, there was no significant difference in transect-averaged abundances (one-way ANOVA, p>0.05) between years with and without a MHW.

While the transect-averaged abundances did not differ with the presence or absence of a MHW, changes in the foraminiferal assemblages were striking. Foraminiferal assemblages varied primarily with the presence or absence of a MHW and only secondarily by year or distance offshore (Figures 4, 5). In a multivariate analysis (PCOA), communities sampled during the non-MHW years 2010, 2012, and 2017 clustered tightly and separately from those sampled during the MHW years 2014, 2015, and 2019 (Figure 4A). In 2018, the only non-MHW year with data from the entire NH line transect from NH25 to NH200, assemblages at the more nearshore stations (NH25-NH105) clustered with the non-MHW years while assemblages at the offshore stations (NH125 – NH200) clustered with the MHW years, (Figures 4, 5, S1). During the MHW years, assemblages from 2014 and 2019 clustered separately from the 2015 stations (Figure 4A). As mentioned above, assemblages during non-MHW years were dominated by the polar species N. pachyderma, which was rare during the MHW years (Figure 4B). Assemblages during the MHW years were more variable and were dominated by the subtropical species O. universa in 2014 and 2019 and by a mixture of subpolar and subtropical species in 2015 (Figure 4B).

Foraminifera community composition varied significantly between years with and without a MHW and along the transect, as revealed by a PERMANOVA test. There were statistically significant differences in foraminiferal assemblages between years with and without a MHW (p<0.05); among individual years (p<0.05); and with distance offshore (p<0.05) (Table 3). The interaction between distance offshore and MHW and the interaction between distance offshore and year were all significant (Table 3, p<0.05) indicating that the offshore gradient in foraminiferal assemblages was different between years with and without a MHW. During MHWs, most stations had similar foraminifera communities, regardless of distance offshore (Figures 3D, 5).


Table 3 | PERMANOVA Results.



Temperature and salinity patterns provided significant statistical skill in predicting foraminiferal assemblages (DistLM, Anderson et al., 2008). The most parsimonious distance-based linear model as a function of physical predictor variables of the foraminiferal assemblage included SST, SSS, and the average temperature in the upper 100 m of the water column (R2 = 0.41). SST was the best single variable predictor, explaining ~25% of the variability of the assemblages (Table 4), though all environmental variables were significant as single predictors of the variation (marginal tests, Table 4). Differences in the foraminiferal assemblages, constrained by the most parsimonious model from the DistLM analysis, revealed a separation in ordination space between years with and without a MHW (Figure 6). During non-MHW years, the stations closer to the coast were well-separated in ordination space from all the stations sampled during MHW years, while some of the offshore samples during non-MHW years clustered within the samples from MHW years (Figure 6). SSS, SST, and average temperature in the upper 100 m were the main environmental drivers separating the MHW and non-MHW years (Table 4). During the MHW years, the foraminiferal assemblages in 2014 and 2019 clustered separately from the foraminiferal assemblage in 2015 (Figure 6). The vectors of the average temperature over the upper 100 m (Ave. Temp) and surface temperature (SST) were orthogonal to one another, indicating differential assemblage shifts during MHW years in response to differences in water column structure, characterized by shallow warming during the 2014 and 2019 events as compared to 2015, when the warm water extended deeper in the water column (see Introduction and Figure 6).


Table 4 | DistLM Results.






4 Discussion

Foraminiferal assemblages in the NCC region underwent substantial interannual changes associated with SST changes driven by regional MHWs. In years without a MHW, and consistent with previous studies (Ortiz and Mix, 1992), foraminiferal assemblages along the section of the NH Line nearer the coast (NH25 - NH105) were dominated by polar, subpolar, and transitional species, while offshore assemblages included subtropical species (Figures 3C, 5). In contrast, during the MHWs (2014-2016 and 2019), the planktonic foraminiferal assemblage along the entire transect was dominated by subtropical species (Figures 3D, 5). Because planktonic foraminifera are preserved in deep sea sediments, these results indicate the potential utility of foraminifera to detect MHWs in the fossil record in this region.

