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The short-term variability of plankton communities in the oceanic realm is still poorly known due to the paucity of high-resolution time-series in the open ocean. Among these few studies, there is compelling evidence of a lunar cycle of epipelagic zooplankton biomass in subtropical waters during the late winter bloom. However, there is few information about lower trophic levels and zooplankton physiological changes related to this lunar cycle. Here, we studied the short-term variability of pico-, nano-, micro-, and mesoplankton in relation to the lunar cycle in subtropical waters. Weekly sampling was carried out at four stations located north of the Canary Islands from November 2010 to June 2011. Zooplankton abundance and biomass, gut fluorescence (GF), electron transfer system (ETS), and aminoacyl-tRNA synthetase (AARS) activities were measured before, during, and after the winter vertical mixing in these waters in a wide range of size classes. Chlorophyll a, primary production, and zooplankton biomass were low, showing a rather weak late winter bloom event due to the high temperature and stratification observed. Chlorophyll, nanoplankton, diatoms, and mesozooplankton proxies for grazing (GF), respiration (ETS), and growth (AARS) varied monthly denoting a lunar pattern. Chlorophyll a, nanoplankton, diatoms, and mesozooplankton proxies for grazing and respiration peaked between 4 and 6 days after the new moon, followed by an enhancement of the mesozooplankton index of growth between 8 to 9 days after the new moon. However, mesozooplankton biomass only increased during the productive period when supposedly growth exceeded mortality. Coupled with previous results in pico-, nano-, and microplankton, we suggest that the lunar cycle governs the development of planktonic communities in the high turnover warm subtropical ocean. This study provides further evidence of the match of plankton communities with the predatory cycle exerted by diel vertical migrants, adding essential information to understand the short-term functioning of the open ocean.
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1 Introduction

Zooplankton communities play an important role in biogeochemical cycles due to their capacity to control phytoplankton (Banse, 1994; Isla et al., 2004), microzooplankton (Calbet and Landry, 1999; Hernández-León, 2009), regenerate nutrients (Ketchum, 1962; Dugdale and Goering, 1967), and to export biogenic matter downward (Longhurst et al., 1990; Isla et al., 2004). Thus, variability of zooplankton biomass and physiology is of paramount importance to assess the role of this community through the food web in the ocean. However, processes such as feeding, metabolic rates, and growth received less attention despite their importance to understand the relevance of this community in the global carbon cycle (Haury et al., 1978; Postel et al., 2006).

In subtropical waters the seasonal thermocline caused by the strong surface heating throughout the year restricts the pumping of nutrients to the upper layers. However, a productive pulse known as the late winter bloom (Menzel and Ryther, 1961) is promoted by the convective mixing and cooling of the shallower layers during winter, eroding the seasonal thermocline and allowing a small flux of nutrients to the euphotic zone (Barton et al., 1998; Hernández-León et al., 2007; Cianca et al., 2007). The bloom normally starts between February and March, and it is observed as increases in phyto-, micro- (Armengol et al., 2020), and mesozooplankton biomass (Hernández-León et al., 1984, 2007) over a period ranging from less than one month up to three months. The length of this bloom is related to the extent of vertical mixing during winter and the beginning of spring, varying with the interannual variability of temperature (Schmoker and Hernández-León, 2013). Zooplankton metabolism also increases during this late winter bloom period (Hernández-León and Gómez, 1996; Hernández-León et al., 2004). However, the variability of grazing, respiration, and growth rates during the productive period is not completely understood.

Another source of zooplankton variability in these subtropical waters is related to the lunar cycle (Hernández-León, 1998). Similarly to observations in lakes by Gliwicz (1986), abundance and biomass of zooplankton increased during the illuminated period of the lunar cycle, decreasing during the dark period (Hernández-León, 1998; Hernández-León et al., 2001a, 2002, 2004, 2010). This pattern is driven by changes in the predatory pressure of diel vertical migrants (DVMs) upon epipelagic non-migrant zooplankton. The migrants, mainly large copepods, mesopelagic fish, crustacean decapods, and euphausiids forage at nighttime in epipelagic waters (Baker, 1970; Badcock, 1970; Foxton, 1970; Ariza et al., 2015) but remain deeper during full moon to avoid predators (normally below 100 m depth, Pinot and Jansá, 2001; Prihartato et al., 2016). During the dark phase of the moon cycle, they spread along the epipelagic zone (Benoit-Bird et al., 2009; Radenac et al., 2010) because of darkness in this layer, feeding upon the zooplankton crop. Around full moon, the upper epipelagic zone serves as a refuge for the non-migrant epipelagic zooplankton in shallower layers. This small window of low predation results in an increase of epipelagic zooplankton biomass compared to the dark period. This increase in zooplankton also promotes a top-down control upon smaller size classes of plankton as observed by Schmoker et al. (2012). These authors found zooplankton and picoplankton coinciding in time and a succession of nano- and microplankton thereafter. They suggested this pattern promoted as the effect of mesozooplankton feeding upon microplankton releasing picoplankton from grazing (see also Hernández-León, 2009; Armengol et al., 2017).

