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Abstract :   
 
Anchovy (Engraulis ringens) is the most important exploited fish species in the Northern Humboldt Current 
System (NHCS) off Peru. This species, as well as most other pelagic resources, mainly forage on 
zooplankton. The NHCS is bottom-up controlled at a variety of scales. Therefore, fish biomass is driven 
by the abundance of their prey. In this context, we studied the spatiotemporal patterns of zooplankton 
biomass in the NHCS from 1961-2012. Data were collected with Hensen net all along the Peruvian coast. 
To transform zooplankton biovolume into biomass we used a regression that was calibrated from 145 
zooplankton samples collected during four surveys and, for which, precise information was available on 
both biovolume and wet weight. The regression model was then applied on a time-series encompassing 
158 cruises performed by the Peruvian Institute of the Sea (IMARPE) between 1961 and 2012. We 
observed a clear multidecadal pattern and two regime shifts, in 1973 and 1992. Maximum biomass 
occurred between 1961 and 1973 (61.5 g m−2). The lowest biomass (17.8 g m−2) occurred between 1974 
and 1992. Finally, the biomass increased after 1993 (26.6 g m−2) but without reaching the levels observed 
before 1973. A seasonal pattern was observed with significantly more biomass in spring than in other 
seasons. Spatially, zooplankton biomass was higher offshore and in northern and southern Peru. 
Interestingly, the zooplankton sampling was performed using classic zooplankton net that are well fitted 
to mesozooplankton and are known to underestimate the macrozooplankton; however, the spatiotemporal 
patterns we observed are consistent with those of macrozooplankton, in particular euphausiids. This 
suggests that in the NHCS, when and where macrozooplankton dominates it also dominates the biomass 
obtained using classic zooplankton net samples. Finally, until now, in the NHCS only time-series on 
zooplankton biovolume were available. The biomass data we provide are more directly usable in trophic 
or end-to-end models. 
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1. Introduction 44 

 45 

The Northern Humboldt Current System (NHCS) off Peru produces more fish per 46 

surface unit than any other marine ecosystem (Chavez et al., 2008). This system is 47 

characterised by an intense and shallow oxygen minimum zone (OMZ), which structures 48 

the ecosystem (Bertrand et al., 2011, 2014; Savatteci et al., 2019). The exceptional fish 49 

productivity observed since the early 20th century (Gutiérrez et al., 2009; Salvatteci et al., 50 

2018, 2019) is maintained by the upwelling of cold, nutrient-rich, low-oxygen, subsurface 51 

waters, concentrating life in a thin surface layer (Bertrand et al., 2014). This system is also 52 

sustained by weaker winds than other upwelling systems due to the low latitude of the 53 

region and hence greater Coriolis factor per given amount of turbulence (Bakun and 54 

Weeks, 2008). The main fishery resource is the Peruvian anchovy (Engraulis ringens), 55 

which account for 65% of worldwide anchovy production (Eurofish, 2012) and supports 56 

more than 90% of the GDP (Gross Domestic Product) of the Peruvian fishery sector (INEI, 57 

2013). Anchovy is central not only because it constitutes the backbone of Peruvian fishery 58 

exports, but also by the role it plays in the food chain (e.g. Espinoza and Bertrand, 2008). 59 

For a long time, it was thought that anchovy was foraging directly on phytoplankton and 60 

that such short food web was responsible for the high productivity of the system (Ryther, 61 

1969; Walsh, 1981). However, recent studies demonstrated that anchovy, as well as other 62 

pelagic species such as sardine (Sardinos sagax), jack mackerel (Trachurus murphyi) and 63 

mackerel (Scomber japonicus), are mostly zooplanktivorous (Espinoza and Bertrand, 2008, 64 

2014; Espinoza et al., 2009; Alegre et al., 2015).  65 

As in many other pelagic upwelling systems (e.g. Lindegren et al., 2016), the 66 

NHCS is bottom-up controlled at a variety of spatiotemporal scales ranging from the 67 

internal-wave scale (minutes - 100 m–1 km) to millennial scales (Chavez et al., 2008; 68 



Gutiérrez et al., 2009; Ayón et al., 2011; Bertrand et al., 2011, 2014; Salvatteci et al., 2014, 69 

2019). Consequently, even if fish foraging can lead to local zooplankton depletion (Ayón 70 

et al., 2008b), changes in zooplankton biomass and composition directly impact higher 71 

trophic levels (Ayón et al., 2011; Bertrand et al., 2011; Alegre et al., 2015). Some studies 72 

already focused on the temporal trends in zooplankton biovolumes in the NHCS. 73 

Specifically, Ayón et al. (2004) and Ayón and Swartzman (2008) analysed the 74 

spatiotemporal trends in zooplankton biovolumes in the period 1964-2005 and identified 75 

four time regimes: high zooplankton biovolume prior to 1974.5, lower biovolume from 76 