Over the last decade, the common assemblages at more nearshore stations included the polar species N. pachyderma, subpolar species N. incompta, and transitional species G. bulloides, while offshore assemblages included the subtropical species N. dutertrei and O. universa (Figure 3). The assemblage transitioned from colder water species typically associated with productive water masses to warmer water species associated with less productive water masses along the transect (Schiebel and Hemleben, 2017). This shift was correlated with distance offshore, possibly due to the longitudinal water temperature gradient typically driven by upwelling (Table 3; Figure 5). Although offshore data availability was limited during 2010, 2012, and 2017 due to preservation and sampling issues, these patterns were consistent with previous studies in this region (Ortiz and Mix, 1992; Ortiz et al., 1995). Our analysis points to the following question for future studies to address: is there a consistent transition from a more upwelling-influenced, productive, nearshore community to an oligotrophic community offshore along the NH Line (~NH105, Figure 5)?

The high abundances, or ‘blooms’, of the polar species N. pachyderma at several stations in 2017 and 2018 is consistent with other studies that suggest upwelling can influence their abundance in this region (Figures 3C, 4B; Davis et al., 2016). G. bulloides, a species often associated with signatures of upwelling in the California Current (Ortiz et al., 1995; Taylor et al., 2018), was present in these samples, but was not as abundant as N. pachyderma during the late upwelling season (Figure 3B). G. bulloides was not associated with upwelling in a central California Current study (Davis et al., 2016) and had a seasonally bimodal distribution in another NCC study (Ortiz and Mix, 1992). Several genotypes of G. bulloides are present in this region and it is possible that the different genotypes have different ecological preferences that do not always correlate with upwelling conditions (Darling et al., 2017; Taylor et al., 2018).

During the MHWs in 2014-2016 and 2019, the planktonic foraminiferal assemblages were composed primarily of subtropical species along the entire transect, though species’ relative abundances varied with the depth of the warm water anomaly. In 2014-2016, the planktonic foraminiferal assemblages were dominated by the species O. universa, N. dutertrei, N. incompta and G. ruber, that are typically associated with subtropical and transitional bioprovinces and less common in upwelling regions (Kucera, 2007; Schiebel and Hemleben, 2017). During the short duration fall 2019 MHW, which reached the NCC region a month prior to sampling (Amaya et al., 2020), the prevalence of subtropical species O. universa and N. dutertrei along the entire NH Line suggests that planktonic foraminiferal assemblages can respond rapidly to transient warming events (Figures 2, 3). Estimated upwelling was reduced during both MHWs (Table 2). During the MHWs, the cold-water foraminifera species G. bulloides and N. pachyderma were rare (Figures 3D, 4B), leading to less longitudinal variability in the foraminiferal assemblage compared to non-MHW years (Figure 5).

Changes in the foraminiferal assemblage and abundances were particularly prominent in 2015, at the peak of the first MHW, when the anomalously warm water penetrated most of the upper 50 m of the water column (Figures 6, S1). During this period, subtropical and tropical species were more abundant compared to the shallower warm water anomalies in the fall 2014 and 2019 (Figure 4B). The depth of the MHW was a significant contributor to predicting the foraminiferal assemblages, as modeled by differences in the sea surface temperatures versus the average temperatures over the upper 100 m of the water column (Figure 6). We postulate that the high abundance of the warmer water species in 2015 reflects a more favorable habitat for foraminifera productivity, with a more stable upper water column favoring the growth of warm water species.

During the 2015 MHW, the very high abundances of the subtropical species G. ruber, which are uncommon in the NCC, and the first known occurrence of the tropical species T. sacculifer are striking. Although G. ruber has been identified in this region, previous studies found it to be more common in the subtropical gyre waters more than 500 km offshore (~10%) and rare (<0.1%) in stations within 220 km of the coast (Ortiz et al., 1995). Our study found G. ruber was more abundant along the entire transect in 2015, representing ~30-50% of the relative abundance of offshore stations NH150 – NH200 (278 – 370 km offshore) and ~5% of the relative abundance at the remaining stations (46 – 232 km offshore, Figure 3B). T. sacculifer has not been previously identified in this region and has only been found south of ~35°N latitude (Taylor et al., 2018). In our study, T. sacculifer was observed in 2015 at NH200, the offshore station with SST near 18° C. Both T. sacculifer and G. ruber are algal symbiont-bearing, spinose species associated with warmer (>15°C and abundant at >22°C) and more oligotrophic waters (Kretschmer et al., 2018) and the North Pacific subtropical gyre (Eguchi et al., 2003).