Therefore, two scenarios were observed during the late winter bloom in the Canary Islands waters. Firstly, an increase in zooplankton biomass during the illuminated phase of the lunar cycle during the late winter bloom, and secondly a decrease in zooplankton biomass due to predation by DVMs (see Hernández-León et al., 2010). Epipelagic zooplankton biomass is consumed at night and this energy and matter are transported downward to the daytime residence of migrants. There, the consumed carbon in shallower layers is released through egestion (gut flux), respiration, excretion, and mortality at depth. Research about this lunar effect is also of interest as it could improve biogeochemical ecosystem models. Indeed, recent models reveal that vertical, seasonal, and latitudinal light gradients are key in structuring pelagic ecosystems (Langbehn et al., 2022). Likewise, the lunar effect could provide basic information to test carbon drawdown methods in the ocean in future experiments of iron fertilization (Martin, 1990), ocean alkalinization enhancement (Kheshgi, 1995), artificial upwelling (Lovelock and Rapley, 2007), or biomanipulation (Hernández-León, 2023).

The study of short-term variability during the late winter bloom in subtropical oceanic waters of biomass and physiological proxies (Yebra et al., 2017) is, therefore, of paramount importance to understand the processes related to the productive period in upper layers and the transport of carbon to deep waters by DVMs coupled to the lunar cycle. Thus, the aim of our study was: (1) to investigate the productive cycle in subtropical oligotrophic waters, (2) to analyze the coupling between zooplankton abundance and biomass, gut fluorescence (GF) as a proxy for grazing (Mackas and Bohrer, 1976), the enzymatic activity of the electron transfer system (ETS) as a proxy for respiration rates (Packard, 1969), and aminoacyl-tRNA synthetase activity (AARS) as a proxy for growth rates (Yebra and Hernández-León, 2004) during the late winter bloom, and (3) to evaluate the relationship between micro- and mesozooplankton variability with the lunar cycle.




2 Material and methods



2.1 Study area and sampling

We performed a transect of four oceanographic stations separated by ten nautical miles north of Gran Canaria Island (Figure 1). This oceanic area is not heavily affected by the mesoscale eddy activity normally found leeward of the islands (Barton et al., 1998). Sampling was performed on board the R.V. “Atlantic Explorer” from 22nd November 2010 to 2nd June 2011, completing a time series of 25 weekly samplings. A rosette-CTD (Seabird SBE 25) was deployed from the surface to a depth of 300 m to obtain information about temperature, salinity, and conductivity. Water samples at 20 m depth were used to measure total chlorophyll a as a proxy for phytoplankton biomass in the mixed layer and were used to calibrate the fluorometer (Turner Scufa) installed in the oceanographic rosette. Zooplankton was sampled during daytime in vertical hauls from a depth of 200 m to the surface using a double WP-2 net (UNESCO, 1968) with 100 µm mesh size and a TSK flowmeter to measure the volume of water filtered.




Figure 1 | Location of the four sampling stations (red dots) at the North of Gran Canaria Island, Canary Islands.



On board, one of the cod-ends from the double WP-2 net was sieved into 100-200, 200-500, 500-1000, 1000-4000, and >4000 μm size fractions. Samples were then frozen in liquid nitrogen (-196°C) for subsequent analysis of gut fluorescence (GF), electron transfer system (ETS) and aminoacyl-tRNA synthetase (AARS) activities. The zooplankton sample from the other cod-end was preserved at 4°C in formaldehyde (1%) for less than 24 hours to avoid a decrease in dry weight and split in the laboratory the following day to obtain the total biomass and abundance of zooplankton.




2.2 Chlorophyll a, pico-, nano-, microplankton, and primary production

Samples for chlorophyll a concentration were taken at 20 m depth as representative of the mixed layer (see Armengol et al., 2020), filtered (500 mL) through a 25 mm Whatman GF/F, and stored at -20°C. In the laboratory, the filter was placed in 90% acetone at -20°C in the dark for 20 hours (Strickland and Parsons, 1972). Pigments were measured using a Turner Design 10A Fluorometer, previously calibrated with pure chlorophyll a (Yentsch and Menzel, 1963).