1974.5–1989.5, and average biovolume during 1989.5–1997.5 and 1997.5–2005. Each 77 

regime was also associated with different spatial and seasonal patterns of zooplankton 78 

biovolume.    79 

To complete previous works, here we extend the series from Ayón et al. (2004) to 80 

the period 1961 – 2012 and express the zooplankton data in term of biomass instead of 81 

biovolume to be more directly applicable in energetic studies and trophic models. Also, we 82 

only use night data to better represent the total zooplankton biomass since most 83 

zooplankton diel migrate and take refuge within the OMZ at day (e.g. Ballón et al., 2011). 84 

With such data, we first examined decadal scales to identify possible regime shifts, but also 85 

studied the seasonal patterns to compare with previous studies. Second, we described the 86 

change in the spatial patterns of zooplankton distribution among decadal periods and 87 

seasons. Finally, previous published zooplankton time-series and this study are based on 88 

the use of classic zooplankton net (mesh size: 300 µm) that are fitted to observe 89 

mesozooplankton but are known to underestimate the macrozooplankton (e.g., Fleminger 90 

and Clutter, 1965). However, off Peru most pelagic fish take the bulk of their energy from 91 

macrozooplankton (Espinoza and Bertrand, 2008; Espinoza et al., 2009, Alegre et al., 92 



2015). We therefore discuss if the image of the zooplankton community we provide is 93 

consistent with macrozooplankton abundance.  94 

 95 

2. Materials and Methods 96 

 97 

Data were collected all along the diel cycle during 158 scientific surveys carried 98 

along the Peruvian coast by the Peruvian Institute of the Sea (IMARPE) between 1961 and 99 

2012 (Fig. 1). Survey data covered the region up to 200 km from the coast but more than 100 

95% of the data were collected within the first 100 km from the coastline. Zooplankton 101 

samples were collected by means of Hensen nets of 0.33 m2 mouth area with 300 µm 102 

mesh, in vertical hauls from 50 m depth up to the surface. The zooplankton biovolume (ml) 103 

was determined immediately after collection using the displacement method (Frolander, 104 

1954, 1957; Kramer et al, 1972). Ichthyoplankton, that can damage other zooplankton 105 

individuals, and large coelenterates (>2 cm), that could bias the conversion from 106 

biovolume to biomass, were removed before determining the biovolume (Postel et al., 107 

2000 Ayon et al., 2004). Samples were then fixed with 2% formaldehyde buffered with 108 

borax. 109 

Here, to estimate the total zooplankton biovolume and biomass we only considered 110 

the 7538 plankton samples collected during the night. Indeed, diel vertical migration is a 111 

major feature in zooplankton (e.g. Haury et al., 1978). Off Peru, most abundant 112 

zooplanktonic species perform diel vertical migration (Ayón et al., 2008a). Ballón et al. 113 

(2011) estimated that 79% of macrozooplankton biomass vertically migrate and take 114 

refuge in the oxygen minimum zone during the day (Bertrand et al., 2008, 2014, Ballón et 115 

al., 2011). Finally, pelagic fish are adapted to this pattern since they can fit their foraging 116 

period and duration to prey availability in the surface layer (Espinoza and Bertrand, 2008).  117 



The biovolume (in ml) of each zooplankton sample was converted into total 118 

biovolume (in ml m-2) using the mouth area of the net (0.33 m2). To convert this total 119 

biovolume into wet weight biomass (in g m-2) we used the following equation (Wiebe et 120 

al., 1975; Wiebe, 1988):  121 

Log (DV) = a WW + b,  122 

where DV is the displacement volume or biovolume (in ml m-2) and WW the wet weight (in 123 

g m-2), and a (slope) and b (intercept) are the coefficients of the regression. To estimate the 124 

terms of the equation we used a set of 145 zooplankton samples from four surveys 125 

performed in 1996 (46), 1998 (30), 2000 (34) and 2003 (35), for which we fully estimated 126 

both the displacement volume and the wet weight. These data encompass a large range of 127 

conditions (e.g. extreme El Niño in 1998 and strong La Niña in 2000) to ensure robustness. 128 

This equation was further applied to the entire set of data to convert biovolume onto wet 129 

weigh biomass.  130 

The annual zooplankton biomass was estimated by averaging the different surveys 131 

performed in each year. To seek for significant shifts in zooplankton biomass between 132 