The exact mechanism for the presence and high abundance of these warm water and novel species in the NCC is unclear, but similar patterns were seen across other plankton communities in this region including six novel copepod species and two novel larval fish species (Peterson et al., 2017; Auth et al., 2018; Du and Peterson, 2018; Brodeur et al., 2019). The prolonged warming during the 2014-2016 MHW may have promoted ideal conditions for warm water foraminifera to reproduce and maintain a high standing stock. It could also be the result of oceanic transport of warmer water species from different source waters compared to the source waters associated with more usual El Niño cycles (Peterson et al., 2017; Du and Peterson, 2018).

The pronounced changes in the foraminiferal assemblages in association with the presence and absence of MHWs, as described above, have implications for paleoecology (Schiebel and Hemleben, 2017). Warmer water foraminiferal assemblages were present along the transect in 2014 and 2019, two sampling periods conducted only a few weeks after the most extreme SST anomalies associated with the MHWs reached the region (Figure 2; Peterson et al., 2017; Thompson et al., 2019). After prolonged warming, a novel, tropical foraminifera species was present in the region. These warm water foraminifera species did not persist in this region for multiple years, but were replaced with the more common colder water species during the interceding non-MHW years (2017-2018, Figure 3C). This record of assemblage changes helps efforts to predict the biological response to a warming ocean under anthropogenic climate change, but also aids in the interpretation of the presence of rare taxa in the fossil record. While short term MHWs would potentially be obscured in bioturbated sediments, they would be present in laminated sediments (Pak et al., 2018). Prolonged MHWs would potentially be identified in the sediment record as transient, thermophilic species. For example, the short-term increase in warm taxa at 150 kybp in the Santa Barbara Basin could be indicative of a transient, regional, warming event (See Figure 8 in Kennett and Venz, 1995). Future studies of foraminiferal assemblages in well-preserved sediments could consider the expected paleo-signature of regional, transient warming events compared to long-term ecosystem changes and trends.

These results demonstrate that the foraminiferal assemblage response to transient warming events makes them a promising tool for quantifying the frequency and intensity of marine heatwaves in the paleorecord in the NCC and elsewhere. Consistent with this idea, there were significant changes in foraminiferal assemblages collected from sediment traps during a period of high SST at Station Papa in the North Pacific between August 1985 to July 1986 (Sautter and Thunell, 1989). Similar to our study, the warmer water species O. universa was abundant in the samples throughout that ‘anomalously warm’ period. In the paleo record from the Santa Barbara Basin, a similar shift from cold to warm water species was identified in sediment trap samples coinciding with the strong 1997-98 El Niño (Black et al., 2001). These short duration assemblage changes should be detectable as short-term increases in warm water species in sediment cores, particularly in laminated, high sedimentation rate cores, and could potentially be used to detect paleo-MHWs. High abundances of subtropical species in areas where those species are not usually abundant could be indicative of a particularly intense warming event (i.e., G. ruber or T. sacculifer in the 2015 MHW).

The NH Line sampling plan was designed for fisheries research, but could be resampled to provide valuable insight about planktonic foraminiferal assemblages. Our use of the existing archive allowed for the first report of foraminiferal assemblages’ variations in association with extratropical warming in this region. While the NH line sampling plan was not originally designed to target planktonic foraminifera, the samples provided a unique opportunity to study planktonic foraminiferal assemblages in the NCC region over a decade when dedicated foraminifera sampling did not often occur. Plankton distributions can be patchy, so planktonic foraminifera caught in plankton nets provide a ‘snapshot’ of current assemblages, but they also reflect differences in species’ depth habitat preferences, advection or transport in ocean currents, and ontogeny over longer time scales (Schiebel and Hemleben, 2017). Remaining archive samples could be used in the future to address abundance and assemblage shifts in response to other climate perturbations.

