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Zooplankton Biomass Depletion Event Reveals the Importance of Small Pelagic Fish Top-Down Control in the Western Mediterranean Coastal Waters
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The influence of hydrochemistry and trophic conditions on the coastal zooplankton community’s biomass and metabolic activities was investigated along the Spanish Mediterranean coastal waters, from Algeciras Bay to Barcelona, from autumn 2011 to autumn 2012. Two hydrographic regions were differentiated: NW Alboran (ALB) and W Mediterranean (MED). Zooplankton metabolism was assessed from measurements of the electron transport system (ETS) and aminoacyl-tRNA synthetases (AARS) activities, as proxies for potential respiration and somatic growth, respectively. Zooplankton showed three to fivefold higher biomass in ALB than in MED during autumn 2011 and spring 2012. However, in autumn 2012, a drastic decrease in biomass standing stock was observed in ALB, with no significant differences between the two regions. This biomass depletion event was not associated with environmental variables, food availability or zooplankton metabolic rates, but coincided with a twofold peak of Sardina pilchardus landings in ALB. A reduced standing stock coupled with high zooplankton growth rates suggests mortality by predation as the main cause for the low zooplankton biomass typically observed in MED, and in ALB during autumn 2012.
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INTRODUCTION

The Mediterranean Sea is characterized by a high biodiversity compared to its size (Bianchi and Morri, 2000), and is mainly considered an oligotrophic basin (Siokou-Frangou et al., 2010). Some of the most productive areas of the Mediterranean Sea are located in its westernmost basin, where the Atlantic water inflow through the Strait of Gibraltar fuels high variability in both hydrological and physico-chemical conditions (Mercado et al., 2007; Mazzocchi et al., 2014; Yebra et al., 2017b; Gómez-Jakobsen et al., 2019). Mesoscale dynamics in the Alboran Sea, originated by this Atlantic jet, largely conditions the temporal and spatial distribution patterns and metabolism of the planktonic communities (Lafuente et al., 1998; Yebra et al., 2018), as it affects the distribution of temperature, salinity, oxygen concentration and underwater luminic field (Parrilla et al., 1994; Hirst and Lucas, 1998; Hernández-León et al., 2010; Teuber et al., 2013). Accordingly, several studies have revealed a strong coupling between the composition and metabolism of phytoplankton and zooplankton and the presence of upwelling, eddies, and fronts in the Spanish Mediterranean waters (Gaudy and Youssara, 2003; Alcaraz et al., 2007; Mercado et al., 2014; Yebra et al., 2018). Biotic factors such as prey availability and abundance of predators also determine zooplankton population dynamics, modulating their growth and mortality (Lin et al., 2013; Maar et al., 2014). Moreover, changes in hydrology modifying the mesoscale dynamics in the western Mediterranean waters would affect the distribution and abundance of the zooplankton communities via direct effects on their metabolism and/or by affecting different trophic levels of the food web. Such variations may be responsible for the increased frequency of jellyfish blooms (Bernard et al., 2011; Brotz and Pauly, 2012; Falkenhaug, 2014) or the decrease in the small pelagic fish (SPF) stocks observed in the Alboran and NW Mediterranean (MED) basins (Van Beveren, 2015; Brosset et al., 2016, 2017; Albo-Puigserver et al., 2020), with notable socioeconomic impacts on tourism and fisheries. Despite the suspected importance of zooplankton in the Spanish Mediterranean (Mercado et al., 2007; Saraux et al., 2019; Yebra et al., 2019), studies focused on determining which specific factors drive the variability patterns of zooplankton biomass and metabolic rates in these coastal waters are scarce (Herrera et al., 2014; Yebra et al., 2017b, 2018). Mercado et al. (2007) found that inter-annual changes in zooplankton abundance were correlated to dinoflagellates abundance in the northwestern Alboran Sea coast. In the same region, Yebra et al. (2017b) observed that phytoplankton abundance was the main driver of zooplankton metabolism changes. However, mechanisms regulating zooplankton communities across the Mediterranean coast may vary since other factors such as the abundance of potential predators (e.g., SPFs) may also widely differ (FAO, 2016). To our knowledge, no previous surveys analyze the coastal zooplankton communities across multiple basins of the Mediterranean Sea at once.