Pico-, nano-, and microplankton biomass were published in Armengol et al. (2020) and we used this data to compare with our results about zooplankton abundance, biomass, and metabolic proxies. Samples were also obtained at 20 m depth. Briefly, 0.2-2 µm picoplankton (Picoeukaryotes, Synechococcus, and Prochlorococcus) were counted by flow cytometry (FACScalibur cytometer). Samples of 45 ml were used to count nanoplankton (2-20 µm, autotrophic and heterotrophic nanoflagellates) and they were fixed with glutaraldehyde, stained with DAPI, and counted by epifluorescence microscopy with a Zeiss Axiovert 35 microscope. Samples of 500 ml were obtained for microplankton (>20 µm, diatoms, silicoflagellates, dinoflagellates, ciliates, and copepod nauplii), fixed with acid Lugol’s iodine and aliquots of 100 mL of sample were placed in Utermöhl sedimentation chambers for 48 h, and counted using a Zeiss Axiovert 35 inverted microscope. Microplankton was also sampled at 20 m depth but only in Station 3 as representative of oceanic conditions. All abundance data were converted to biomass using different published conversion factors (see Armengol et al., 2020 for details).

Primary production data were obtained from the Ocean Productivity web site (http://www.science.oregonstate.edu/ocean.productivity/index.php) based on remote sensing data following Behrenfeld and Falkowski (1997), and using the Vertical Generalized Production Model (VGPM).




2.3 Zooplankton biomass and abundance

Zooplankton biomass was obtained from dry weight following the procedure given by Lovegrove (1966). The sample was dried for 24 hours at 60°C and later weighed on a microbalance. The other half of the zooplankton sample was used for abundance estimations. For this, digital images of the samples were obtained using an Epson Perfection 4990 Photo scanner (with VueScan Professional Edition 8.4.77 software). Samples were size-fractionated through a 1-mm mesh net. To obtain clear digital images, an aliquot of each subsample was taken with a Hensen pipette and placed into a polystyrene plate to be scanned at a resolution of 1200 dpi. The images were processed using the ZooImage 1 version 1.2-1 software (http://www.sciviews.org/zooimage) according to the method used by Grosjean and Denis (2007). A manual training set was performed to help the software automatically classify major taxa. Categories included were copepods, chaetognaths, gelatinous organisms (doliodids, salps, siphonophores, hydromedusae), and other zooplankton (mostly ostracods, polychaetes larvae, amphipods, zoea larvae of decapods, adult polychaetes, and stomatopod larvae). We also distinguished euphausiids, mysids, and mysis larvae of decapods in another group as they have a similar shape recognized by the software.




2.4 Gut fluorescence, ETS and AARS activities

In the laboratory, frozen zooplankton samples previously stored in liquid nitrogen were homogenized with Tris-HCl buffer (pH=7.8), and different subsamples were taken for gut fluorescence measurements, ETS and AARS activities. The protein content was determined using the Folin dye method based on Lowry et al. (1951) and modified by Rutter (1967) using bovine serum albumin (BSA) as standard.

An aliquot of the homogenized sample was used for gut fluorescence analyses, and it was placed in a test tube with 10 mL of 90% acetone and stored at -20°C for 24 hours in darkness. Fluorescence of samples was measured before and after acidification with 3 drops of 10% HCl in a Turner Design fluorometer (model 10-AU-005-CE), previously calibrated with pure chlorophyll a as described by Yentsch and Menzel (1963). Pigments were calculated following Strickland and Parsons (1972), modified by Hernández-León et al. (2001b) for homogenate samples, and then normalized to the protein content of the sample using the following equations:

	

	

where k is the instrument calibration constant, Fo and Fa are the fluorescence readings before and after acidification, and R is the acidification coefficient. Chlorophyll a and phaeopigments values were added to obtain specific GF.

Another subsample of the homogenate was incubated at 18°C for ETS activity following the method of Packard (1969) modified by Kenner and Ahmed (1975) for zooplankton samples. Details of the procedure are given by Hernández-León and Gómez (1996). ETS activity was corrected for in situ temperature using the Arrhenius equation and an activation energy of 15 Kcal mol-1 (Packard et al., 1975).

Aminoacyl-tRNA synthetase (AARS) activity was measured following the method of Yebra and Hernández-León (2004), modified by Yebra et al. (2011), and calculated using the equation given by Herrera et al. (2017). The enzymatic activities were recalculated for the in situ temperature using the Arrhenius equation and the corresponding activation energies for AARS (8.57 kcal mol-1, Yebra et al., 2005). Finally, ETS and AARS activities were normalized according to the protein content of the sample to compare the different size fractions.




