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ABSTRACT 16 

We describe the ontogenetic variation in elemental and stoichiometric composition of 17 

two copepod species with very contrasted life history patterns, the calanoid Paracartia 18 

grani and the cyclopoid Oithona davisae. The first species is a broadcasting, highly 19 

productive copepod, whereas the latter is an egg-carrying copepod, much less 20 

productive. We reared cultures of both species under conditions of excess food and 21 

analysed their C, N and P composition, and their molar ratios, along development. Both 22 

species differed on their specific P content, whereas the specific C and N content were 23 

similar. As expected, the specific P content of P. grani were higher, resulting in lower 24 

C:P and N:P ratios. Furthermore, we compared our elemental composition data with 25 

previously reported stage-specific (nauplii and adult female) maximum growth rates of 26 

these two species. We found that for O. davisae the ontogenetic variation in specific P 27 

content agreed with the reported differences in growth rate along development; 28 

however, in the case of P. grani, in which juvenile and adult growth rates are similar, 29 

the variations in specific P content along development did not reflect the growth rate 30 

pattern.  31 
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INTRODUCTION 32 

Biological stoichiometry studies the balance of energy and multiple chemical elements 33 

in living systems (Elser et al., 2000). The elemental composition and stoichiometry, i.e. 34 

the relationship between these structural chemical components (defined as elemental 35 

ratios) of an organism are the result of the balance between their availability in the 36 

environment and their organismic demands (Sterner and Elser, 2002). 37 

The stoichiometric approach applied to zooplankton has been very productive, in 38 

particular in relation to food quality limitation and the implications for different life 39 

history strategies (Sterner and Elser, 2002, and references therein). Most development 40 

in this field, however, has occurred in freshwater systems, focused on cladocerans and 41 

copepods (Sterner and Elser, 2002). While freshwater zooplankton C:N ratios appear 42 

rather stable, their P content may experience large variations (Andersen and Hessen, 43 

1991), affecting, therefore, the C:P and N:P ratios. These differences on P body content 44 

in freshwater zooplankton are considered to reflect the variations in the organism’s 45 

content of RNA (rich in P), which is associated to growth (growth-rate hypothesis; Elser 46 

et al., 1996; Sterner and Elser, 2002). Some of the dissimilarities in P content among 47 

taxa and species, however, can also be constitutional. For instance, Andersen and 48 

Hessen (1991) reported that rapidly-growing groups like Daphnia typically exhibit 49 

higher P content than freshwater copepods. For organisms consisting of multiple 50 

developmental stages and that may show different life history traits through 51 

development, however, such coupling between P content and growth might not be 52 

straightforward and should be addressed at the stage level. Thus, for instance, Carrillo et 53 

al. (2001) and Villar-Argaiz et al. (2002) found that during the seasonal development of 54 

a population of the freshwater copepod Mixodiaptomus laciniatus, the concept of strict 55 

homeostasis was questionable and the copepods experienced considerable interstage 56 

variability (and to some extent, at the intrastage level as well); moreover, these authors 57 

observed that the changes in body stoichiometry along the development of this copepod 58 

species reflected the different nutrient demands associated with the differences among 59 

stages in life strategy (e.g. nauplii vs. late copepodites or adults). 60 

In the marine environment, the application of the stoichiometric approach to 61 

zooplankton and in particular to copepods has been comparatively lesser. With the 62 

exception of high latitudes in which copepods accumulate large lipid storages to endure 63 

the unfavourable season, most marine copepods are known to keep also rather low and 64 

stable C:N ratios, and it is essentially the P content that may experience large variations 65 
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(Båmstedt, 1986; Gismervik, 1997; Koski, 1999). Besides this high latitude adaptation, 66 

it is not known, however, how other life history traits like foraging behaviour and 67 

reproductive strategy may affect marine copepod stoichiometry. The ontogenetic 68 

changes in the elemental composition of marine copepods have also been seldom 69 

studied. The work of Meunier et al. (2016) has described the pattern of variation along 70 

the development in the elemental ratios of the marine copepod Acartia tonsa. These 71 

authors found, like previously reported for freshwater copepods (Carrillo et al., 2001), a 72 

negative relationship between somatic growth rate and N:P ratios, with the naupliar 73 

stages presenting higher growth rates and lower N:P values than the copepodite stages. 74 