Field assessments of zooplankton metabolism are also scarce probably due to drawbacks associated with classical methodologies. For instance, the artificial cohort (Kimmerer and McKinnon, 1987) or the egg production rate methods (Berggreen et al., 1988) require the collection and incubation of living organisms during oceanographic cruises, which can be logistically challenging. On-board incubation experiments are usually conducted on a single species (hence not covering the whole community) and are quite time-consuming (taking from hours to weeks) (Kobari et al., 2019). These limitations hamper the acquisition of field metabolic rates at the same time and spatial scales as other variables such as zooplankton biomass or taxonomic composition, restricting the extrapolation of results to natural conditions at sea. To overcome these issues, several indirect methods have been developed based on biochemical indices to assess the metabolic rates of zooplankton communities. These methods have the advantage that they do not require incubation of living organisms, as they can be snap-frozen on board research vessels and stored for later laboratory analyses (Yebra et al., 2017a). This facilitates the acquisition of such data at a spatiotemporal resolution comparable to environmental variables. In this work, we estimated zooplankton potential respiration as electron transport system (ETS) activity (Packard et al., 1971) and somatic growth as aminoacyl-tRNA synthetases (AARS) activity (Yebra and Hernández-León, 2004). We present the first comprehensive study of the factors driving the spatiotemporal variability of the Spanish Mediterranean coastal zooplankton communities, from Algeciras Bay to Barcelona. This pioneer study combines the assessment of zooplankton biomass and metabolic rates together with their potential prey and predators’ abundance in the field, improving our knowledge on the potential mechanisms driving the decline of small pelagic fisheries in the MED Sea.



MATERIALS AND METHODS


Sampling

Three oceanographic cruises were carried out along the Spanish Mediterranean coast (Figure 1), in autumn 2011 (21st November to 14th December), spring 2012 (6–20th March), and autumn 2012 (30th November to 15th December), on board R/V Odón de Buen (autumn 2011) and R/V Emma Bardán (spring and autumn 2012). During the cruises, 10 transects, consisting of four stations each located at 0.5, 1, 3, and 10 km distance from the coastline, were sampled perpendicular to the coast (Figure 1). Stations depth ranged from 6 to 372 m (Supplementary Table S1). Samplings were carried out during morning hours to minimize the possible differences among stations due to the diel variability. A Seabird25 CTD was used to obtain vertical profiles of temperature and salinity along the water column. Due to a breakdown and change of R/V some very shallow stations could not be sampled during the spring 2012 cruise.
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FIGURE 1. Transects location map in the W Mediterranean Sea (AG: Algeciras, AL: Almería, CT: Cartagena, CU: Cullera, DE: Delta del Ebro, LL: Llobregat, MA: Málaga, MM: Mar Menor, ST: Sotogrande, VA: Valencia).




Chlorophyll a

Niskin bottles (10 L) were used to collect water samples from surface to 40 m depth at 10 m intervals and an additional bottle was deployed near the bottom at each station. When bottom depth was less than 10 m, surface and near-bottom bottles were deployed. For the analysis of chlorophyll a (Chl a), 1 L of seawater was filtered through a GF/F Whatman filter (pore size 0.7 μm). The filters were immediately frozen at −20°C until their transfer to the laboratory. The concentration of Chl a (μg⋅L–1) was determined by spectrophotometry after extracting the pigments in 90% acetone overnight at 4°C (SCOR-UNESCO, 1966). Chl a data are presented as water column average from surface to 40 m depth or to near the bottom when stations were shallower than 40 m. Additionally, satellite Chl a concentrations (30 days moving mean) in the NW Alboran (ALB) Sea from January 2011 to December 2012 was calculated from daily images of MODIS-Aqua. The latter were processed as described in Gómez-Jakobsen et al. (2018), including the use of the SMED algorithm specifically developed for the study area.



Zooplankton

Zooplankton sampling was carried out by vertical hauls with a WP2-double net of 200 μm mesh size. Samples were fractionated on deck with sieves to obtain size classes of 200–500, 500–1000, and >1000 μm. Each fraction was quickly rinsed with filtered seawater on the corresponding mesh (to remove phytoplankton and smaller than desired zooplankton) and frozen in liquid nitrogen for later measurement of ETS activity, AARS activity, and protein content.