The NH Line archive also provides much-needed information about planktonic foraminifera in a region particularly prone to the effects of climate change, including ocean acidification (Feely et al., 2008; Gruber et al., 2012). Seasonally upwelled waters in the NCC are frequently low in dissolved oxygen and have a relatively low pH (Feely et al., 2008). Atmospheric increases in CO2 due to anthropogenic input will further lower ocean pH in the surface ocean, leading to rapid ocean acidification in the NCC (Gruber et al., 2012) and has already reduced foraminiferal calcification (Osborne et al., 2020). Considering the pH of open ocean surface waters has decreased by ~0.1 units and is expected to decline another 0.3-0.4 units by the end of this century (Orr et al., 2005), the potential effects of combined stresses of MHWs and ocean acidification are important unknowns. Future studies should resolve changes in planktonic foraminifera adult size, calcification intensity, and net calcification during NCC MHWs. The implications of ocean acidification, coupled with transient warming events like MHWs, for foraminifera have global significance because foraminiferal shell flux is an important global carbon sink (Schiebel et al., 2007).
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Marginal Tests Sequential Tests

Variable Pseudo-F Prop. Explained Variable Pseudo-F P Cumulative R?
SST 14.8 <0.01* 0.25 SST 14.8 <0.01* 0.25

Ave.Temp 124 <0.01* 022 Ave.Temp 79 <0.01* 0.36

SSS ‘ 29 0.02* 0.06 SSS 32 ‘ <0.01* 0.41

Dist. Offshore 69 <0.01* 013 Dist. Offshore 2.1 0.06 0.44

BEUTI 74 <0.01* 0.14 BEUTI 12 030 045

AveSal 94 <0.01% 017 AvesSal L1 040 047
Log(Ext.Chla) 65 <0.01* 013

*p < 0.05.

Proportion of variation (R®) in foraminiferal assemblage explained by environmental predictor variables. Marginal tests show the explanatory power of each variable taken alone. Sequential tests
show the cumulative proportion explained by fitting variables sequentially using forward selection. The three best variables from the sequential tests were used to generate the dbRDA plot

(Figure 3).
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Planktonic foraminiferal assemblages reflect
warming during two recent mid-latitude
marine heatwaves





OEBPS/Images/table3.jpg
Source df Ss MS Estimate
Distance Off 1 13101 13101 111 <0.01* 254
MHW 1 22756 22756 54 <0.01* 839 29.0
Year (MHW) » 5 16454 3290 34 <0.01* 382 19.6
Distance Off x MHW 1 5819 | 5819 6.1 <0.01* 244 15.6
Distance Off x Year (MHW) 5 9387 1877 20 0.01* 195 14.0
Res 33 31624 958 958 310
Total 46 99141

*p < 0.05.

Partitioning of foraminiferal assemblages using PERMANOVA in response to distance offshore, presence or absence of a MHW, and year. PERMANOVA conducted on a Bray-Curtis
resemblance matrix on square-root transformed abundance data with factors Distance Offshore (Distance Off, quantitative covariate), presence or absence of a MHW (MHW, fixed, 2 levels),
Year (nested within MHW, random, 7 levels), and interaction terms. Tests conducted using Type I sums of squares and P-values were obtained for each term in the model using 9999
permutations under a reduced model.
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OEBPS/Images/table1.jpg
Year

Station (distance off)

NH25 (46 km) 0.3+0.1 1.420.3 0.4+0.1 11.942.2 0 87+ 24 0.7£0.1 0.5% 0.1
NH35 (65 km) = 1.6+0.4 = 16.243.3 0.1+0 12+ 02 0.3£0.1 0.8+ 0.2
NH45 (83 km) 2.5+0.6 2.420.7 3.8+0.4 13.242.4 ‘ 0 - 0.6+0.1 11+ 03
NH65 (120 km) - - 0.8+0.1 5.6+ 0.8 0.1+0 0.8+ 0.1 11423 0.7+ 0.2
NHS85 (157 km) - - 0.8+0.2 14.4+1.9 0.2+0 0.6+ 0.1 1.220.2 4.2+ 0.9
NH105 (194 km) - 5 8.8+2.4 5.8+ 09 0.2+0.1 - 21.746 11.4%3.3
NH125 (232 km) - - 4.9+0.7 29+ 04 0.1x0 - 0.9£0.2 9.0+ 2.5
NH150 (278 km) - = 5.6+0.9 0.6+ 0.1 0.1+0 = 2.340.6 59+ 1.7
NH175 (324 km) - - - 29.5+4.6 0.4+0.1 - 0.540.1 10.742.3
NH200 (370km) 3.5+0.8 - - 27.743.4 0.3+0 - 2.740.5 7.8+ 1.6

Foraminifera abundance data normalized by tow volume (# m™ + S.D.). Dashed lines indicate no data was available for that station: either the station was not sampled that year or there were
preservation issues, e.g. in some of the older samples.