However, the recent study of Mathews et al. (2018) with the small calanoid 75 

Parvocalanus crassirostris, which compared growth and stoichiometry of nauplii and 76 

copepodites, did not show consistent correspondence with C:P ratios. 77 

Organisms adopt different life history strategies to optimize their fitness to the 78 

environment. In the marine pelagic environment, it is well established that most 79 

calanoid copepods are free spawners, while cyclopoids carry their eggs in sacs (Kiørboe 80 

and Sabatini, 1994; Kiørboe and Sabatini, 1995). The differences in life history between 81 

marine calanoid and cyclopoid copepods are accompanied by other traits (e.g. feeding 82 

rates, metabolic activity, total reproductive output, lifespan, egg mortality) that 83 

determine their capability to cope with environmental variability and recruit populations 84 

(Almeda et al., 2011; Paffenhöfer, 1993; Saiz et al., 2017). Both groups of copepods 85 

also differ in the growth pattern exhibited along ontogeny. Thus, maximum growth rates 86 

of juveniles and adults of broadcasting species (expressed as somatic growth and egg 87 

production, respectively) are, under non-limiting resources, rather similar (Berggreen et 88 

al., 1988; Fryd et al., 1991; Hirst and Bunker, 2003; Sekiguchi et al., 1980); contrarily, 89 

in egg-carrying species copepods maximum adult growth rates are much lower than the 90 

juvenile ones (Kiørboe and Sabatini, 1994; Sabatini and Kiørboe, 1994). The effect of 91 

these different life strategies on copepod elemental composition and stoichiometry, in 92 

particular on P content, have not been studied. 93 

Here, we aim to assess the ontogenetic changes in elemental composition and 94 

stoichiometry of two copepod species, Paracartia (Acartia) grani and Oithona davisae, 95 

representative of these very distinct life history strategies. P. grani is a medium-sized 96 

calanoid copepod (adult female cephalothorax length of ca. 1000 µm) inhabiting coastal 97 

waters and estuaries in the eastern Atlantic Ocean and the Mediterranean Sea. This 98 

species is in many aspects very similar to the closely-related and most widely 99 
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distributed and studied Acartia tonsa (Saiz et al., 1992). P. grani is a broadcast 100 

spawning copepod with high reproductive output (Calbet and Alcaraz, 1996; Saiz et al., 101 

1998), omnivorous and capable of creating feeding currents and achieve high daily 102 

rations (Olivares et al., 2019; Saiz et al., 2015) and high growth rates (Calbet and 103 

Alcaraz, 1997). Contrarily, O. davisae is a small cyclopoid copepod (adult female 104 

cephalothorax length of ca. 330 µm) originally from the Pacific that has expanded its 105 

distribution as invasive species in many areas (western Pacific: Ferrari and Orsi, 1984; 106 

Mediterranean Sea: Saiz et al., 2003; North Sea: Cornils and Wend-Heckmann, 2015; 107 

Black Sea: Temnykh and Nishida, 2012). O. davisae is a strict ambush feeder, also 108 

omnivorous, depending on relatively large and motile prey to feed (Saiz et al., 2014). 109 

Copepods from the genus Oithona spawn the eggs in a sac that is kept attached to the 110 

female until hatching. These distinct life-history strategies result in clear differences in 111 

the physiological performance of both copepods. Thus, O. davisae exhibits maximum 112 

growth rates (Almeda et al., 2011; Almeda et al., 2010b; Zamora-Terol and Saiz, 2013) 113 

comparatively much lower than those typical of calanoid copepods (e.g. Berggreen et 114 

al., 1988; Calbet and Alcaraz, 1997). Our hypothesis is that these marked differences in 115 

life history traits between both species (i.e. feeding rates, somatic growth and 116 

reproductive output) will be reflected in the body P content and stoichiometric ratios 117 

along their development. 118 

 119 

METHOD 120 

Study species 121 

Copepods originate from our cultures at the Institut de Ciències del Mar. Paracartia 122 

grani was isolated from waters near Barcelona (Spain), and has been kept at 19ºC in the 123 

laboratory for >10 years (Saiz et al., 2015); it is reared on a diet of the cryptophyte 124 

Rhodomonas salina grown on f/2 medium. Oithona davisae was also collected in 125 

Mediterranean waters and has been kept in continuous culture in our lab since 2000 126 

