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Abstract 19 

 20 

The structural patterns of the mesozooplankton community of San José Gulf (SJG), a one of 21 

a kind semi-enclosed basin located in the northern margin of the Valdés Peninsula (Argentine 22 

Patagonia), were studied by means of semi-automatic image analysis. Samples were 23 

obtained bimonthly during the warm season (October 2012-April 2013) at stations distributed 24 

on a regular grid. Cluster analyses outlined two spatially consistent groups of stations 25 

showing similar patterns when based on physical (SST, Chl-a, and bottom depth) and 26 
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community structure (abundance, biomass, and slope of the size spectra) descriptors, each 27 

broadly distributed on one of two previously described hydrographic domains formed by the 28 

interaction of tidal circulation, coastal morphology, bottom topography, and seasonal vertical 29 

stratification. Examination of the slope of the mesozooplankton size spectra revealed that the 30 

stratified waters of the East Domain sustain higher proportions of small organisms and higher 31 

biomass, suggesting potentially low trophic transfer efficiency compared to its vertically-mixed 32 

West counterpart. Three-clustering analyses resulted in still spatially consistent groups of 33 

stations when based on the community descriptors, revealing the existence of a transition 34 

zone, presumably resulting from intermediate hydrodynamic conditions. Principal component 35 

analysis revealed that biomass of cladocerans modulates the size spectra and is related with 36 

distances from sampling stations to SJG´s mouth. Overall, a consistent spatial correlate was 37 

found between physical conditions of water masses and the structure of the mesozooplancton 38 

community contained within.  39 

 40 

Keywords: mesozooplankton; community structure; hydrodynamic conditions; San José Gulf; 41 

ZooImage. 42 

  43 
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1. Introduction 44 

 45 

Oceans are characterized by a marked spatial variation in productivity (Platt and 46 

Harrison, 1985; Lewis, 2002). Many oceanic environments have low productivity due to poor 47 

availability of nutrients in the surface layers even in the presence of high levels of 48 

photosynthetic available radiation. In contrast, others are characterized by high productivity 49 

promoted by hydrodynamic processes (i.e., upwelling, thermal stratification, and currents) that 50 

produce vertical mixture of water masses and vertical pumping of nutrient-rich waters into the 51 

photic zone (Mann and Lazier, 1991; Belkin et al., 2009). Some of these processes are 52 

responsible for the development of oceanographic discontinuities known as frontal systems. A 53 

frontal system can be thought of as an encounter of water masses with different physical 54 

properties (e.g., temperature, density) in which circulation patterns generate a convergence 55 

with a sharp transition, even in the presence of diffusive effects (Largier, 1993), occurring at 56 

several spatial and temporal scales (Acha et al., 2015). These systems are of biological 57 

relevance in oceanic and coastal environments because they frequently promote high primary 58 

productivity sustaining the trophic networks, and thus organisms with value for human 59 

consumption (Mackenzie, 2002; Crespi-Abril, 2012; Acha et al., 2015). 60 

San José Gulf (SJG) is a shallow, semi-enclosed and highly productive basin located in 61 

the northern coast of Argentine Patagonia. Its northwestern margin presents a narrow mouth 62 

that connects with the much larger and deeper San Matías Gulf (SMG) (Fig. 1A). Tidal 63 

circulation has a major role on the hydrodynamic structure of SJG. During each semi-diurnal 64 

tidal cycle, up to 15% of its total volume flows in and out through its mouth (Rivas, 1990). 65 

Since this process is longitudinally asymmetrical, a strong year-round semilunar tidal 66 

circulation in the western portion produces a homogeneous structure of the water column, 67 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 
 

while the eastern side of the gulf is less affected allowing spring-summer stratification 68 

(Amoroso et al., 2011; Crespi-Abril et al., 2014). The result is the formation of a frontal system 69 

between a west (WD) and east (ED) hydrographic domains (Gagliardini et al., 2004; Amoroso 70 

and Gagliardini, 2010). The complexity of the system is further enhanced by the arrival of cold 71 

waters from the coastal, vertically mixed side of the tidal front developed off Valdés Peninsula 72 

(Amoroso and Gagliardini, 2010; Pisoni et al., 2015). These water masses generate a highly 73 

productive area during spring and summer due to the surface nutrient enrichment produced 74 

by vertical mixing (Carreto et al., 1986). Therefore, SJG provides a unique scenario to study 75 

the mesozooplankton community structuring in response to small mesoscale contrasting 76 

physical conditions. 77 

Many studies have shown that distinct hydrographic conditions prevailing in different 78 

domains of a frontal system can determine dissimilar patterns in size spectra, biomass, and 79 

species composition of zooplankton communities (Sabatini and Martos, 2002; Alcaraz et al., 80 

2007; Manríquez et al., 2009). Scientific interest in this phenomenon is related to its 81 

ecological significance and its consequences for fisheries management. Among other 82 

aspects, frontal systems provide a good scenario to test hypothesis about the heterogeneous 83 

distribution patterns of planktonic species and the formation of different trophic pathways in 84 

neighboring areas (Mauna et al., 2008; Alemany et al., 2009, 2014). 85 

In marine ecosystems the size spectra of pelagic communities has long been 86 

considered an important topic since the initial work of Sheldon et al. in 1972 (Platt and 87 