2.5 Statistical analysis

Chlorophyll a differences between stations were tested using a two-way analysis of variance (ANOVA). Normality was tested using the Shapiro-Wilk test, and homoscedasticity was tested using the Bartlett test. For zooplankton abundance, biomass, gut fluorescence, specific ETS activity, and specific AARS activity, a two-way analysis of variance (ANOVA) approach was applied to assess the effect of the factor stations (with four levels) and the factor size-fraction (with five levels). Each dataset (i.e., biomass, gut fluorescence, specific ETS, and AARS activities) were transformed as necessary to meet ANOVA assumptions of normality of the distribution and homoscedasticity. Data were transformed using the Box-Cox power transformation. Normality and homoscedasticity were tested as mentioned above. Provided a significant effect of a given factor, the main effects for this factor within each level of the other were further inspected using the post hoc Duncan test. All analyses considered an alpha level of 0.05.

In order to identify patterns related to the lunar cycle, the different variables were plotted using a non-parametric local polynomial regression model (LOESS, Cleveland and Devlin, 1988; Cleveland et al., 1988). The non-parametric regression LOESS technique that fits multiple regressions in local neighborhood provides a robust fitting when there are outliers in the data. In this context, non-parametric means that no assumptions need to be made about the underlying distribution (form) of the data (Jacoby, 2000). Fitting was done locally, that is for the fit at point x, the fit is made using points in a neighborhood of x, weighted by their distance from x (with differences in “parametric” variables being ignored when computing the distance). The size of the neighborhood was controlled by α (span), i.e. the proportion of all data that is to be used in each local fit (size of neighborhood of x). Here, we used α = 0.6 for all fits, so, each of the local regressions used to produce that curve incorporates 60% of the total data points. This was proved to be a suitable compromise between smoothing and preserving of temporal structural information. Linear regression analysis was used to check if the residuals from the LOESS fits adequately incorporates all the interesting structure in the data (Jacoby, 2000). Finally, to model the lunar cycle, we applied the obtained LOESS model to a sequence of numbers according to the lunar illumination from 0 (new moon) to 1 (full moon). The validation of the loess model was conducted by comparing it to a null model using an ANOVA approach. Specifically, a LOESS model was fitted to the data, and a null model (intercept-only) was also fitted for comparison. An analysis of variance (ANOVA) was then performed to compare these models. The F-value and p-value obtained from the ANOVA were used to assess the significance and performance of the LOESS model. Analyses were performed using the LOESS algorithm implemented in the Stats package of R, version 2023.06.1 + 524 (R Core Team, 2022).





3 Results



3.1 Hydrography and primary production

Temperature in the mixed layer (Figure 2A) showed higher values during November and December (above of 21°C), decreasing during January and February, and reaching the lowest values during March (below 19°C). Convective mixing started at the end of January and beginning of February and stratification started during April. These changes were also observed in salinity (Figure 2B), resulting in a weak chlorophyll bloom during March (Figure 2C).




Figure 2 | Vertical distribution of (A) temperature (°C), (B) salinity, and (C) chlorophyll a (mg m-3) from surface to 200 m depth at Station 3.



Primary production obtained from remote sensing (Figure 3A) increased during February and remained high until the beginning of April reflecting the mixing period observed in temperature and salinity. However, average values for chlorophyll a at 20 m depth (Figure 3A) showed low values throughout the period of study, as expected in a subtropical oceanic site, peaking at almost monthly intervals. Average values of chlorophyll a in the mixed layer also displayed low values as expected, peaking at monthly intervals related to the lunar cycle (Figure 3B, see below) as also observed visually in Figure 2C.




Figure 3 | (A) Primary production (±SE, mg C m-2 d-1) (in red) as observed from remote sensing, and average chlorophyll a concentration (±SE, mg m-3) (in green) at 20 m depth. (B) Average (±SE) values of chlorophyll a concentration (mg m-3) in the mixed layer. Dashed blue line is the potential lunar illumination (0 is new moon and 1 is full moon).






3.2 Zooplankton abundance, biomass, and physiological indices

Zooplankton abundance was significantly higher (ANOVA test, p<0.001) in the 200-500 µm size fraction (Figure 4A). Average values of abundance in all size classes (Figure 4B) followed the trend of the 200-500 µm size fraction. We also observed significantly higher values (ANOVA test, p<0.001) of zooplankton biomass in the 1000-4000 µm size class during the late winter bloom (Figure 5A). By opposite, the lower average values were observed in the >4 mm size fraction followed by the 100-200, 200-500, and 500-1000 µm size classes. Copepods were the most representative zooplankton group in terms of biomass (>71.5%) and other groups such as chaetognaths (3.6-22%), and other crustaceans (0.3-17%) were also important (Supplementary Figure S1). Total zooplankton biomass (Figure 5B) followed the trend of the 1000-4000 µm size fraction and peaked during February and March, the period of maximum convective mixing in the water column. No significant relationship was observed between total biomass and the lunar cycles during the whole period of study (Spearman correlation r2 = 0.017, p>0.05).