In the laboratory, frozen zooplankton samples were homogenized before the assays with Tris-HCl buffer (20 mM, pH 7.8) in an ice bath. Aliquots of each zooplankton sample homogenate were taken to determine ETS and AARS activities, and protein content. Homogenates were centrifuged (10 min, 8000 r/min, 0°C) and the AARS activity, as a proxy for somatic growth, was assessed on 250 μL of supernatant following Yebra and Hernández-León (2004) modified by Yebra et al. (2011). Enzyme activity was monitored for 10 min at 25°C. AARS activities were calculated as in Herrera et al. (2017) and corrected for the in situ field temperature by applying an activation energy of 8.57 kcal⋅mol–1 (Yebra et al., 2005) to the Arrhenius equation. Then, ETS activity, as proxy for potential respiration, was assayed on 100 μL of sample supernatant following Owens and King (1975). INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride] formation was read continuously for 8 min at 20°C as in Packard and Christensen (2004). ETS activity was calculated as in Maldonado et al. (2012) and corrected for the in situ field temperature using the Arrhenius equation with an activation energy of 15 kcal⋅mol–1 (Packard et al., 1975). Finally, zooplankton biomass was assessed as protein concentration (mg protein⋅m–3) following the bicinchoninic acid (BCA) assay (Smith et al., 1985), using a Pierce BCA protein assay kit and bovine serum albumin (BSA) as standard. In order to compare metabolic rates among stations and cruises, ETS and AARS activities were biomass standardized by dividing each sample enzyme activity by its protein content; in Section “Results,” these variables are always expressed in protein-specific units (hereafter spETS and spAARS).



Small Pelagic Fishes

We gathered published and unpublished landings and landings per unit effort (LPUE) data of the commercially exploited SPF species Sardina pilchardus (Torres et al., 2019a, b) and Engraulis encrasicolus (Giráldez et al., 2019b, c) caught by the Spanish purse seine fisheries in ALB and MED from 2004 to 2018. Other SPF species as Sardinella aurita, Trachurus mediterraneaus, Trachurus trachurus, Trachurus picturatus, Scomber scombrus, and Scomber colias are also captured by these purse seiners (SIRENO database, Spanish Institute of Oceanography, IEO). However, these species are not the primary objective of the fishery and are sometimes captured on demand, either as bait or food for larger fishes. Data on each SPF species distribution and maximum contribution to the fisheries catches were obtained from November to December cruises within the ECOMED pelagic acoustic surveys, from 2004 to 2009, covering our study area depth range from 30 to 200 m (PELMED project, IEO).



Statistical Analyses

Pearson correlations were performed to assess the relationships between the variables analyzed. Student’s tests were performed to determine differences (p < 0.05) between hydrographical zones and years for each variable. Pearson correlations were carried out to explore the relationship between SPF LPUE and zooplankton mean biomass per transect. These analyses were performed with the software package Statistica 7 (Statsoft, Inc., 1984–2005). In order to assess the factors controlling the distribution of zooplankton during each cruise, principal component analyses (PCAs) were performed. The PCA was conducted on the environmental variables and biomass of the different fractions of zooplankton by using the R-packages FactoMineR and factoextra (Lê et al., 2008). The representation quality of the variables on the two first principal components was assessed from cos2. The most significant associations among variables within the two first principal components were determined by analyzing their contributions and the statistical significance of the correlations.



RESULTS


Hydrography

During autumn 2011, averaged sea surface temperature (SST, 0–5 m) varied between 15.6 (DE) and 18.9°C (AL) (Figure 2A). Averaged surface salinity (SSS, 0–5 m) ranged from 36.4 (ST) to 38.0 (LL) (Figure 2B). In spring 2012, surface temperature ranged from 13.1 (LL) to 15.6°C (DE) and salinity varied from 36.8 (MA) to 38.3 (LL). Temperature and salinity correlated positively in autumn 2011 (r = 0.47, p = 0.002, Supplementary Table S2) but negatively in spring 2012 (r = −0.55, p = 0.000), while no relationship was obtained in autumn 2012. Both variables were significantly different in the westernmost stations (AG to MA) compared to the easternmost stations (AL to LL) during both autumn samplings. In spring, salinity was also significantly different between ALB and MED but temperature differences were not significant (Table 1). Based on these results, we defined two zones within our study area: ALB coast (AG to MA transects, hereafter ALB) and MED coast (AL to LL transects, hereafter MED). The hydrographic zone ALB coincides with the western part of the FAO CGPM Geographical Sub-Area GSA01 (Northern Alboran Sea) whereas the hydrographic zone MED includes the FAO GSA06 (Northern Spain) and the eastern part of GSA01 (AL-CT). SST during autumn 2012 was significantly lower than in 2011, either in ALB (15.95 ± 0.34 vs. 16.56 ± 0.26°C) and in MED (15.30 ± 1.08 vs. 17.37 ± 1.04°C, Table 1).
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FIGURE 2. Average sea surface (0–5 m) (A) temperature (°C) and (B) salinity distribution from AG to LL at 0.5, 1, 3, and 10 km distance from the coast in autumn 2011, spring 2012, and autumn 2012. Transect codes as in Figure 1.