Denman, 1977, Quinones et al., 2003). However, the analysis of zooplankton size spectra is 88 

not an easy task since it requires the measurement of many organisms in many samples. In 89 

this regard, semi-automatic analysis based on digitized images, developed in the last 90 

decades, has become a widely popular and highly valuable tool to accelerate sample 91 
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processing, providing identification (variable taxonomic resolution), quantification, and 92 

measurements of zooplankton (Benfield et al., 2007; Bell and Hopcroft, 2008; Fernandes et 93 

al., 2009; Gorsky et al., 2010). The analysis of size spectra (i.e., the distribution of abundance 94 

or volume relative to the size of the organisms) is particularly useful to study the plankton 95 

community structure. Size-based indices have been widely used as an alternative or 96 

complementary approach to describe marine communities (Jennings et al., 2002; Shin et al., 97 

2005; Krupica et al., 2012). One example of such application is the normalized biomass size 98 

spectrum (NBSS) theory (Kerr and Dickie, 2001). With a solid theoretical and empirical 99 

foundation, the size spectra can reveal patterns and explain variation in aquatic communities 100 

that are neither apparent nor conceivable from conventional taxonomic approaches. 101 

Quantitative empirical analyses of plankton size spectra are usually based on the 102 

parameters generated by a straight line fitted to the size spectrum (linear regression type I). In 103 

particular, the slope of the size spectra has been widely used as a metric of size structure 104 

(Zhou, 2006 and references therein): the steeper the slope, the higher the contribution of 105 

small organisms to the bulk biomass of the community. Other applications of this theory 106 

associate the parameters from the linear regression with biomass production rates, energy 107 

transfer efficiencies and predator–prey interactions at regional and global scales (Shin et al., 108 

2005). 109 

A previous analysis of monthly mesozooplankton samples collected on a transect 110 

across the SJG frontal system has shown that stations from the vertically-mixed WD were 111 

dominated by larger zooplankton (mainly copepods) compared to those from the vertically 112 

stratified ED, in which cladocerans and small copepod species accounted for most of the 113 

abundance (Hernández-Moresino et al., 2014). Although that study revealed that the structure 114 

of the mesozooplankton community differed between stations along a transect crossing the 115 
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frontal system, it did not attempt to identify the hydrographic drivers modeling this difference, 116 

neither it accounted for its variability throughout the entire gulf extension. In view of these 117 

limitations, this study aims to test if contrasting hydrodynamic conditions prevailing in both 118 

domains of the frontal system of SJG are reflected by the mesozooplankton community 119 

structure. 120 

 121 

 122 

2. Materials and methods 123 

 124 

2.1. Zooplankton sampling 125 

Zooplankton samples were collected with a Hensen net (0.7-m diameter and 295-µm 126 

mesh) by performing near-bottom-to-surface oblique tows at ~ 1 m s-1, using a mechanical 127 

flowmeter mounted at the mouth of the net to measure the filtered volume (General Oceanics, 128 

model R 2030). The sampling design consisted of a fixed grid of 19 stations distributed within 129 

SJG (10 in the WD, 9 in the ED) at the time of development of the frontal system, starting in 130 

October 2012 and ending in April 2013. Rough weather conditions or presence of whales 131 

interrupted the sampling in one station in 2012 and four stations during 2013. In total, 71 132 

zooplankton samples were obtained at the end of the survey. Large jellyfish were removed 133 

from the samples before preservation in 5% formalin for subsequent analysis. 134 

 135 
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 136 

Figure 1.  (A) Location of the San José Gulf. (B) Landsat image illustrating the distribution of 137 

suspended sediments (lighter tones correspond to higher sediment concentration). Image 138 

provided by R. A. Amoroso and D. A. Gagliardini. Black circles in B indicate the location of 139 

sampling stations. The broken line indicates the approximate location of the frontal system 140 

(Amoroso et al., 2011). WD: West Domain. ED: East Domain. (C) Bottom topography (SHN, 141 

2000). 142 

 143 

2.2. Image processing and analysis 144 

Taxonomic identification and quantification was conducted by semi-automatic analysis 145 

of digital images with ZooImage software v1.2 (http://zooimage-team.software.informer.com/). 146 

Depending on the abundance of individuals in the samples, aliquots of 2 to 8% of the total 147 

volume, were stained with Bengal Rose for 24 h to enhance contrast, and photographed with 148 

a Nikon D3100 14.2 Mp camera mounted in a mechanical arm to fix the distance between the 149 

camera and the sampling cell. For calibration purposes a micrograduated ruler was 150 

photographed and measured using ImageJ, obtaining a pixel size equivalent to 0.018 mm. To 151 

predict zooplankton identification, a training set was built by manually sorting objects from 152 

samples taken from randomly chosen sampling stations covering all sampling months into 153 

user-defined taxonomic categories: Copepoda, Cladocera, Decapoda (decapod larvae), 154 

Chaetognatha, Malacostraca other (excluding decapod larvae), Appendicularia, Fish (fish 155 
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larvae), Elongated eggs, and Rounded eggs. Three non-biological categories (bubbles, 156 

scratch and fibers, and shadows) were added to the training set to reduce contamination. The 157 

total number of objects included in the training set was about 4000.  158 

The Random Forest algorithm was selected for machine learning,   on account that it is 159 

one of the most accurate in the automatized processing of samples with ZooImage (Bell and 160 

Hopcroft, 2008; Fernandes et al., 2009; Irigoien et al., 2009). The performance of the 161 

automatic classification was evaluated by 10-fold cross-validation to identify misclassifications 162 

between the categories, and its accuracy was improved up to a maximum of 90.6%. As a 163 

result, a confusion matrix was obtained that not only allowed the identification of the wrongly 164 

classified objects but also of categories from which these originate (Table 1). In addition, to 165 

obtain more accurate estimations of abundance (ind. m-3), predictions of each category were 166 

corrected using coefficients calculated from the confusion matrix (CC = visual inspection / 167 