Figure 4 | Zooplankton abundance (ind m-3, ±SE) (A) for size ranges of 100-200 µm, 200-500 µm, 500-1000 µm and >1000 µm, and (B) from 100 to >1000 µm. “Ind” stands for individuals. Dashed blue line and lunar illumination as in Figure 3.






Figure 5 | Zooplankton biomass (mgDW m-2, ±SE) (A) for size ranges of 100-200 µm, 200-500 µm, 500-1000 µm and >1000 µm; and (B) from 100 to >1000 µm. DW stands for dry weight. Dashed blue line and lunar illumination as in Figure 3.



Average values of size-fractionated specific gut fluorescence (Figure 6A) showed a rather large variability and varied among size fractions (ANOVA test, p<0.05). The highest average values of specific GF were found in the smaller size class (100-200 µm) throughout the period studied as expected from the smaller size of phytoplankton in oligotrophic waters. Peaks of GF were also observed in the other size fractions. Average values (Figure 6B) showed increases in GF at almost monthly intervals. Station 1 was not considered here as it displayed significant differences with the other stations.




Figure 6 | Specific gut fluorescence (µg pigments·mg protein-1, ±SE) (A) for zooplankton size ranges of 100-200 µm, 200-500 µm, 500-1000 µm and >1000 µm, and (B) average values (±SE). Dashed blue line and lunar illumination as in Figure 3.



Large variability was also observed in specific ETS activity (Figure 7A) with the 200-500 and 500-1000 µm size fractions showing significantly higher values (Kruskal-Wallis, p<0.05) than the large (>1000 µm) and small (100-200 µm) zooplankton. Increases observed in each size fraction did not show significant differences before, during, and after vertical mixing (Kruskal Wallis p>0.05). Average values varied less than gut fluorescence along the period studied (Figure 7B). Station 1 was also not considered here as it displayed significant differences with the other stations.




Figure 7 | Specific ETS activity (µlO2·mg protein-1·hour-1, ±SE) (A) for zooplankton size ranges of 100-200 µm, 200-500 µm, 500-1000 µm and >1000 µm, and (B) average values (±SE). Dashed blue line and lunar illumination as in Figure 3.



Specific AARS activity showed considerable variability in the 100-200, 200-500, and >1000 µm size fractions (Figure 8A). The highest average values (>140 nmol PPi·mg protein-1·h-1) were found in the small size fraction (100-200 µm) as expected from the higher specific growth of smaller individuals. Zooplankton >500 µm showed higher average values in January and April (before and after the bloom), while the 200-500 µm fraction showed increases during December (113 ± 80.8 nmol PPi·mg protein-1·h-1) and March (119± 53 nmol PPi·mg protein-1·h-1). Average values showed sharp increases at monthly intervals peaking just before the full moon (see below), suggesting a match with the lunar cycle (Figure 8B).




Figure 8 | Specific AARS activity (nmol PPi·mg protein-1·h-1, ±SE) (A) for zooplankton size ranges of 100-200 µm, 200-500 µm, 500-1000 µm and >1000 µm, and (B) average values (±SE). Dashed blue line and lunar illumination as in Figure 3.






3.3 Lunar cycle patterns

In order to identify patterns related to the lunar cycle, we used a local regression model (LOESS) to detrend the data, achieving a robust parametrization of the different biological variables, in order to unveil the monthly variability observed and its relationship with the lunar cycle. The smoothing function of the model showed an increase of chlorophyll a just after new moon in the upper 0-70 m layer (Figure 9A). According to the model, the chlorophyll a maximum was reached between 5 and 6 days after the new moon (ANOVA test, F-value= 7.48, p-value=0.006). Model results for deeper layers are shown in Supplementary Figure S2. We observed statistical differences in picoplankton between Station 1 and the other (ANOVA test, F-value=6.75, p-value=0.01), so this station was excluded from the analysis. We did not find a significant match of picoplankton organisms with the lunar cycle (Supplementary Figure S3A) (ANOVA test, F-value= 0.007, p-value=0.9), nor with dinoflagellates (ANOVA test, F-value= 0.107, p-value=0.75) and ciliates (Supplementary Figure S3B) (ANOVA test, F-value= 0.59, p-2value=0.45). However, we observed a striking pattern with nano- and heterotrophic nanoplankton (Figure 9B) and diatoms (Figure 9C), similar to chlorophyll a. Modelled zooplankton abundance (Figure 10A) (ANOVA test, F-value=0.09, p-value=0.76). and biomass (Figure 10B) (ANOVA test, F-value=3.47, p-value=0.06) showed no relationship with the lunar cycle.