TABLE 1. Mean values (±SD) of sea surface temperature (SST, °C), salinity (SSS), total chlorophyll a (Chl a, μg⋅L–1), size-fractionated (200–500, 500–1000, >1000 μm), and total (>200 μm) zooplankton biomass (B, mg protein⋅m–3), spETSsitu (μL O2⋅mg prot–1⋅h–1), and spAARSsitu (nmol PPi⋅mg prot–1⋅h–1) activities at each hydrographic zone during autumn 2011, spring 2012, and autumn 2012.
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Chlorophyll a

Chl a presented higher and more variable values in spring than in both autumns (Figure 3). Chl a concentrations were significantly higher in ALB than in MED both in autumn 2011 and spring 2012 (Table 1). In autumn 2012, mean Chl a concentration in ALB was lower than the previous year, but not significantly, and no differences in Chl a were found between the two hydrological zones (Table 1). In autumn 2012, we also observed relatively high Chl a values (2–3 μg L–1) in the most coastal station of DE and along the entire AL transect. In all cruises, Chl a concentration was negatively correlated with salinity (r = −0.47 to −0.59, p < 0.002). Chl a was significantly correlated with temperature only during autumn 2011 (r = −0.46, p = 0.003, Supplementary Table S2). Satellite Chl a concentration in ALB during the month prior the samplings was higher in autumn 2012 (ca. 0.5 mg⋅m–3) than in autumn 2011 (ca. 0.4 mg⋅m–3) when the pigment concentration did not depart significantly from the value obtained the month prior to the spring 2012 sampling (Supplementary Figure S1).
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FIGURE 3. Mean (±SD) chlorophyll a (μg⋅L−1) distribution from AG to LL at 0.5, 1, 3, and 10 km distance from the coast in autumn 2011, spring 2012, and autumn 2012. Transect codes as in Figure 1.




Zooplankton Biomass

In autumn 2011, total zooplankton biomass was significantly higher in ALB than in MED (Table 1), showing peaks at the more coastal stations of ST and MA and decreasing values toward MED (Figure 4). Averaged total biomass recorded in ALB was fivefold higher (3.98 ± 2.86 mg prot⋅m–3) than in MED (0.73 ± 0.51 mg prot⋅m–3). This difference was driven by the 200–1000 μm fraction (Table 1). In 2012, the total zooplankton biomass mean was higher in spring than in autumn (Table 1), both in ALB (9.41 ± 8.99 mg prot⋅m–3) and MED (2.99 ± 2.12 mg prot⋅m–3), with a maximum value in ST (23.71 mg prot⋅m–3, Figure 4). As in autumn 2011, significant differences between ALB and MED were observed in the <1000 μm zooplankton biomass fractions and in the total biomass (Table 1). Opposite to this pattern, in autumn 2012 no significant differences in zooplankton biomass were found between the two zones (Table 1). Total zooplankton biomass mean in ALB (0.86 ± 0.64 mg prot⋅m–3) was significantly lower than in autumn 2011, but in MED there were no differences between autumns (0.62 ± 0.43 mg prot⋅m–3, Table 1). Coast to offshore decreasing gradients in total biomass were observed in all sampling areas during autumn 2011 and spring 2012, in contrast with autumn 2012, when biomass minima were obtained in shallow stations of ALB (Figure 4). Total zooplankton biomass did not correlate with its community spETS rates in any cruise (p > 0.05, Supplementary Table S2). Zooplankton biomass and spAARS activities were correlated only in spring 2012 (r = −0.60, p = 0.000).
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FIGURE 4. Total mesozooplankton biomass (>200 μm, mg prot⋅m−3) distribution from AG to LL at 0.5, 1, 3, and 10 km distance from the coast in autumn 2011, spring 2012, and autumn 2012. Transect codes as in Figure 1. Note differences in the y-axis scale among plots.




Zooplankton Metabolism

Specific ETS and AARS activities presented no significant differences between ALB and MED regions during the study period (Table 1). In autumn 2011, we observed peaks of spETS activity in both regions, with minimum values in MA and AL (Figure 5A). In contrast, in autumn 2012, spETS distribution was highly variable, with mean values significantly higher than in 2011 for all the size fractions (Table 1). The lowest zooplankton specific ETS rates were found in spring (Table 1). Opposite to spETS, specific AARS activity was higher in MA and AL during autumn 2011 and spring 2012, but not in autumn 2012 (Figure 5B). However, there were no differences in spAARS between autumn 2011 and 2012, except for the >1000 μm fraction in MED (Table 1). Enzyme activities did not present a clear coastal-offshore gradient as occurred with biomass, although rates were higher in the coastal stations (0.5 and 1 km) than in the offshore ones (10 km distance to the shore, Figure 5). There were no significant correlations between spETS or spAARS and environmental variables in any of the three cruises (p > 0.05, Supplementary Table S2).
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FIGURE 5. Mesozooplankton community (A) spETSsitu (μL O2⋅mg prot−1⋅h−1) and (B) spAARSsitu (nmol PPi⋅mg prot−1⋅h−1), from AG to LL at 0.5, 1, 3, and 10 km distance from the coast in autumn 2011, spring 2012, and autumn 2012. Transect codes as in Figure 1.