ZooImage classification) (Table 1). 168 

 169 

Table 1.  Confusion matrix obtained from the training set. Numbers in the diagonal (in 170 

grey) represent the correct classification of objects (true positives), while those outside 171 

correspond to misclassified objects (false positives). CC denotes the correction coefficient 172 

used to generate more accurate estimations of abundance.  173 
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General Accuracy (%) 90.65
1 2 3 4 5 6 7 8 9 10 11

Appendicularia (1) 24 0 2 0 1 2 0 0 0 2 0 1.42
Bubbles (2) 0 236 0 0 0 0 0 0 0 0 14 1.01
Chaetognatha  (3) 1 0 132 0 0 2 0 0 0 0 0 1.10
Cladocera (4) 0 1 0 629 3 19 2 3 13 0 4 0.97
Copepoda (5) 4 0 7 2 1227 90 0 0 20 0 0 0.96
Decapoda (6) 14 1 8 4 64 703 0 0 27 0 2 1.02
Egg-ellongated (7) 0 0 0 2 0 1 211 1 0 0 0 0.99
Egg-round (8) 0 0 0 2 0 0 0 133 0 0 0 1.02
Malacostraca other (9) 0 0 0 14 1 19 0 0 141 0 0 1.15
Scrachs-Fibers (10) 1 0 0 0 0 0 0 0 0 102 9 0.98
Shadowa (11) 0 15 0 1 0 0 0 1 0 6 193 1.03
Total 44 253 149 654 1296 836 213 138 201 110 222
Accuracy (%) 54.5 93.3 88.6 96.2 94.7 84.1 99.1 96.4 70.1 92.7 86.9
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 175 

ZooImage also provided information on basic body size parameters such as length 176 

(i.e., major axis of the best fitting ellipse), and width (i.e., minor axis), that can be used to 177 

calculate biovolume size spectra. The individual ellipsoidal biovolume (EBv) for each 178 

zooplankter was estimated using the equation of volume for a prolate ellipsoid: 179 

 180 

��� = 4
3 ∗ � ∗ 	´����	����

2 � ∗ 	´�����	����
2 �

�
 

 181 

Given that biovolume should be a function of both the projected size and shape, and not only 182 

of the projected size, the more realistic ellipsoidal biovolume model was chosen over the 183 

spherical one based on the equivalent circular diameter (ECD) automatically provided by 184 

ZooImage (Vandromme et al., 2012). 185 

 186 

2.3. Zooplankton community descriptors 187 

Three descriptors were used to characterize the zooplankton community: Abundance, 188 

Slope of the size spectra, and Biomass. The first was estimated as the number of individuals 189 
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per unit of filtered volume (ind. m-3), and was determined and standardized based on the 190 

flowmeter data. 191 

Size spectra were computed by sorting the ellipsoidal body volume into size classes. 192 

The   width of each size class was doubled with respect to the previous one following a 193 

geometric 2nd series arrangement (Sheldon et al., 1972). The lowest limit of the first size class 194 

corresponded to the biovolume of the smallest organism that our net was able to retain, ~0.01 195 

mm3, while the largest size class contained organisms up to 1.31 x 103 mm3, making up a 196 

total of 18 classes. Biovolume values below the minimum were treated as contamination (i.e. 197 

fibers), and discarded from the data set. Spectra were normalized by dividing the total EBv of 198 

each size class (mm3 m-3) by its width (mm3). Zero values in the spectra were treated as 199 

empty size classes and not included in the regression analysis. The spectra obtained by this 200 

procedure are termed Normalized Biovolume Size Spectra (NBSS) (Platt and Denman, 1977), 201 

hereafter referred to as size spectra.  202 

The slope (b) of the size spectrum was calculated by fitting a linear regression (simple 203 

Model I regression) to the log10-log10 representation of the size spectra. When calculating the 204 

size spectra, underestimation of the smaller size classes may occur due to the size of the 205 

mesh used to collect the sample. To avoid this bias, we determined the mode of the entire 206 

biovolume spectrum (which corresponded to the 5th size class, ~ 0.24 mm3 nominal size), and 207 

values smaller than this lower limit were excluded to calculate the spectrum indices. Linear 208 

regressions showing significant slopes (Student´s t-test, P < 0.01) were included in further 209 

analysis, and Pearson's correlation coefficients (ρ from 0.88 to 0.99) were calculated for all of 210 

them. 211 

The biomass of a given mesozooplankter was calculated using the regression 212 

equations from the relationship between individual dry mass and body area reported for 213 
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subtropical and Antarctic organisms (Hernández-León and Montero, 2006; Lehette and 214 

Hernández-León, 2009): 215 

 216 

�� = 43.38 ∗ ��.��, 217 

where DW is the dry weight and S is body area in mm2. 218 

  219 

For appendicularians, ZooImage tends to overestimate the body area by contemplating 220 

the size of the entire silhouette, so the general equation was applied only using the trunk 221 

length, leaving out the tail. To make this correction, we calculated the trunk area (mm2) from 222 

10 randomly chosen individuals using ImageJ tools, and applied a correction coefficient of 223 

0.31 to the area estimated automatically.  224 

Lastly, given that the fitting equation for chaetognaths was very different to that of the 225 

general mesozooplankton, we used a special equation for biomass estimation in this group 226 