Figure 9 | Modelled lunar cycle using the LOESS method (colored dashed lines) for (A) chlorophyll a in the upper 0-70 m layer, (B) autotrophic and heterotrophic nanoflagellates, and (C) diatoms. Vertical dashed black line stands for the full moon (lunar illumination of 1). The shadowed area corresponds to the span (see material and methods).






Figure 10 | Modelled lunar cycle using the LOESS method (as in Figure 9) for total zooplankton (A) abundance (ind m-3) and, (B) biomass (mg DW m-2). Vertical dashed black line stands for the full moon (lunar illumination of 1). Shadowed area as in Figure 9.



Significant differences were found in the zooplankton gut fluorescence between stations (ANOVA test, F value = 3.78, p-value <0.05) and, according to the Duncan test results, Station 1 was not considered when modeling the lunar cycle to avoid significant differences between this and the other stations. The gut fluorescence lunar cycle model (Figure 11A) showed the peak occurring between 4 to 6 days after the new moon, coinciding with a lunar illumination between 0.25-0.35 (0 for the new moon and 1 for full moon). The results of the Duncan test for zooplankton specific ETS activity showed significant differences between Station 1 and Stations 2-4. Thus, Station 1 was not considered when modelling the zooplankton specific ETS activity (Figure 11B). The maximum specific ETS activity values over the lunar cycle were obtained coinciding with the gut fluorescence and a lunar illumination between 0.3-0.35 (i.e., 5 to 6 days after the new moon). Finally, no significant differences were found between stations for zooplankton specific AARS activity (ANOVA test, F-value=1.18, p-value= 0.317) (Figure 11C). According to the model fitted to the specific AARS activity values, the maximum activity was obtained 8 to 9 days after the new moon, coinciding with a lunar illumination of 0.5 to 0.6.




Figure 11 | Modelled lunar cycle using the LOESS method (as in Figure 9) for (A) gut fluorescence (µg pigments·mg protein-1), (B) specific (sp) ETS activity (µlO2·mg protein-1·h-1), and (C) specific (sp) AARS situ (nmol PPi·mg protein-1·h-1). Vertical black line stands for the full moon (lunar illumination of 1), and dashed colored vertical lines represent the period of maximum activity. Shadowed area as in Figure 9.







4 Discussion



4.1 Plankton variability during the late winter bloom

Short-term variability of phyto-, micro-, and mesozooplankton were scarcely studied in the subtropical oligotrophic ocean mainly due to logistical problems related to the access to these normally remote areas, the important effort required to sample at least every week in the open ocean, and the high economic cost of long-term sampling (several months). These constraints force the use of small boats for sampling in rough seas, particularly in Trade Wind zones. This short-term variability is also of importance in warm oligotrophic waters as temperature induce faster plankton turnover rates. Also, the study of lunar cycles has attracted many researchers working in coral reefs (Fan et al., 2002), fish larvae (Shima and Swearer, 2019), and zooplankton (Gliwicz, 1986; Roura et al., 2013). Hernández-León (1998) observed a lunar cycle in zooplankton in open waters around the Canary Islands showing an increase of zooplankton abundance which was subsequently evidenced for biomass (Hernández-León et al., 2001a, 2002, 2004, 2010).

However, the increase in zooplankton biomass was mostly related to the late winter bloom, varying with the length of convective mixing and the productive bloom. Several authors observed the typical planktonic outburst during the winter vertical mixing when temperature fell below 18°C in the Canary Current (De León and Braun, 1973; Braun, 1980; Hernández-León et al., 2004; Moyano et al., 2009; Hernández-León et al., 2010; Schmoker et al., 2012). The relatively lower temperature during late winter promoted a sharp phytoplankton bloom as stated above. In these previous studies on coastal and oceanic blooms, chlorophyll a ranged from 0.5 to 1.0 mg·m-3 (Arístegui et al., 2001; Hernández-León et al., 2004; Moyano et al., 2009; Neuer et al., 2007; Schmoker et al., 2012, 2014). Colder years showed large chlorophyll a values (Neuer et al., 2007; Schmoker et al., 2014) because the cooling of surface waters promoted mixing below 100 m and an increase in nutrient flux (Cianca et al., 2007).

Differences in the duration of the phytoplankton bloom were related to the shorter or larger effect of temperature and convective mixing as evidenced by Schmoker and Hernández-León (2013). In our study, chlorophyll a values in the mixed layer were quite low (around 0.3 mg m-3) and similar to the range given by Schmoker and Hernández-León (2013) during the mild and warm winters of 2006 and 2007, respectively. However, these values were higher than those found by Herrera et al. (2017) and Armengol et al. (2020) during the extremely warm year of 2010 (maximum of about 0.1 mg·m-3 at 20 m depth). In the latter studies, the high temperature during 2010 restricted the vertical flux of nutrients to the euphotic zone limiting phytoplankton growth.