SPF Biomass

Autumn captures of anchovy in the N Alboran Sea (GSA01) were at its lowest in 2012, whereas sardine landings were significantly higher in 2012 with respect to the previous year (Figure 6). Combining Spanish purse seine landings of sardine and anchovy from 2004 to 2018, we observed that total annual landings in GSA06 were between 2.3 and 6.1 folds higher than in GSA01, being threefold higher in 2011–2012 (Figure 7A). Also, LPUE were 1.4 to 3.0 folds lower in GSA01 than in GSA06 from 2008 to 2018, with a mean ratio of 1.8 during our study (Figure 7B). Spatial distribution of sardine and anchovy LPUE along the Spanish coast during our study (November 2011 and 2012, and March 2012) presented maximum values within ALB (ST and MA), followed by AL and LL in MED (Figure 8B). Unfortunately, for several locations within MED (CU, VA, DE), there were no purse seine fisheries coinciding with our samplings. The lack of purse seiners in these locations indicates areas of very low abundance of SPF, with the exception of MA, where a voluntary closed season of the fishery in March 2012 led to the data gap in spring 2012.
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FIGURE 6. Interannual variability (2009–2018) in European sardine (Sardina pilchardus) and European anchovy (Engraulis encrasicolus) (A) landings (ind⋅106) and (B) LPUE (tons⋅d−1) in GSA01 during November (circles) and December (squares).
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FIGURE 7. Interannual variability (2004–2018) of combined European sardine (Sardina pilchardus) and European anchovy (Engraulis encrasicolus) (A) landings (tons) and (B) LPUE (kg⋅d−1) in GSA01 and GSA06.
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FIGURE 8. Distribution from AG to LL of (A) mean mesozooplankton biomass (>200 μm, mg prot⋅m−3), (B) combined European sardine (Sardina pilchardus) and European anchovy (Engraulis encrasicolus) LPUE (kg⋅d−1), and (C) Pearson correlations between zooplankton biomass and SPF LPUE in autumn 2011, spring 2012, and autumn 2012. ns: p > 0.05, ∗∗p ≤ 0.01.




Zooplankton Driving Factors

The relationships between environmental variables and zooplankton biomasses were assessed by means of PCAs conducted either on the whole pooled dataset and for each cruise separately. All variables contributed significantly to the first principal component (PC1) extracted when all cruises were analyzed together (Figure 9A), although the biological variables were the main contributors. Therefore, this component grouped the samples mainly depending on the zooplankton and phytoplankton biomass (Chl a). The second PC was mainly contributed by temperature and salinity, indicating that, overall, these hydrological variables had a less important role in determining the distribution of plankton biomass. This overall pattern was slightly modified when the data from each survey were analyzed separately. Biomass of the 200 μm zooplankton fraction, salinity, and Chl a were the main variables contributing to the first component extracted from the PCA conducted with the autumn 2011 data (Figure 9B). Accordingly, salinity correlated negatively with total zooplankton biomass in autumn 2011 (r = −0.66, p = 0.000). This PC1 discriminated the samples obtained in ALB from those collected in MED, suggesting that the correlation between biomass distribution and SSS is due to geographical distribution patterns rather than to a direct effect of the environmental variables on zooplankton growth. The zooplankton fraction larger than 1000 μm was the most important variable contributing to PC2, which discriminated samples mainly according to their latitudinal position; SST and SSS did not contributed significantly to this PC. In autumn 2012, the main variables contributing to PC1 (which also discriminated the samples from ALB and MED) were the three zooplankton size fractions and SSS (Figure 9D). SST and Chl a were the only variables that significantly contributed to PC2, indicating that these variables had a less important role in determining the distribution of zooplankton biomass. This lack of correlation between SST and zooplankton biomass distribution is also clearly shown in the biplot of the PCA performed with the spring 2012 samples (Figure 9C). This PCA also shows that Chl a and zooplankton biomass were weakly correlated. As in autumn 2011, spring PCA discriminated some samples collected at ALB featuring high biomass of zooplankton.
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FIGURE 9. Scores biplot for the environmental variables (temperature, salinity, chlorophyll a, and zooplankton biomass) and samples of the two first principal components (PC1 and PC2) obtained with the PCAs performed for (A) the overall pool of samples (all cruises), (B) autumn 2011, (C) spring 2012, and (D) autumn 2012. The total variance explained for each PC is shown as well as the clusters of samples obtained in ALB and the northern (N-MED) and southern parts (S-MED) of MED.