(Lehette and Hernández-León, 2009): 227 

 228 

�� = 23.45 ∗ ��.�! 
 229 

2.4. Physical descriptors 230 

Temporal and spatial variation of sea surface temperature (SST) and chlorophyll a 231 

concentrations (Chl-a) were obtained using Moderate-resolution Imaging Spectrometer or 232 

MODIS Aqua level 3 satellite imagery with 4-km resolution. MODIS was chosen because it is 233 

readily available (http://oceancolor.gsfc.nasa.gov/), and because it has a multispectral sensor. 234 

The orbit is sun-synchronous, meaning that the satellite always passes over a particular part 235 

of the Earth at about the same local time each day. Since the cloud cover that usually forms 236 
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over the study area, data acquired for the sampling stations in a daily or even weekly basis 237 

had too many gaps. Thus monthly-average data were selected.  238 

The depth of each sampling station corresponded to bottom depth in meters and was 239 

obtained directly from the echo sounder mounted in the ship. Distance from each sampling 240 

station to the center of SJG´s mouth was calculated using the Google Earth software 241 

(https://earth.google.com/).  242 

Temperature-depth (TD) profiles were obtained during each zooplankton tow using a 243 

bathythermograph with a data logger attached to the net mouth (more details in Crespi-Abril 244 

et. al., 2014). Temperature and depth data were not available in December.Velocity of 245 

horizontal tidal circulation (µ) at each sampling event was calculated using the equation 246 

developed for shallow water tidal currents (Knauss, 1978): 247 

 248 

μ = a ∗ $%&	 ∗ ���	'( ∗ )* 

 249 

with “a” being the tidal amplitude, “g” the gravity acceleration constant, “H” the depth in time t 250 

(bottom-surface distance plus tidal height), “ω” is the tidal period and “t” time of sampling. 251 

Tidal amplitude and tidal period data were estimated with the software WXTide32 2.6. It is 252 

important to note that surface tidal currents are rotary; that is, a water particle would follow the 253 

path of an ellipse during a complete tidal circle. Predicting the ratio of major and minor axes 254 

and direction of rotation requires detailed knowledge of the tidal wave itself (Knauss, 1978). 255 

Thus, estimations of µ were absolute-transformed (│µ│) to discard potential errors in the 256 

estimation of the direction and sense of tidal currents. 257 

 258 

2.5. Data analysis 259 
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Spatiotemporal descriptors of the mesozooplankton community (i.e., abundance, 260 

biomass, and slope of the size spectrum), and physical conditions of SJG (SST, Chl-a, and 261 

depth) were inspected separately by applying K-means cluster analysis, a data-mining 262 

technique which algorithm has been used in several community structure studies (Escribano 263 

and Hidalgo, 2000; Punchi‐Manage et al., 2013; Vandromme et al., 2014; Harris et al., 2015). 264 

This algorithm is better than the traditional numerical simulation model because it is relatively 265 

simple to implement and allows partitioning data into subsets based on non-linear 266 

relationships between the characteristics of the ecosystem (Chang et al., 2012). To facilitate 267 

comparisons, the data was normalized (Mean = 0 and Standard deviation = 1). For evaluation 268 

of the system dynamics over the evolution of the frontal system, analyses were first 269 

conducted for each month’s data, and then gathering all months together in order to find a 270 

general spatial pattern. In the first case only stations with data were included in the analysis, 271 

while in the second, mean-substitution of missing data (i.e., mean of all stations for a given 272 

month) was implemented to include all the sampling stations..    273 

Environmental (i.e., physical) and spatial  variables were incorporated in a Principal 274 

Component Analysis (PCA) to identify those that may have higher effects on biological 275 

descriptors of the mesozooplankton community structure. The analysis included Chl-a, SST, 276 

│µ│, distance to the gulf´s mouth, and depth. In terms of biological descriptors, the analysis 277 

included the slope of the size spectra and the biomasses of the most relevant biological 278 

groups (>5% of the total biomass; i.e., Copepoda, Cladocera, Decapoda, and Chaetognatha). 279 

The slope of the size spectra and biomass of key taxa were added as biological variables for 280 

the analysis, while environmental and spatial variables were added as supplementary ones. 281 

In addition, months were considered as the grouping variable. A correlation matrix was used 282 
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to calculate eigenvectors and principal components (PCs).  For component significance in 283 

PCA, we used eigenvalues > 1 (Bandalos and Boehm-Kaufman, 2009). 284 

Additional statistical analyses were performed using two-way ANOVA followed by 285 

Tukey´s HDS test to discriminate the differences showed by the k-means cluster analysis. 286 

When normality and homoscedasticity assumptions were not met, nonparametric two-way 287 

Kruskal-Wallis test was used, followed by the Dunn post hoc test (Conover, 1999). 288 

 289 

3. Results 290 

 291 

The taxonomic composition of the SJG´s mesozooplankton community was dominated 292 

by cladocerans, copepods, decapods, and chaetognaths (Table 2). The remaining taxonomic 293 

groups showed low relative abundance and low relative contribution to total biomass (5.45% 294 

total) (Table 2).  295 

 296 

Table 2.  Taxonomic composition of the mesozooplankton community in San José Gulf. 297 

Abundance (ind m-3) and Biomass (mg m-3) represent average values of all samples. Eggs 298 

incude elongated and rounded shapes. 299 

Taxonomic 

Categories 

Abundance  

(ind m -3) 

Biomass  

(mg m -3) 

Abundance  

(%) 

Biomass 

(%) 