(Saiz et al., 2003); it is grown at 19ºC on a diet based on the heterotrophic 127 

dinoflagellate Oxyrrhis marina (which in turn was fed R. salina). Typical elemental 128 

composition of both prey, obtained from determinations in different occasions on 129 

exponentially growing batch cultures, are:  R. salina (size: 7.4±0.24 SE µm ESD): 130 

36±4.2SE pg C cell-1, 8±0.8SE pg N cell-1 and 1.0±0.08SE pg P cell-1, and Ox. marina 131 

(size: 20±0.3 SE µm ESD): 522±86SE pg C cell-1, 107±10SE pg N cell-1 and 22±0.2SE 132 
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pg P cell-1 (unpublished data; different culture volumes were filtered on pre-combusted 133 

GF/F and analysed using the same analytical methods described below for copepods). 134 

 135 

Copepod cultures 136 

The copepod cohorts were generated following the methods described in Henriksen et 137 

al. (2007). The rearing tanks were located in a temperature controlled walk-in room 138 

(19ºC) with a 10h:14h D:N light cycle. Shortly, for Oithona davisae we removed 139 

ovigerous females from stock cultures with a submerged 130-µm sieve and carefully 140 

transferred them to 15-L transparent polycarbonate round containers filled with 0.1-µm 141 

filtered seawater, where the eggs hatched. For Paracartia grani, the bottom of the stock 142 

culture tanks was cleaned and adults were allowed to spawn eggs for 24 h; we siphoned 143 

out the eggs from the bottom of the tank and transferred them to the 15-L polycarbonate 144 

containers filled with 0.1-µm filtered seawater for hatching. After hatching, the copepod 145 

cohorts were routinely fed suspensions of exponentially growing cultures of either 146 

Rhodomonas salina (P. grani) or Oxyrrhis marina (O. davisae). Prior to providing fresh 147 

food, the rearing tanks were sampled, the remaining prey suspensions checked with a 148 

Coulter Multisizer III particle counter, and the desired nominal concentrations adjusted 149 

using our prey stock cultures. The prey concentrations used for rearing the copepods 150 

were at satiation or close to satiation levels; i.e., >19000 cells mL-1 R. salina for 151 

juveniles and adults of P. grani (Olivares et al., 2019), and ca. 800 cell mL-1 of Ox. 152 

marina for O. davisae juveniles and adults (Almeda et al., 2010a; Zamora-Terol and 153 

Saiz, 2013). Typically, food was provided 5 times a week, with extra amounts for 154 

weekends. Nevertheless, to avoid any potential bias due to “weekend” effects, samples 155 

for copepod elemental composition analysis were never withdrawn at the beginning of 156 

the week. 157 

 158 

Chemical and biological analyses 159 

Through the rearing of the cohorts we took samples on a daily basis to obtain specimens 160 

at different development stages to measure their size and elemental composition. We 161 

reared several cohorts for each species in order to complete the whole range of 162 

developmental stages because the amounts of individuals, in particular the youngest 163 

stages, required for the C, N, P and size analyses, in occasions, expended most of the 164 

available individuals per cohort and a new one had to be generated.  165 
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The water samples were carefully filtered through submerged sieves (of varying 166 

mesh size, depending of the targeted development stage), the copepods transferred to 167 

0.1-µm filtered seawater, then narcotized with MS-222 (Saiz et al., 2015) and their 168 

abundance estimated under the stereomicroscope. For the very small stages we then 169 

took four aliquots of different volumes (starting with 200-250 mL for the earliest 170 

naupliar stages, accounting ca. 3500-6000 individuals, and progressively decreasing as 171 

copepods were larger), and filtered them onto pre-combusted 25-mm Whatman GF/C 172 

filters (450°C, 5 h); two of these filters were devoted to C and N analysis, whereas the 173 

remaining two for P analysis (see below). When larger specimens were present, 174 

narcotized copepods were individually picked and transferred in groups of different 175 

amounts according to size (from several hundred specimens down to 15 individuals for 176 

adult female Paracartia grani) onto the four replicated pre-combusted filters (two for C 177 

and N, and two for P). We took particular care to pipette out any exuviae if present prior 178 

to filtering or pipetting the individuals onto the filters. Additional aliquots were 179 

preserved in formalin to verify the abundance and to measure the body size. In the case 180 

of Oithona davisae, eggs sacs of ovigerous females were detached from the body after 181 

gently stirring with a vortex mixer, and then both egg sacs (groups of 500-600 egg sacs) 182 

and non-ovigerous females (groups of 200 individuals) were separately picked out in 183 

groups and processed for C, N and P analysis as described above. In addition, we 184 

preserved some detached sacs in formalin to be dissected to determine clutch size and 185 

later calculate the C, N and P content on a per egg basis. For Paracartia grani, which 186 

spawns free eggs, eggs were siphoned from the bottom of the culture tanks onto a 60 187 