Temperature did not correlate with zooplankton metabolic rates in any of the cruises (p > 0.05, Supplementary Table S2). In autumn 2011, Chl a was positively correlated with total zooplankton biomass (r = 0.37, p = 0.018). In contrast, Chl a did not correlate with zooplankton spETS or spAARS rates (p > 0.05, Supplementary Table S2). Note that there were significant correlations between metabolic rates and the scores of the samples for PC1 or PC2 obtained from the PCAs described above.

Zooplankton mean biomass per transect (Figure 8A) showed a positive significant correlation with combined sardine and anchovy LPUE (Figure 8B), as proxy of SPF biomass, in spring 2012. However, the correlations were weak and non-significant in autumn 2011 and 2012, and the relationships were different for each cruise (Figure 8C).



DISCUSSION


Hydrographic Zonation

Based on salinity and temperature, we defined two zones within our study area: ALB and MED. This coastal zonation is consistent with previous studies showing significant differences in plankton productivity between NW and NE Alboran coastal waters (Mercado et al., 2016; Yebra et al., 2017b; Quintanilla et al., 2020). Differences between zones are driven by the lower temperature and salinity of the surface ALB Sea waters, compared to the rest of the MED Sea. This spatial pattern is due to the inflow of Atlantic surface waters through the Strait of Gibraltar, which are colder and less saline than the Mediterranean waters. The Alboran Sea is a transition zone between the Atlantic Ocean and the Mediterranean Sea (Heburn and La Violette, 1990; Viúdez et al., 1998; Vargas-Yañez et al., 2002). The influx of Atlantic surface waters and outflow of deep Mediterranean waters through the Strait of Gibraltar promotes intense heterogeneous gradients. In the eastern limit of the Alboran basin (Almeria transect, AL), we observed a steep difference in temperature and salinity coinciding with the probable location of the Almeria-Oran front (Viúdez et al., 1998). This front is originated by the subduction of the Mediterranean waters from the East (denser) under the Atlantic origin surface waters from the West (Parrilla and Kinder, 1987; Echevarría et al., 2002; Mercado et al., 2005).

During autumn, temperature and salinity differences between the ALB basin and the MED Sea were marked, as the largest inflow of Atlantic water occurs during this seasonal period. However, in spring, salinity in Alboran increased with respect to autumn, due to vertical mixing and upwelling of Mediterranean water (Lafuente et al., 1998). Within the MED, northern waters presented lower autumn temperatures than the southern masses, as a result of the increasing latitude. It is worth noting that Delta del Ebro (DE) stations showed particularities, due to the influence of the Ebro river discharge in the coastal area. The riverine discharge modified the coastal hydrography, with low salinity throughout the year, and promoted increased coastal Chl concentration in autumn 2012. During that cruise, relatively high Chl levels were also recorded in Almeria Bay, coupled with lower than expected surface salinities from Almeria to Mar Menor offshore waters. However, these differences were not reflected in the zooplankton community biomass as indicated by the PCAs.