Copepoda 157.60 2.45 27.43 45.63 

Decapoda 18.44 1.46 3.21 27.22 

Cladocera 362.40 0.82 63.07 15.14 

Chaetognatha 4.03 0.35 0.70 6.56 

Malacostraca other 10.70 0.13 1.86 2.42 

Eggs 12.86 0.12 2.24 2.15 

Fish 0.08 0.04 0.01 0.78 
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Appendicularia 8.52 0.01 1.48 0.10 

 300 

The representation of the spatiotemporal variation of the total mesozooplankton 301 

biomass in the entire gulf showed that most of the stations presented higher values at the 302 

beginning of spring (October) (Fig 2). The following months were characterized by localized 303 

peaks observed in the northeastern corner of the ED (December and April), and in stations 304 

near the coast, with distinctive maxima at the south-eastern corner (February, Fig. 2). The 305 

second mesozooplankton biomass peak of February matched with the major development of 306 

the thermocline in the ED (Fig. 3). 307 

 308 

  309 
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Figure 2.  Spatiotemporal patterns of the total mesozooplankton biomass and SST. 310 

Size circles refer to total biomass (mg m-3), dashed lines represent SST isolines (in ⁰C) and 311 

darker tones indicate higher SST. 312 

 313 

 314 

Figure 3.  Representative vertical profiles of water temperature, taking two selected 315 

sampling stations: one from the East Domain (E, station 4) and the other from the West 316 

Domain (W, station 16). 317 

 318 

The K-means exploratory analysis of physical descriptors (i.e., SST, Chl-a, and depth) 319 

grouped the stations in two clusters that spatially corresponded with the hydrographic WD 320 

and ED in February (i.e., when maximum stratification developed in the ED, Fig. 3) and when 321 

cluster analysis was performed with all months together (Fig. 4A and B, respectively). 322 

Contrarily, in October and December, when there was no stratification or it was just starting to 323 

develop (Fig. 3), there was no clear-cut spatial correlation between eastern and western 324 

stations and the ED and WD (Fig. 4A). 325 

Similarly, analysis based on the community descriptors (i.e., abundance, biomass and 326 

slope of the size spectra) grouped the stations in two clusters that spatially corresponded with 327 
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the hydrographic WD and ED only in February. Considering all months together the cluster of 328 

stations from the West extended beyond the eastern boundary of the hydrographic WD, while 329 

that from the East was reduced to only six stations (Fig. 4D). Community clustering in October 330 

coincided to some extent with the hydrographic WD and ED, but those from December and 331 

April showed scattered spatial patches not clearly associated with the hydrographic domains 332 

(Fig. 4C).  333 

 334 
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Figure 4.  Groups of sampling stations based on two K-means clustering of physical 336 

and community descriptors. Left panel shows clusters based on physical descriptors for each 337 

month and for all months together (A and B, respectively). Right panel shows clusters based 338 

on community descriptors for each month and for all months together (C and D, respectively). 339 

The dashed line indicates the approximate location of the boundary between hydrographic 340 

WD and ED according to Amoroso et al. (2011). 341 

 342 

Two-factor (month * cluster) Kruskal-Wallis tests revealed significant differences in 343 

SST (H = 66.42, P < 0.01) and Chl-a (H = 50.41, P < 0.01), but not in depth (H = 0.78, P = 344 

0.99) between months and between clusters of stations. Dunn post-hoc tests revealed 345 

differences in SST between months, but not between clusters (Fig. 5). For Chl-a, between-346 

cluster significant differences were observed only in October (Fig. 5). Lower Chl-a values 347 

were detected in both clusters in February and in the western one in October (Fig. 5). Both 348 

the west and east clusters presented increasing SST until February, after which this started to 349 

drop. In the stations from the east cluster, Chl-a concentration dropped as SST increased 350 

until February, rising thereafter in April along with the vanishing thermal stratification (Figs. 3 351 

and 5). Contrarily, the WD presented no clear Chl-a variation pattern during the evolution of 352 

the frontal system. 353 

The two-way ANOVA conducted for each of the three community descriptors showed 354 

significant differences in the interaction between months and clusters, both for abundance 355 

and biomass (F(3,63), P < 0.01) (Fig. 5). However, no interaction was registered for the slope of 356 

the size spectra (P = 0.06) (Fig. 5). The post hoc comparisons indicated a reduction in 357 

abundance from October to December in the western community cluster that persisted 358 

throughout the summer with a similar pattern for biomass (i.e., average biomass of 9.3 and 359 
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1.1 mg dw m-3 in October and December respectively), but with a slight increase in February 360 

(average biomass of 1.5 mg dw m-3) (Fig. 5). For the eastern community cluster however, this 361 

increase was more pronounced (average biomass of 10.9 mg dw m-3) but not sustained over 362 

time (Fig. 5). In regards to the slope of the size spectra, significant differences were found in 363 

both main effects (months and clusters), values in the western community cluster being 364 

higher (flatter slope) than in its eastern counterpart, with minima in October and maxima in 365 

February (Fig 5). 366 

 367 

 368 
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Figure 5.  Temporal and spatial variability of physical and mesozooplankton community 369 

descriptors from San José Gulf. For physical descriptors, the two clusters of stations coincide 370 

with the hydrographic east and west domains (Amoroso et al., 2011). For community 371 

descriptors, the two clusters of stations correspond to month-aggregated data from the cluster 372 

analysis. For simplicity, in both cases clusters are referred to as from the West and East. 373 

Each horizontal bar in physical descriptor plots indicates a homogeneous group from Dunn´s 374 

test. Symbols and vertical whiskers denote median and inter-quartile range respectively. In 375 

community descriptor plots, each horizontal bar indicates a homogeneous group using 376 