Our study, conducted during 2011 which was neither a warm, nor a cold year (mixed layer temperature was 18-19°C) did not promote a large phytoplankton bloom (Armengol et al., 2020). We observed an increase in zooplankton biomass with two peaks, a small one during February and the most important during March (Figure 5B). Zooplankton biomass during this warm winter was also lower than in previous years in oceanic waters north of the Canary Islands (see Hernández-León et al., 2004). During colder winters in these subtropical waters, two or three zooplankton biomass increases were normally observed between January and May (see Schmoker and Hernández-León, 2013), although they varied and were not always observed during the same period. Some studies reported zooplankton outburst in February and March (Arístegui et al., 2001; Hernández-León et al., 2004, 2010; Schmoker and Hernández-León, 2013; Schmoker et al., 2014), while others observed these blooms during March and April, or even in May after the phytoplankton bloom (Moyano et al., 2009; Schmoker et al., 2012; Couret et al., 2023). Between 2005 and 2007, Schmoker and Hernández-León (2013) observed a rather clear interannual variability of zooplankton biomass related to temperature during the vertical mixing period. The bloom was shorter during warm years suggesting that differences in temperature of only 0.5°C during the vertical mixing period could cause important changes in the pelagic ecosystem structure of subtropical waters. They found an increase in zooplankton biomass over three months during a cold winter (2005), while it lasted less than one month during a warm year (2007). In our study, the low values of zooplankton biomass related to the low chlorophyll and primary production during this relatively warm winter should be the tentative explanation for the absence of several zooplankton biomass peaks at monthly intervals during this winter. These lower biomass values contrasted with years of high (Hernández-León et al., 2010) or medium values (Hernández-León et al., 2004).




4.2 Planktonic variability during the lunar cycle

Lunar cycles in zooplankton abundance (Hernández-León, 1998) and biomass (Hernández-León et al., 2001a, 2002, 2004, 2010) were identified in previous studies during the late winter bloom. In our study, we observed a consistent lunar cycle (LOESS function) in chlorophyll a (Figure 9A), auto- and heterotrophic nanoplankton (Figure 9B), and diatoms (Figure 9C). However, this pattern was not evident in zooplankton abundance (Figure 10A) or biomass (Figure 10B) considering all the sampled period. Zooplankton gut fluorescence (ANOVA test, F-value=6.99, p-value=0.008), ETS (ANOVA test, F-value=6.32, p-value=0.01), and AARS activities (ANOVA test, F-value=1.88, p-value=0.17) (Figure 11) showed a significant, except for the AARS activities, increase before full moon, despite the presence or not of an increase in zooplankton biomass. This pattern was easily observable during most of the lunar cycles (see Figures 6–8). Thus, chlorophyll a (Figure 9A), auto- and heterotrophic nanoplankton (Figure 9B), diatoms (Figure 9C), and the metabolic functioning of zooplankton (Figure 11) showed a lunar pattern at the short-term, but not for zooplankton abundance and biomass.

Schmoker et al. (2012) observed pico-, nano-, and microplankton following a lunar cycle during their weekly study around the Canary Islands (see their Figure 6). They found an increase in picoplankton coinciding with the zooplankton peak, followed by an increase in nano-, and microplankton. The parallel increase of pico- and zooplankton was explained as the control exerted by the latter community upon microplankton releasing picoplankton from grazing. To explain this, Hernández-León (2009) showed a similar increase in primary production and zooplankton biomass, arguing that this parallel increase is explained by the effect of copepod feeding upon microzooplankton releasing primary producers. Different authors observed this top-down effect of copepods upon microplankton releasing primary producers (see Stibor et al., 2004; Vadstein et al., 2004; Armengol et al., 2017). It is known that microzooplankton control about 60-75% of primary production in these subtropical waters (Calbet and Landry, 2004; Schmoker et al., 2013), and therefore, most of the primary production might be channeled through this community. We did not observe this parallel increase between pico- and zooplankton, but there was an increase in nanoflagellates, which could be explained as a top-down effect of zooplankton. In this sense, zooplankton could be preying upon ciliates and dinoflagellates, triggering a cascade effect where nanoflagellates are released from predation. Furthermore, the increase in heterotrophic nanoflagellates could increase grazing pressure on picoplankton and cyanobacteria, along with other grazers such as ciliates and dinoflagellates. As a result, grazing on picoplankton and cyanobacteria could exceed their production, preventing the parallel increase between zooplankton and picoplankton observed by the authors mentioned above. Thereafter, nano- and microplankton increased suggesting an increase in cell size after the picoplankton outburst.