Zooplankton in the MED Coast

The Mediterranean Sea is characterized for being an oligotrophic basin except for some areas including the Spanish NW Mediterranean that is relatively productive (Estrada and Margalef, 1988; Siokou-Frangou et al., 2010). We observed lower chlorophyll concentrations in MED waters than in ALB throughout the year (except in autumn 2012), with maxima in spring due to the breaking of the thermocline and subsequent vertical mixing of deep waters, which load the surface layer with nutrients (Estrada, 1996). The coastal current running NE–SW (Salat, 1996) presents a permanent slope density front at its outer margin (Castellón et al., 1990) in which offshore edge the generally cyclonic circulation promotes upwelling of high salinity waters. Also, the presence of submarine canyons modifies the front, advecting nutrient-enriched deep waters to the coast (Alvarez et al., 1996). In autumn 2011 and spring 2012, we found lower zooplankton biomass in MED than in ALB, possibly due to the typically more oligotrophic conditions. The limitation of phytoplankton growth by nutrients would in turn affect the zooplankton growth and therefore its biomass standing stock is expected to be low. The zooplankton biomass recorded in our study agrees with the range of values previously observed in these waters (Champalbert, 1996; Calbet et al., 2001; Alcaraz et al., 2007), showing the expected seasonal variability with high biomass following the spring phytoplankton bloom. However, the differences in biomass between MED and ALB were not reflected in the metabolism of the zooplankton community, as their biomass-specific ETS and AARS activities were similar in both regions. Also, in Almeria (AL) spring growth rates were higher than expected by looking at the Chl a concentrations. This might be due to the positive effect of turbulence originated by the Almeria-Oran front (Gaudy and Youssara, 2003). The significantly lower biomass and Chl a found in MED compared to ALB during autumn 2011 and spring 2012 support the assumption that low zooplankton biomass in MED is due to food limitation. Moreover, in autumn 2012, when Chl a was similar in ALB and MED, the zooplankton biomass was also low in both areas. In this sense, it is worth noting that mesozooplankton prey mostly on microzooplankton, rather than on phytoplankton, especially in oligotrophic environments where heterotrophic protists dominate (Calbet, 2008). Nevertheless, a delayed effect of Chl a on zooplankton would be expected. However, zooplankton respiration and growth rates were as high in MED as in the more eutrophic waters of ALB, indicating that zooplankton metabolism was not limited in MED. Our results are in agreement with previous studies showing high field zooplankton respiration rates in the region (Alcaraz et al., 2007; Herrera et al., 2014). Similarly, Minutoli and Guglielmo (2009) found increasing ETS activities from West (ALB) to East (MED), suggesting that temperature differences between regions played an important role in shaping metabolic rates. During our study, averaged surface temperatures were higher in MED than in ALB, except during autumn 2012 when they were lower. Nevertheless, respiration rates were similar between regions through the study, and were higher in autumn 2012 than in 2011 despite that temperature decreased in 2012 (Sánchez et al., 2017). The PCA further supported the absence of relationships between environmental variables and zooplankton biomass. These results suggest that other factors not considered so far must play an important role precluding the development of larger zooplankton stocks in the NW Mediterranean coastal waters.



Zooplankton in the ALB Coast

Opposite to MED, plankton productivities in ALB are known to be among the highest of the Mediterranean Sea (Mercado et al., 2007; Yebra et al., 2017b) favored by the wind-driven coastal upwelling and the front system in the north of the Western Anticyclonic Gyre (WAG, Sarhan et al., 2000). During our study, Chl a values were high and the spring bloom was prominent. Zooplankton biomass in autumn 2011 and spring 2012 was within the range of expected values for the region (Sampaio de Souza et al., 2005; Quintanilla et al., 2015; Yebra et al., 2017b), and higher than in other areas of the Spanish Mediterranean (Camiñas, 1983; García and Camiñas, 1985; Champalbert, 1996). However, in autumn 2012, zooplankton biomass was significantly lower than expected and comparable to MED typical values.

Several factors may explain the low zooplankton biomass observed in autumn 2012 in ALB. A significant decrease in sea surface temperature was recorded that year (Sánchez et al., 2017). In autumn 2012, mean surface temperature in ALB was 0.6°C lower than in 2011, and much lower than typical values for that season (18.2°C; Sampaio de Souza et al., 2005). However, zooplankton respiration rates were higher in 2012 than in 2011 and their growth rates did not present significant differences between years. Therefore, the decrease in temperature would not explain a reduced biomass development of the zooplankton community during autumn 2012. In addition, as observed in the MED, there were no differences in Chl a concentrations between the two autumns. Besides, satellite Chl a in ALB showed higher concentrations in autumn 2012 than in 2011, prior and during the cruises, indicating that the low zooplankton biomass in ALB during 2012 was not due to food limitation. Finally, the possibility of a top-down control of the zooplankton biomass by predators was considered. The bay of Malaga, where the decrease in zooplankton biomass was more intense, is an important fish spawning area, with high larval and juvenile concentration of SPF such as the European sardine (S. pilchardus) and European anchovy (E. encrasicolus). Unfortunately, there are no continued complete records of field SPF abundances in the region covering our study period (Giráldez et al., 2019b; Torres et al., 2019a). The SPF monitoring surveys sample transects from 30–200 m depth. However, acoustic data show that most of SPF schools are concentrated in the shallow waters of the narrow continental shelf (0–50 m), thus field SPF populations are not entirely accounted for Giráldez et al. (2019a). Alternatively, the adult landings of both species were used as an indicator of potential concentration of zooplankton predators in the area. European sardine begins to reproduce in autumn (Abad and Giráldez, 1993). The peak of sardine captures in the weeks prior to the autumn 2012 cruise (Figure 6) was mainly composed of individuals younger than one year (class year 0) but that were already starting to reproduce (SIRENO database, IEO). Sardines predominantly reproduce in autumn and are known to prey preferentially on zooplankton (mainly copepods, Morote et al., 2010; Yebra et al., 2019). Thus, we suggest that the four to fivefold lower mesozooplankton biomass observed in autumn 2012 may be consequence of a high mortality by predation of SPFs, namely, European sardine, on small crustaceans (mostly within the 200–1000 μm size fraction). Although other SPF species may also prey on zooplankton during autumn, S. pilchardus was the most abundant in that period. Our results showed that the low zooplankton production observed in ALB in autumn 2012 was not caused by a growth limitation driven by environmental factors. Instead, we propose that most of the zooplankton production would have been consumed by upper trophic levels (i.e., top-down control), resulting in unexpected low biomass in the ALB coastal waters.