Tukey´s HSD test, while symbols and vertical whiskers denote mean and 95% confidence 377 

intervals respectively. Vertical bars indicate differences between clusters. 378 

 379 

Analysis of biomass variability for each taxon revealed that copepods mark the general 380 

pattern of the community, with the highest values in October in both clusters and a second 381 

peak only in the East in February (Fig. 6). On the other hand, decapods presented the highest 382 

biomass values in October and February, the first in the West and the second in the East (Fig. 383 

6). Cladocerans showed a clear tendency to prevail in the East, with higher biomass values in 384 

October comparing to December and April (Fig. 6). Chaetognaths presented increasing 385 

biomass from October to February (Fig. 6). Remaining taxa only represented ca. 5% of the 386 

total biomass. 387 

 388 
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  389 

Figure 6.  Mesozooplankton biomass per taxon and month in the western and eastern 390 

communities (for simplicity West and East). Table indicates the signification of the two-way 391 

ANOVA per each taxon. Symbols * and ** indicate P < 0.05 and P < 0.01 respectively, while 392 

ns denote no significance. Cope: copepods, Deca: decapods, Clad: cladocerans, Chae: 393 

chaetognaths, Mala: other malacostracans, Appe: appendicularians. 394 

 395 

In order to further explore the effects of spatial and seasonal variation on both physical 396 

(i.e., SST, Chl-a, and depth) and community descriptors (i.e., abundance, biomass, slope of 397 

the size spectra), and in attempt to detect a transitional area between WD and ED, an 398 

additional k-means cluster was set to classify sampling stations into three groups (Fig. 7). 399 

Similarly to the previous cluster analysis, the stations on the west portion of the gulf 400 

formed a group based on physical descriptors, while those from the ED split into two groups 401 

of stations, one located in the deeper part of the ED, and the other, including three stations 402 

placed closer to the coast (Fig. 7A). The two-factor (month * cluster) Kruskal-Wallis test for 403 

SST was significant for the interaction (H = 66.47, P < 0.01). SST showed the same 404 

increasing pattern until February as in the case of the two-cluster analysis (Fig. 5); however 405 

no significant differences were detected between the three clusters in neither one month. For 406 

Chl-a we also found significant differences in the month * cluster interaction (H = 55.44, P < 407 
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0.01), with higher values detected in October in the shallower portion of the ED compared to 408 

the WD and showing again the lowest values in February significantly different to those of 409 

April as in the case of the two cluster analysis. Depth only showed differences between 410 

clusters (H = 20.18, P < 0.01); a cluster of shallow stations in the ED were separated from 411 

those of a deeper sector, while the stations in the WD presented intermediated values for this 412 

parameter. 413 

Three-cluster analysis revealed that most stations facing the mouth of the gulf in its 414 

west portion shared similar values of their community descriptors, forming a still consistent 415 

namely “WD cluster”, as did the six stations located farther from the mouth on the southeast 416 

sector along with one at the northeast corner, hereafter the “ED cluster”. The third group, 417 

“transitional” between the two former, included four stations from the northeastern portion and 418 

two from the southwestern corner (Fig. 7B). Two-way ANOVAs revealed significant 419 

differences in the month * cluster interactions (F(6,59), P < 0.01 in all cases). Overall, the WD 420 

presented lower abundance and biomass, and higher slopes of the size spectra than de ED, 421 

while the transitional group evidenced intermediate values in some cases, as revealed by 422 

Tukey tests (P < 0.01). These groups are represented by the clusters in Figure 7B. 423 

 424 

 425 

Figure 7.  Clusters of stations based on physical (A) and community descriptors (B). 426 

Black and grey lines enclose stations belonging to the WD and ED, respectively, while 427 
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dashed grey lines identify deeper stations of the ED and transitional stations in terms of 428 

physical and community descriptor parameters, respectively. 429 

 430 

In the PCA, PC1 and PC2 explained almost 80 % of the total variability of the biological 431 

community descriptors (Fig. 8). Biomass of cladocerans presented an inverse relationship 432 

with the slope of the size spectra and a direct one with the distance to the mouth that resulted 433 

significantly correlated (Pearson’s ρ = 0.60 and 0.55, respectively) (Fig. 8). Another 434 

interesting finding was that biomasses of copepods and decapods (i.e., the taxa that 435 

contribute most to total biomass, Table 2) were positively related to µ (Pearson’s ρ = 0.47, 436 

Fig. 8). Lastly, although chaetognath biomass was inversely related to Chl-a (Fig. 7), the 437 

relationship seem to be biased by the high biomass of chaetognaths occurring in a single 438 

month (i.e. February) when Chl-a concentrations were the lowest. 439 

 440 
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Figure 8.  Results from PCA performed on community and physical descriptors of the 442 

mesozooplankton community of SJG. Normalized eigenvectors 1 and 2 (78.5% of the total 443 

variance). Circle of correlation (radius = 1) is displayed. Continuous black and grey arrows 444 

represent active and supplementary variables, respectively. Cope: Copepod biomass; Deca: 445 

Decapod biomass; Clad: Cladoceran biomass; Chae: Chaetognath biomass; b: slope of the 446 

size spectra; SST: sea surface temperature; Chl-a: chlorophyll-a concentration; |µ|: absolute 447 

horizontal tidal circulation velocity; Dep: depth; DM: distance to the gulf´s mouth. 448 