µm submerged sieve. Posteriorly, the sieve was sprayed thoroughly with filtered 188 

seawater to remove debris and faecal pellets, and eggs were aliquoted in groups of ca. 189 

10500 eggs to be later processed for C, N and P analysis. Samples for C and N analysis 190 

were posteriorly dried for 48 h at 60°C and kept in a desiccator until analysis with a 191 

Flash EA1112 (Thermo Finnigan) CHNS analyser. Filters for particulate P were frozen 192 

at -80°C immediately after preparation; later, the filters were subjected to acid 193 

persulfate digestion and then analysed as dissolved inorganic P with a Seal Analytical 194 

AA3 (Bran+Luebbe) analyser (Isari et al., 2013). 195 

We took pictures of the formalin preserved specimens with a digital camera 196 

mounted on an inverted microscope. Total body lengths (nauplii) and cephalothorax 197 

lengths (copepodites and adults) were measured from the pictures with the ImageJ 198 

software; in the case of eggs, the contour of the eggs was drawn and either an average 199 
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diameter (Paracartia grani eggs) or major and minor diameters (Oithona davisae eggs) 200 

were estimated. We also estimated the body volume of copepods (!") in order to 201 

standardize their C, N and P content. To do that, the contours of the naupliar body and 202 

the copepodite cephalothorax in the pictures were drawn in Image J, and major and 203 

minor axes of the fitted ellipse automatically obtained. Then, we used the equation: 204 

!" =	 	%& × () × * ×+), 205 

where ) and + correspond to respectively the fitted major and minor axis obtained 206 

from the contour measurement with ImageJ. * (height) was derived from + using the 207 

flattening factors (* +⁄ ) reported for Oithona nana (0.80; Viñas et al., 2010) and 208 

Acartia tonsa (0.88; Fernandez Araoz, 1991; Hoffmeyer and Torres, 2001). 209 

 210 

Statistical analyses 211 

The power scaling of elemental composition with body size was determined by simple 212 

linear regression after log transformation. Because the P analyses were conducted in 213 

independent filters of those for C and N analysis, the standard errors of C:P and N:P 214 

molar elemental ratios were calculated by error propagation (Sterner and Elser, 2002), 215 

using the equation: 216 

./0:2 = 0̅
24 × 56

789
0̅ :

;
+ 678=24 :

;
, 217 

where >̅ and !4  are the arithmetic means of the variables A and B, ./0 and ./2  are the 218 

respective standard errors, and ./0:2	is the standard error of the ratio >̅:!4 . 219 

The relationships between molar elemental ratios and body size were also 220 

analysed by simple linear regression. Differences between regression slopes were tested 221 

by ANCOVA. Either t-test or ANOVA were conducted when necessary. Statistics were 222 

conducted with Prism 7 (GraphPad Software, Inc.). 223 

 224 

RESULTS 225 

Elemental content of the eggs 226 

Eggs of Paracartia grani were spherical, with average diameter of 82.7±0.28 µm, and 227 

their elemental content averaged 38.2±3.11SE ng C, 8.1±0.70SE ng N and 2.6±0.21SE 228 

ng P per egg. The eggs of Oithona davisae were more flattened, likely because of being 229 

packed within a sac, with mean size 51.8±0.35SE ´ 43.1±0.30SE µm and elemental 230 

content 6.4±0.42SE ng C, 1.4±0.07SE ng N and 0.28±0.007SE ng P per egg. Molar 231 
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ratios for P. grani and O. davisae eggs were, respectively: C:N=5.5±0.03SE and 232 