Zooplankton Standing Stock Control in the Western Mediterranean Coastal Waters

Assuming that a twofold increase in abundance of a single predator species caused the significant decrease in the coastal zooplankton standing stock during autumn 2012 in ALB, could the recurrently low zooplankton biomass observed in MED be also driven by SPF top-down control? To address this question, the landings of potential predators in both areas were analyzed. Landings of S. pilchardus and E. encrasicolus account from 40–53 up to 75–90% of the total SPF landings, in GSA01 and GSA06, respectively (Giráldez et al., 2019a). Furthermore, species captured with purse seine in the Mediterranean Spanish waters are known to be preferentially zooplanktivorous during their entire life cycle (Supplementary Table S3), and their distribution (i.e., bottom depth and distance to the coast) matches that of our plankton samplings (Supplementary Table S3). Based on this information, we used combined European sardine and European anchovy landings and LPUE as indicator of these species abundance in our study area. Given that in either regions studied the fishing gear is common and that there are no fishing quotas in the Mediterranean Sea, we assumed that LPUE data from both GSAs are comparable. Thus, we observed that the field SPF abundance in GSA06 has been consistently double than in GSA01 for the past decade (Figure 7). This higher predation pressure in GSA06 would explain the recurrently low zooplankton biomass and abundance recorded in the NW waters compared to the SW basin (Siokou-Frangou et al., 2010 and the references therein).

This study assessed zooplankton metabolic rates rather than biomass stock and/or abundance alone. This approach has allowed, for the first time in the NW Mediterranean, to discern the influence of environmental factors on the two components of zooplankton production separately (namely, biomass and growth rate). Previous studies have shown a good correlation between Chl a and mesozooplankton biomass in the Alboran Sea (Yebra et al., 2017b). Both our environmental and metabolic results indicate that zooplankton growth and production rates were not limited in the Spanish Mediterranean coastal waters. Instead, we hypothesize that mortality by predation of SPF zooplanktivorous species may be the main factor controlling zooplankton biomass accumulation. This is in agreement with previous works in the NW Mediterranean showing that the seasonal phytoplankton bloom had little effect on zooplankton abundance (Calbet et al., 2001; Fernández de Puelles et al., 2007). Also, the latter authors proposed the high concentration of sardine larvae in winter as one of the main causes explaining the low zooplankton numbers found in the bay of Blanes.

If the MED region ecosystem is at its maximum carrying capacity, and the plankton production is rapidly consumed, any variation in the planktonic community may trigger changes in the entire food web. Brosset et al. (2016, 2017) and Saraux et al. (2019) proposed that the recent decrease in condition and size of anchovy and sardine in the NW Mediterranean would be driven by changes in the zooplankton communities (bottom-up control). Our work, proposing a top-down control hypothesis, adds further evidence of the strong link between coastal zooplankton and SPF species. Therefore, small changes in the Mediterranean zooplankton communities may have a significant impact on the success of commercially important SPF species and vice versa (Mercado et al., 2007; Quintanilla et al., 2015, 2020; Basilone et al., 2020). Observations indicate that the zooplankton biomass remains higher in ALB than in MED (Yebra, unpubl. data), and that SPF stocks decline started later in ALB than in MED (Brosset et al., 2017). These facts would suggest that the intense hydrodynamics in the Alboran Sea may allow a higher carrying capacity of this basin and/or a higher plasticity and resilience of the pelagic populations of both plankton and SPF than in the NW Mediterranean. Concomitant monitoring of the planktonic communities and their predators is required to elucidate further the relationship between coastal zooplankton variability and SPF success in these waters. This approach would provide essential information to be incorporated into management models of small pelagic fisheries in the Western Mediterranean Sea.
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