 449 

4. Discussion 450 

 451 

The particular geomorphology of SJG (i.e, its semi-enclosed outline with an 452 

asymmetrically located narrow mouth) is shared with just a few coastal accidents around the 453 

world: Gulf of Coro (Venezuela), Bight of La Paz (Gulf of California, Mexico), Sherman Inlet 454 

(Canada), Gulf of Riga (Baltic Sea, Latvia and Estonia), Pemba Bay (Mozambique), Ise and 455 

Mutsu Bays (Japan), and Port Phillip Bay (Australia). All of them have microtidal regimes, 456 

except for Pemba Bay, whose maximum tidal amplitude exceeds 5 m (Hoguane, 1999), being 457 

still low compared to that of SJG (i.e, maxima exceeding 8 m; SHN, 2008). All of this makes 458 

SJG one of a kind low-mesoscale (40 x 20 km) scenario to test the effects of hydrodynamics 459 

on the mesozooplankton community structure. 460 

Cluster analysis conducted in this study based on Chl-a SST and depth gives statistical 461 

support to the characterization of two hydrographic domains in SJG postulated by Amoroso 462 

and Gagliardini (2010). Patterns obtained from physical descriptor analyses were 463 

straightforward when sampling stations were classified into two clusters based on all-month 464 

data, as well as in February and April (Fig. 4A and B), while those from October were still 465 
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consistent with a differentiation of the west and east portions of the SJG. In contrast, 466 

December stations were grouped in a shallow and a deep cluster, probably because Chl-a 467 

values were relatively homogeneous through the gulf’s extension.  468 

As expected based on this robust physical differentiation and previous exploratory 469 

analysis conducted by Hernández-Moresino et al. (2014), a general spatial correlation was 470 

found between community structures of the mesozooplankton community and the 471 

hydrographic domains of SJG, except for three northern stations of the ED (11, 12 and 16; 472 

Fig. 4D) that shared the characteristics of those of the WD: flatter slope of size spectra (i.e., 473 

lower relative biovolume of small-sized mesozooplankters) and similar or lower abundance 474 

and biomass. When three-cluster analysis was conducted, it became evident that these 475 

stations belong to a transitional interphase between the WD and ED (Fig. 7B) whose spatial 476 

distribution cannot be explained based only on SST, depth, and Chl-a. Therefore, PCA was 477 

performed, showing a correlation between the velocity of horizontal tidal circulation (µ) and 478 

the biomass of the most representative taxa (i.e., copepods and decapods) (Fig. 8). 479 

Nevertheless, it should be considered that µ is only a function of tidal amplitude, tidal 480 

moment, and bottom depth, and it does not take into account the effects of the particular 481 

geomorphology of SJG. Indeed, hydrodynamic modeling outputs reported by Moreira et al. 482 

(2011) indicated that velocity of horizontal tidal circulation in interior waters of the SJG is 483 

much weaker than near its shallow mouth (10-20 m deep, except for a narrow deep wedge at 484 

its center) (Fig 1.C). There, strong tidal currents occur as the tide wave passes through, 485 

pushing a jet of water into the gulf and generating highest vertical mixing in nearby stations 486 

(i.e., stations aligned with the mouth in the WD). Non-aligned stations located near the mouth, 487 

moderately sheltered from this circulation, should be less affected, while the more distant and 488 

sheltered stations of the ED should be almost unaffected. As flooding water enters through 489 
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the northwestern margin of the gulf, colder (and probably denser) mixed waters of the WD 490 

could intrude to the ED below the warm surface stratum. Coriolis forces and bottom 491 

topography (Fig 1.C) are propitious to channel these waters through the northern portion of 492 

the ED. If that is the case, this sub-surface stream might be mixing and generating physical 493 

conditions proper of the WD in the water column, poorly detectable by remote sensing of 494 

surface conditions and could ultimately explain the spatial distribution of the three 495 

mesozooplankton community clusters. 496 

To interpret the structural differences in the mesozooplankton community between 497 

mixed and stratified environments like those characterized in the SJG, one should keep in 498 

mind that the pathways for flow of organic matter in pelagic food webs are, to a great extent, 499 

determined by the food selectivity of the predators. Several criteria may be involved in food 500 

selection, but prey selection of planktonic predators is primarily governed by size; hence prey 501 

and predator size are positively correlated (Kiørboe, 2008). In frontal systems primary 502 

producers show a direct response to nutrients and light. Turbulent and rich-nutrient 503 

conditions, as may prevail in the WD of SJG, are generally dominated by large phytoplankton 504 

cells (e.g. diatoms), while in vertically stratified and oligotrophic waters, as those from the ED 505 

in February, small and often mobile phytoplankton (e.g. flagellates and cyanobacteria) should 506 

be more frequent (Smayda, 1970). Larger cells sink faster than smaller cells, so they need 507 

turbulent conditions to stay in the photic zone (Falkowski and Oliver, 2007). This would 508 

promote the occurrence of larger mesozooplankton in turbulent conditions like those of the 509 

WD, while stratification typical from the ED would benefit smaller herbivorous species (Le 510 

Févre, 1986; Kiørboe, 1993). Furthermore, since phytoplankton must be continuously mixed 511 

up and down, receiving enough light for growth only during the short moments it comes close 512 

to the surface during the day, primary production must be accordingly lower than in the ED. 513 
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Thus, lower mesozooplankton biomass should be expected in the WD compared to that of the 514 

ED, as was actually observed in February when maximum stratification occurred (Fig. 5). This 515 

is in agreement with several studies where the main factor influencing structural changes in 516 

the zooplankton community, that ultimately determines the high productivity areas, are 517 

stratification and costal upwelling (Albaina and Irigoien, 2007; Alcaraz et al., 2007; Dur et al., 518 