1961 and 2012 we applied the Chow test (Chow, 1960). 133 

To describe spatial variation among periods and seasons we interpolated the data 134 

with the ‘‘kriging’’ method using Surfer v.15.0. For spatial analysis, the Peruvian coast has 135 

also been divided into three latitudinal areas: A (03°30´S-05°59´S), B (06°00´S-13°59´S) 136 

and C (14°00´S-18°20´S) according to previous works on the spatial patterns of 137 

oceanographic conditions (e.g. Carrasco and Lozano, 1989),  oxygen concentration (e.g. 138 

Bertrand et al., 2010), primary productivity (e.g. Echevin et al., 2008),  zooplankton 139 

distribution (e.g. Ballón et al., 2011) and anchovy distribution (e.g. Simmonds et al., 2009).  140 

The biomass were compared by period (resulting from the Chow test), by area 141 

(areas A, B and C), by season (Spring, Summer, Autumn and Winter) and according to the 142 



ecological domain (Inshore, Offshore). Differences between factors were tested using an 143 

ANOVA. Before performing the analyses, we normalised the data by applying a Box-Cox 144 

transformation (Box and Cox, 1964).  145 

 146 

 147 

3. Results 148 

 149 

The a (slope) and b (intercept) terms of the biovolume-wet weight biomass 150 

equation were estimated to be 0.9896 and 0.016, respectively (r2 = 0.986) (Fig. 2). 151 

 152 

3.1. Spatiotemporal patterns at the decadal scale   153 

  154 

Mean annual zooplankton biomasses varied between 3.7 g.m-2 and 100.6 g.m-2. The 155 

lowest biomass was recorded in 1976 and the highest in 1967 (Fig. 3). Highest biomasses 156 

were found during the first years of our time series, these values progressively dropped in 157 

the early 1970s. Then, the biomass increased from the 1990s but without reaching the high 158 

values of the 1960s. Indeed, the Chow test depicted two significant regime shifts, in 1973 159 

and 1992. Differences between periods were highly significant (ANOVA p<0.0001). 160 

Maximum biomass occurred between 1961 and 1973 (mean 61.5 g.m-2). The lowest 161 

biomass (17.8 g.m-2) occurred during the second period between 1974 and 1992. Finally, 162 

the biomass was average (26.6 g.m-2) during the third period that began in 1993 (Fig. 3, 163 

Table 1).  164 

Spatially the zooplankton biomass presented different patterns according to the period (Fig. 165 

4, Table 1). During the first period (1961-1973), the biomass was significantly higher 166 



offshore than inshore (ANOVA, p <0.0001). This pattern was not observed in the 167 

following periods that had similar biomass offshore and inshore. 168 

The biomasses were significantly different between Areas (ANOVA, p<0.0001), 169 

being significantly higher in the north (area A) in all periods (Fig. 4, Table 1). The lower 170 

biomass was observed in centre-north (area B), except during the last period when biomass 171 

was similar between areas B and C (southern Peru).  172 

 173 

3.2. Spatiotemporal patterns at the seasonal scale 174 

 175 

Zooplankton biomass presented a significant seasonal (ANOVA, p<0.0001) pattern 176 

(Fig. 5) with a maximum in spring (48.3 g.m-2), a minimum in autumn (25.5 g.m-2) while 177 

summer and winter biomass were alike with 30.4 g.m-2 and 30.6 g.m-2, respectively (Table 178 

1). The seasonal differences we strongest during the first period than then after.  179 

In spring, when the highest biomass occur, the bulk of zooplankton was distributed 180 

offshore (Table 2). This difference was much lower in autumn when the estimated biomass 181 

was the lower (Table 2). The biomasses were higher in Area A in summer and autumn, 182 

while in spring and winter they were similarly distributed among the three areas (Fig. 6, 183 

Table 2). 184 

 185 

4. Discussion 186 

 187 

The two significant regime shifts observed in 1973 and 1992 are slightly different 188 

from those proposed by Ayón and Swartzman (2008) (1974.5, 1989.5 and 1997.5). These 189 

differences can be related to at least two aspects. First, contrarily to this study, they used 190 

both day and night data, which can confound the results since most zooplankton undergo 191 



diel vertical migration (Ballón et al., 2011). Second, our discrimination is based on 192 

biomass only when Ayón and Swartzman (2008) considered a variety of spatiotemporal 193 

factors including the diel cycle.  194 

However, the shifts we depicted are consistent with the semi-qualitative analysis 195 

performed by Ayón et al. (2011) that studied the relative dominance of different size-196 

classes of over 15,000 zooplankton data between 1963 and 2005. They showed that the 197 

temporal patterns of large zooplankton in general and euphausiids in particular, presented 198 

different periods, similar to those we observed considering the total biomass. They 199 

observed higher proportion of macrozooplankton before the mid-1970s and after the mid-200 