5.3±0.15SE, C:P = 38.0±4.38SE and 58.8±4.16SE, and N:P=6.9±0.82 SE and 233 

11.1±0.59SE. 234 

 235 

Ontogenetic changes in body length and elemental content 236 

The body length of Paracartia grani ranged from ca. 100 µm for the earliest nauplii to 237 

ca. 380 µm for the first copepodite stage and increased up to a mean size of 1016 µm 238 

for the adult female (Fig. 1a). The male of P. grani was 12% smaller than the female. 239 

The C content of P. grani ranged from 0.02 µg C for the earlier stages to ca. 5 µg C for 240 

adult females (Fig. 1a). The N and P elemental content ranged from 4.3 ng N and 1.3 ng 241 

P for the earliest stages to mean values of ca. 1.2 µg N and 0.18 µg P for adult females. 242 

The elemental content (C, N and P) in P. grani scaled to body length as a power 243 

function (Fig. 1a; Table I). The scaling factor (slope) was similar for C and N 244 

(respectively, 2.48±0.086SE and 2.50±0.085SE), but decreased for P (2.18±0.042; 245 

ANCOVA: F2,42=5.98, p=0.005). 246 

Body length of Oithona davisae ranged from 87 µm for the earliest nauplii to ca. 247 

200 µm for the earliest copepodites up to mean body lengths of ca. 340 µm for adult 248 

males and females, which had similar sizes (Fig. 1b). The C content ranged from 5 ng C 249 

for the earliest nauplii to ca. 0.31 µg C for (non-ovigerous) adult females, whereas the N 250 

and P content ranged from 1 ng N and 0.3 ng P for the earliest nauplii to 70 ng N and 11 251 

ng P for the adult females (Fig. 1b). Similar to Paracartia grani, the relationships 252 

between body length and elemental content followed a power function (Fig. 1b; Table 253 

I). The slopes of the power relationship between body size and C and N content 254 

appeared slightly higher than those for P, but the differences were not statistically 255 

significant (ANCOVA: F2,42=1.28, p=0.29). 256 

 257 

Ontogenetic changes in body volume and specific elemental content 258 

The body volume of both copepod species related to body length by a power function 259 

with a scaling factor close to 3 (Figs. 2a, 3a). The scaling factor for Paracartia grani 260 

(2.52±0.052SE) was slightly lower than that for Oithona davisae (2.80±0.062SE), likely 261 

due to the comparatively wider shape of the latter species, i.e. higher dorsal width/body 262 

length ratio (e.g. width/length ratio for adult females: P. grani = 0.29±0.001SE; O. 263 

davisae =0.47±0.005SE). 264 
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The ontogenetic changes in the specific elemental content of Paracartia grani, 265 

normalized per unit of body volume, are shown in Fig. 2. The variation in the specific C 266 

and N content did not show a statistically significant trend with size (stage) (Figs. 2b,c; 267 

Table I), and averaged 86.3±3.81SE µg C mm-3 and 19.6±0.86SE µg N mm-3, 268 

respectively. On the other hand, the specific P content declined significantly with body 269 

size and ranged between 2.8 and 7.2 µg P mm-3 (Fig. 2d; Table I), with an average value 270 

of 4.6±0.33SE µg P mm-3. 271 

Similarly, the specific C and N content of Oithona davisae were also independent 272 

of body size (Figs. 3b,c; Table I), and averaged respectively 78.6±4.81SE µg C mm-3 273 

and 18.7±1.18SE µg N mm-3. The specific P content, however, declined from ca. 4.8 µg 274 

P mm-3  in early nauplii to ca. 2.8 µg P mm-3 in adults (Fig. 3d; Table I), with an average 275 

value of 3.8±0.24SE µg N mm-3 (Fig. 3d). 276 

The average specific C and N content did not differ between both species (two-277 

tailed t-tests; specific C content: t=1.27, df=29, p= 0.22; specific N content: t=0.63, 278 

df=29, p= 0.53). However, Oithona davisae had overall lower specific P content (19%; 279 

two-tailed t-test: t=2.12, df=29, p= 0.042). This difference in P content between species 280 

was mainly driven by the differences at the early stages of development, whereas adults 281 

of both species had similar content per unit body volume (see Figs. 2d and 3d). 282 

 283 

Changes in elemental ratios through development 284 

C:N ratios for Paracartia grani were independent of size, with a mean C:N molar ratio 285 

of 5.1±0.06SE (Fig. 4a; Table I). The N:P and C:P molar ratios in P. grani averaged 286 