We also found an increase in chlorophyll, auto- and heterotrophic nanoplankton, and diatoms coinciding with the increase of GF, ETS and AARS activities of zooplankton following the lunar pattern (see Figures 9, 11). This finding coupled with the observations by Schmoker et al. (2012) suggests the development of epipelagic communities in warm waters matching the lunar cycle. However, zooplankton biomass did not increase in every cycle but only during the productive period. The explanation to this should be related to the control exerted by DVMs (mainly large copepods, euphausiids, mesopelagic fishes, and crustacean decapods, see Ariza et al., 2015; Hernández-León et al., 2019). These large organisms control 5-10% of daily epipelagic (non-migrant) zooplankton production (Hopkins et al., 1996) during their night residence in the upper layers. However, during the short window provided by the full moon, when DVMs avoid the upper 80-100 m layer (Pinot and Jansá, 2001; Prihartato et al., 2016), epipelagic zooplankton grows and increase their biomass because of a lower predation pressure (see Hernández-León et al., 2010 and references therein). The lack of a zooplankton biomass lunar cycle before and after the bloom should be related to the control exerted by DVMs upon epipelagic zooplankton and the low zooplankton growth normally observed in subtropical waters. Thus, epipelagic zooplankton is being transferred to upper trophic levels (DVMs) and this energy and matter transported to deep waters. Thus, this lunar cycle in zooplankton biomass was only found during the late winter bloom (mixing period) when nutrients were available promoting an increase in primary production, large phytoplankton such as diatoms (Armengol et al., 2020), and zooplankton biomass. Here, a slightly higher zooplankton production (Hernández-León et al., 2010) promoted the increase in biomass surpassing predation rates exerted by DVMs.

This lunar pattern in zooplankton could also be related to the depth of sampling. Hernández-León (1998) observed the lunar pattern in abundance throughout nearly the entire annual cycle. Data from this study were obtained in the upper 20 m depth. However, later samplings studying the lunar cycle were conducted in the upper 100 m of the water column. These studies observed various peaks during the late winter bloom (Hernández-León et al., 2002, 2004, 2010). However, in our study, we sampled from 200 m depth to the surface, and the lunar pattern in biomass was also observed but not as clear as in former studies. Since lunar illumination affects the upper 80-100 m depth (see Pinot and Jansá, 2001; Prihartato et al., 2016), it is conceivable to better observe the lunar pattern in rather shallower layers where zooplankton is safe from predation due to the higher lunar illumination intensity there. Thus, future studies should sample the upper 200 m of the water column but having a fine resolution of the vertical distribution of zooplankton. Optical systems such as the Zooglider (Ohman et al., 2019) and nets allowing finer sampling such as the Longhurst-Hardy Plankton Recorder (LHPR, Longhurst and Williams, 1976) or similar should be used.

Short-term variability of plankton communities in the open ocean is poorly understood as sampling is a difficult task in remote deep-sea areas as stated above. However, this work shows the pressing need for high-resolution time series measuring the response of mid-trophic level consumers to the lunar cycle. Such observational exercises will be key to parameterize light forcing in ecosystem models (Langbehn et al., 2022). Understanding the match of these communities to the lunar cycle is also suggested to have important consequences for future experiments testing the suitability of marine carbon dioxide removal (mCDR). For instance, iron fertilization (Martin, 1990), ocean alkalinization enhancement (Kheshgi, 1995), artificial upwelling (Lovelock and Rapley, 2007), or biomanipulation (Hernández-León, 2023) experiments should match the natural cycle described above in order to enhance the development of primary producers and their grazers to promote mCDR.

In summary, the increases in zooplankton biomass are preceded by an increase in chlorophyll a, nanoflagellates, and diatoms in the mixed layer, and the proxies for the metabolic functioning of mesozooplankton. Although these patterns related to the lunar cycle are observed during all the period studied, we suggest that mesozooplankton biomass was not observed to increase in every cycle due to the control exerted by DVMs. In any case, this energy and matter is transported downward by active flux as previously noted (Hernández-León et al., 2002, 2010) but in every lunar cycle, being this pattern only measurable in mesozooplankton biomass during the bloom. Specific indices of potential grazing, respiration, and growth showed an important coupling among them and suggested that higher grazing rates increased the respiration rates and growth of zooplankton as the effect of higher food availability during this period. Finally, our understanding of this short-term variability of plankton communities in subtropical waters is relevant to know the functioning of the pelagic realm and to interpret the pelagic planktonic structure in the ocean.
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