1990s. Macrozooplankton avoid nets, in particular small nets, because of both visual and 201 

mechanical disturbances (Fleminger and Clutter, 1965; Debby et al., 2004; Lawson et al. 202 

2008). The spatiotemporal patterns we observed are globally consistent with those of 203 

macrozooplankton, in particular euphausiids (Ayón et al., 2011; Ballón et al., 2011). 204 

Therefore, in the NHCS, when and where macrozooplankton dominates, it also dominates 205 

the biomass obtained using classic zooplankton net samples. This suggests that large 206 

organisms such as euphausiids and large copepods likely dominate the zooplankton 207 

biomass in the NHCS and govern our biomass time-series, but are underestimated by our 208 

sampling method. Ayón et al. (2011) showed that anchovy abundance was significantly 209 

correlated to macrozooplankton dominance, which is also partially represented in our time 210 

series. These results are also consistent with the fact that small pelagic fish forage on larger 211 

zooplankters in the NHCS when compared with other eastern boundary current systems 212 

(Espinoza et al., 2009). 213 

Interestingly, anchovy, which forage on zooplankton, showed a significant shift in 214 

1992 with an increase in abundance after this date that stabilised in the late 1990s 215 

(Gutiérrez et al., 2007). Alegre et al. (2015) also observed a shift in the diet composition of 216 



the jack mackerel in the early 1990s. Similarly, a copepod biomass (1988-2008) from 217 

northern Chile (Escribano et al., 2012) also showed a similar shift in 1992. Escribano et al. 218 

(2012) observed, however, a strong decline in copepod biomass during and after the 1997-219 

98 El Niño that we do not observe in our data. Finally, the regime shifts we observed are 220 

consistent with Bertrand et al. (2011) who showed that anchovy flourish under relatively 221 

low oxygen conditions that are also characterised by high macrozooplankton biomass. We 222 

conclude that a major re-structuring of the system occurred, therefore, in the early 1970s 223 

and 1990s. 224 

While we observed significant decadal shifts, extreme El Niño (e.g. 1982-83 and 225 

1997-98) or strong La Niña (e.g. 1975 or 2000) events did not appear to trigger these 226 

regime shifts. Similar observations were observed in a variety of ecosystem components 227 

with no evident effect (e.g. anchovy diet, Espinoza and Bertrand, 2008, or mackerel and 228 

jack mackerel diet, Alegre et al., 2015). As stated by Alegre et al. (2015), in this system, 229 

macrozooplankton abundance seem highly resilient to El Niño events (see also Brinton, 230 

1967 and Arones et al., 2009). 231 

 Ballón et al. (2011) reviewed the zooplankton biomass estimations of meso- and 232 

macrozooplankton in two upwelling systems, Antarctic and eastern Canada. Estimates in 233 

upwelling systems ranged between 3.5 and 113.8 g m-2 depending on the period or the 234 

system. For Peru, our estimates are higher than those from Ayón et al. (2004) converted 235 

into biomass by Ballón et al. (2011). This is likely due to the fact that we considered night 236 

samples only to provide a more robust estimation of the total biomass. Indeed, Ballón et al. 237 

(2011) estimated that ~79% of the macrozooplankton biomass perform diel migration and 238 

distribute in the deep layer during the day, out of range from the net sampling. Still, our 239 

estimations are far below the acoustic macrozooplankton biomass estimations from Ballón 240 

et al. (2011) (~100 g m-2 during the mid-2000). Therefore, the total zooplankton biomass is 241 



probably higher than our estimates but lower than the sum of our results and those of 242 

Ballón et al. (2011).  243 

Our biomass results are comparable with the estimates in southern HCS off Chile 244 

(Escribano et al., 2009) and with measurements in the California, Canaria and Benguela 245 

Current systems for the period of the 1960s (Cushing, 1971). They are, however, much 246 

higher than recent estimates in the California Current system (e.g. Lavaniegos and Ohman, 247 

2007).  248 

Spatially we observed significantly more zooplankton biomass offshore than 249 

inshore during the first period (1961-1973). However, this trend was not observed in the 250 

two most recent periods. This result is puzzling since macrozooplankton, biomass is much 251 

higher off the shelf break (Ballón et al., 2011). Indeed euphausiids are mainly distributed 252 

off the shelf where they use the oxygen minimum zone as a refuge area (Ballón et al., 253 