10.0±0.82SE and 51.4±4.03SE, respectively; both ratios significantly increased with 287 

size (Fig. 4a,b; Table I).  288 

Similar to Paracartia grani, C:N molar ratios of Oithona davisae did not change 289 

along the development (Fig. 4c; Table I); mean C:N molar ratio for O. davisae was 290 

4.9±0.10SE (Fig. 4c). Both N:P and C:P molar ratios of O. davisae were positively 291 

related to body size (Fig. 4c,d; Table I). These positive relationships were 292 

fundamentally driven by the high N:P and C:P ratios of late copepodites and adults 293 

(body sizes >300 µm; mean N:P ratio: 14.2±1.14SE; mean C:P ratio: 69.0±4.71SE); if 294 

we exclude these stages from the analysis (i.e. only take into consideration body sizes 295 

<300 µm), both N:P and C:P ratios were independent of body size (N:P ratio: 296 

F1,9=0.0095, p=0.92; C:P ratio: F1,9=0.053, p=0.82), with mean values of 10.1±0.46SE 297 

and 48.7±2.20SE, respectively. 298 
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 299 

DISCUSSION 300 

In this study we have compared the changes in elemental composition and molar 301 

stoichiometric ratios along the ontogeny of two copepod species with very contrasting 302 

life history traits, such as feeding rates, reproductive strategy and fecundity rates 303 

(Almeda et al., 2011; Calbet and Alcaraz, 1996; Zamora-Terol and Saiz, 2013), and 304 

their ageing patterns and total life reproductive output (Saiz et al., 2017; Saiz et al., 305 

2015). We expected these differences would reflect in their elemental content and 306 

C:N:P ratios. 307 

 308 

Elemental contents of Paracartia grani and Oithona davisae 309 

As typically reported for other copepods (Berggreen et al., 1988; Durbin and Durbin, 310 

1978; Sabatini and Kiørboe, 1994), the elemental content of both studied species scaled 311 

potentially to the body length. In our study, the power factors were similar for C and N 312 

and differed slightly between species (ca. 2.5 for Paracartia grani; ca. 2.7 for Oithona 313 

davisae); conversely, the power factors for P were overall lower than those for C and N, 314 

and also differed slightly between species (ca. 2.2 for P. grani; ca. 2.5 for O. davisae). 315 

These patterns, however, were based on linear dimensions (body length), and did not 316 

consider differences in body mass or volume between species (due to different body 317 

morphology). We, therefore, standardized the elemental content to body volume of both 318 

species along development. The C and N content per unit of body volume remained 319 

relatively constant and independent of stage (size) and species. We haven’t found any 320 

other direct estimates of C and N content per unit body volume for copepods, except the 321 

estimate for C reported by Uye and Sano (1998) for adult O. davisae (which was 83.4 322 

µg C mm-3, very close to our estimate for this species, 90.0 µg C mm-3) and those for 323 

mixed zooplankton (mainly copepods) reported by Alcaraz et al. (2003) in their Table 2, 324 

which overall are within the range of variation, but somewhat lower to the ones we 325 

found. The body volumes in Alcaraz et al. (2003) were probably overestimated because 326 

height and width of individuals were assumed to be isometric, therefore explaining the 327 

slight difference in comparison to ours.  328 

In order to allow a comparison of our data with those studies where copepod 329 

elemental composition is normalized with dry mass instead of body volume, we have 330 

also derived the dry mass in our samples from volume. To do that, we have first 331 
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converted body volume to wet mass assuming a copepod wet mass density r=1.4 g cm-332 

3, a reasonable value for both Oithona and Acartia species (range: 1.03-1.05 g cm-3; 333 

Hubareva and Svetlichny, 2016; Svetlichny et al., 2017), and then assumed a dry 334 

weight:wet weight conversion factor of 0.2 for medium latitude copepods (Båmstedt, 335 

1986, his Table 1.13). Thus, for r=1.04, the elemental composition of both species as % 336 

of dry mass is:  337 

Oithona davisae: %C=41±2.5, %N=10±0.6, %P=2.0±0.12 338 

Paracartia grani: %C=44.9±2.0, %N=10±0.4, %P=2.4±0.17 339 

Using r values of either 1.03 or 1.05 instead, the differences in dry-mass normalized 340 

values were negligible (up to approximately 1 unit for %C,  and only 0.3 or less units of 341 

variation for %N and %P), indicating that these estimates are quite robust to variations 342 

in r.  343 

Our copepod elemental contents expressed as % of dry mass are close to the 344 

ones reported for C and N in the review by Bamsted (1986) and Kiørboe (2013). 345 