2007; Lavaniegos et al., 2015). 519 

Previous works showed that steeper spectrum slopes are related to a higher proportion 520 

of small-sized herbivorous zooplankton with a role as retrievers of primary production by 521 

grazing on small particles (Sprules and Munawar, 1986; Zhou, 2006; Zhou et al., 2009; 522 

Marcolin et al., 2015). However, the size spectrum parameter was also related to ecosystem 523 

productivity at other locations (e.g., Zhou et al., 2009; Basedow et al., 2010; Vandrome et al., 524 

2014), where steeper slopes of the size spectra relate to potentially low trophic transfer 525 

efficiency. In this regard, cladocerans seemed to be the group with the highest influence in 526 

shaping the community structure in the SJG due to their high relative abundance (63.5% of 527 

the total), as reflected by the PCA (Fig. 8). In agreement to our results, previous studies 528 

conducted in the frontal system off Valdés Peninsula have shown high abundances of 529 

cladocerans in poorly mixed waters (Sabatini and Martos, 2002; Viñas et al., 2007, Derisio et 530 

al., 2014), a more suitable environment for the rather low displacement velocities (10 to 50 531 

times lower than those of copepods) that these organisms can reach (Allan, 1976). Also 532 

markedly higher copepod biomass occurred in the ED in February, coinciding with the 533 

stratification peak, in agreement with typical patterns observed across tidal fronts (Kiørboe, 534 

2008), and particularly with their distribution in the neighboring Valdés Peninsula frontal 535 

system in December (Spinelli et al., 2011; Derisio et al., 2014). In contrast, a more 536 
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homogeneous distribution of copepods was observed in both domains in October when the 537 

front was not formed yet.  538 

Concerning the temporal variation of the mesozooplankton biomass, one of the most 539 

relevant patterns found in this work was the peak found in October (ca. 10 mg m-3) and its 540 

decrease throughout the summer. This was consistent with estimations made by Ramirez et 541 

al. (1996) in the neighboring San Matías Gulf, where zooplankton biomass reached its 542 

maximum in spring and its minimum in summer. In the ED however, a second biomass peak 543 

was detected in February, which was also observed in the period 2011-2012 (Hernández-544 

Moresino et al., 2014). This event coincides with the lowest monthly Chl-a concentration 545 

estimations, likely due to intensive foraging by zooplankton. However, this could also result 546 

from inorganic nutrients exhaustion by phytoplankton in the euphotic zone, in which case 547 

other factors apart from primary production must be involved in the determination of 548 

secondary production (Albaina and Irigoien, 2004). One possible explanation for this pattern 549 

could be that while only a classic herbivorous food web sustains the mesozooplankton 550 

biomass in the WD, with larger organisms grazing on large phytoplankton cells, a combination 551 

of that with a micro-heterotrophic pathway mediated by cladocerans, which are able to feed 552 

on small particles including bacteria (Le Fèvre, 1986), could be giving additional support in 553 

the ED. Other interesting temporal variation was the flattening of slope of the size spectra up 554 

to February, affecting both domains similarly. This could result from a succession from 555 

smaller to larger species or to individual growth throughout the season as discussed by 556 

Hernández-Moresino et al. (2014). In this context, results from studies on coastal waters of 557 

the Argentine Sea, near SJG, are in agreement with our observations on the temporal 558 

mesozooplankton succession (Viñas et al., 2013): a cold winter-spring period characterized 559 

by a dominant classical herbivore food web, in which large copepods associated with the 560 
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lowest temperature and the highest Chl-a concentration (October in SJG), and a warm 561 

summer period dominated by a microbial food web, in which filter-feeders such as small 562 

copepods, cladocerans and appendicularians predominate and the lowest Chl-a 563 

concentrations are recorded (February in SGJ). 564 

Finally, since sampling methodology remained the same, our results can be contrasted 565 

with those obtained in the same season in 2011-2012 (Hernández-Moresino et al., 2014). 566 

Higher mesozooplankton abundances were recorded in that period as compared with those 567 

estimated for 2012-2013 (ca. 10.000 against 600 ind. m-3, average values for each period 568 

respectively). In particular, relative abundances of dominant taxa in 2011-2012 was estimated 569 

to be 68.6% for copepods, and 16.3% for cladocerans, while in 2012-2013 such dominance 570 

pattern switched to 63.5% of cladocerans and 27.1% of copepods. This inter-annual 571 

variability, both in abundance and taxon dominance, could be associated to higher estimated 572 

Chl-a concentration in the first period (e.g., 6.0 mg m-3 and 2.5 mg m-3 average 573 

concentrations in the ED in October 2011 and 2012 respectively). Once more, this difference 574 

could result in two contrasting scenarios: one based on a classic heterotrophic pathway 575 

sustained by high Chl-a concentration and dominated by copepods (period 2011-2012) and 576 

the other based on a mixture of heterotrophic and micro-heterotrophic pathways occurring 577 

during less productive conditions, dominated by cladocerans (period 2012-2013).  578 
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Highlights:  

 

• SST and Chl-a confirm two hydrographic domains in San José Gulf in spring-

summer. 

• Contrasting hydrographic conditions affect the mesozooplankton community 

structure. 

• Size spectra could reflect distinct trophic pathways in two clusters of stations. 

• A late-summer peak of biomass occurred only in the stratified domain. 

• Intermediate hydrodynamic conditions may lead to community transitional zone. 