2011). On the other hand, the consistent higher biomass observed in northern Peru (zone 254 

A) and lower biomass in central-north Peru (area B) is consistent with the results of Ballón 255 

et al. (2011). In all areas, we observed a decline in biomass during 1973-1992 but this 256 

reduction was stronger in the northern and southern areas. 257 

Seasonally, we observed the highest zooplankton biomass in spring, rather low 258 

values in summer and winter and the lowest biomass in autumn, which is consistent with 259 

Ayón et al. (2008a). In northern Peru, Arones et al. (2009) observed higher zooplankton 260 

abundance in summer and autumn than spring. However, this study focused on a specific 261 

transect during a shorter period (1994-2004, with the exclusion of the El Niño-La Niña 262 

period ranging from Feb. 1997 to Nov. 1999).  Overall our results are consistent with the 263 

fact that spring-summer are the periods of highest primary productivity in the NHCS 264 

(Echevin et al., 2008; Passuni et al., 2016, 2018) and when the oceanic front is closer to the 265 

coast (Swartzman et al., 2008), concentrating overall productivity. 266 



 In conclusion, this study provides the first estimation of zooplankton biomass in the 267 

NHCS off Peru over a multi-decadal period. We depicted two significant regime shifts in 268 

1973 and 1992. The highest biomass occurred before 1973, the lowest during 1973-1992 269 

and average values then after. These shifts are consistent with other studies on zooplankton 270 

or forage fish (e.g. Gutiérrez et al., 2007; Ayón et al., 2011). Spatially, zooplankton 271 

biomass was higher offshore and in northern and southern Peru. Zooplankton biomass was 272 

also higher during spring than other seasons. Finally, until now, only time-series on 273 

zooplankton biovolume were available for the NHCS (Carrasco and Lozano, 1989; Ayón 274 

et al., 2004; Ayón and Swartzman, 2008).  The biomass data we provide here are more 275 

directly usable in trophic and end-to-end models. 276 
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TABLES 1 

 2 

Table 1. Zooplankton mean biomass (in g m-2) by season and by ecological domain for the 3 

complete time-series and by period. 4 

 5 

Table 2. Zooplankton mean seasonal biomass (in g m-2) by area and ecological domain. 6 

  7 

Period Total Summer Autumn Winter Spring Inshore Offshore Area A

A 

Area B Area C

C 

1961-1973 61.5 62.4 35.2 42.0 92.1 42.3 70.4 93.7 49.7 76.6 

1974-1992 17.8 17.9 19.0 15.2 19.7 17.1 18.2 23.1 16.6 17.9 

1993-2012 26.6 25.8 23.7 25.7 30.2 19.8 30.7 35.7 25.6 24.0 

All 34.6 30.4 25.5 30.6 48.3 24.8 40.0 47.0 31.0 36.1 

Area Summer Autumn Winter Spring 

 Inshore Offshore Inshore Offshore Inshore Offshore Inshore Offshore 

A 26.7 57.2 21.8 36.2 22.7 44.5 50.6 74.0 

B 20.0 36.6 21.2 26.7 27.6 29.2 30.0 48.3 

C 13.5 25.7 17.5 26.0 25.8 32.3 41.1 61.4 

All 20.2 36.7 20.9 28.0 27.2 32.3 32.2 56.6 



Figures 8 
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 10 

 11 

Fig. 1. Study area and position of the 7538 zooplankton sampling points (black dots). The 12 

red solid line depicts the shelf break position (isobaths of 200 m). 13 
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 16 

Fig. 2. Log-linear relationships between zooplankton biovolume and wet weight. 17 
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 20 

Fig. 3. Box plot of zooplankton biomass (in g.m-2) by year from 1961 – 2012. The size of 21 

the box is determined by the upper and lower quartiles, median is indicated as a horizontal 22 

line inside the box. The black dots represent the outliers. The Chow test depicted two 23 

significant shifts in 1973 and 1992 (vertical black lines). 24 
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 29 

Fig. 4. Spatial distribution of zooplankton biomass (in g m-2) by period. The horizontal 30 

blue dashed lines depict the limit of the three latitudinal areas. The black dots represent the 31 

sampling positions. 32 
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 35 

Fig. 5. Boxplot of zooplankton biomass (in g m-2) by season. The black dots represent the 36 

outliers. 37 

 38 

 39 

  40 



 41 

Fig. 6. Spatial distribution of zooplankton biomass (in g m-2) by season. The horizontal 42 

blue dashed lines depict the limit of the three latitudinal areas. The black dots represent the 43 

sampling positions. 44 
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