Regarding %P, Bamsted (1986) mentioned that the few data available at the time 346 

seldom exceeded 1% dry mass. Uye and Matsuda (1988) reported the P content (as % 347 

dry mass) for 11 copepod species of the Inland Sea of Japan to range between 0.70 and 348 

1.76%, with an average of 1.6% for adult females of Acartia. Walve and Larsson (1999) 349 

reported average elemental contents of 48%C, 12%N and 1.6%P for copepodite stages 350 

of Acartia in the Baltic Sea, phosphorus contents being more variable (range 1.1-2.0). 351 

Our P estimates, in the order of 2-2.4%, are reasonable since our copepods were 352 

maintained in the laboratory feeding ad libitum, while most (if not all) of the above-353 

mentioned reports are on field copepods, under different environmental conditions. 354 

Regarding other studies where ontogenetic variation (from nauplii to adults) in 355 

elemental composition and stoichiometry are dealt with, neither the work Meunier et al. 356 
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(2016) with Acartia tonsa nor the one by Matherws et al (2018) with Parvocalanus 357 

crassirostris provided elemental content per unit dry mass, and they present the data 358 

only as stoichiometric ratios. 359 

 360 

Stoichiometric composition and life history traits of Paracartia grani and Oithona 361 

davisae 362 

We found that P. grani and O. davisae C:N molar ratios were overall similar and fell 363 

within the range of values reported for marine copepods (Båmstedt, 1986). In fact, 364 

heterotrophs are in general much more homeostatic than autotrophs, and variations in 365 

stoichiometric ratios are more constrained (Sterner and Elser, 2002). Thus, the low 366 

variation in specific C and N content we found explains the uniformity of C:N ratios 367 

along ontogeny in both species. Typically, copepod C:N ratios are not expected to 368 

change much through ontogeny, except in high latitudes where large amounts of lipids 369 

to undergo the unfavourable season might be stored, resulting in higher C:N ratios given 370 

the lower relative content of N in lipids (Båmstedt, 1986). Low and medium latitude 371 

copepods like Paracartia grani and Oithona davisae may store minor quantities of 372 

lipids as tiny oil droplets under high food supply (pers. obs.), but these amounts are 373 

certainly fairly small and would have little influence on C:N ratios. In agreement with 374 

our study, Meunier et al. (2016) also reported rather constant C:N ratios (ca. 5), 375 

comparable to ours, along the development of the calanoid copepod Acartia tonsa.  376 

We found that in both copepod species the P content per unit of body volume was 377 

inversely related to size, denoting that through development older stages had a lower 378 

relative content of P. This decrease in P content reflected on the variations in C:P and 379 

N:P molar ratios, in particular on the late copepodite stages and adults. In freshwater 380 

zooplankton (and particularly copepods) it has been described that most stoichiometric 381 

variation in body composition usually occurs in the P content (Sterner and Elser, 2002, 382 

and references therein). These differences in P body content are commonly attributed to 383 

changes in the amount of nucleic acids, particularly RNA, since other molecules rich in 384 

P are considered to be at very low concentrations in zooplankton (Sterner and Elser, 385 

2002). The growth rate hypothesis (Elser et al., 1996) states that given the link between 386 

RNA content and growth rate, the high RNA content of fast-growing animals will result 387 

in a larger allocation of P in the body and therefore lower C:P and N:P ratios (Sterner 388 

and Elser, 2002). In freshwater zooplankton the growth rate hypothesis has been 389 
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supported by comparisons between groups with distinct life history strategies and 390 

taxon-specific growth rates (e.g. copepods vs. Daphnia, or K- vs r-strategists; Sterner 391 

and Elser, 2002) and along the development of high-mountain lake copepods, in which 392 

the slower growth rates in older developmental stages were associated with a decrease 393 

in their relative content of P (Carrillo et al., 2001; Villar-Argaiz et al., 2002). In marine 394 

copepods, several studies have showed that RNA content varies positively with growth 395 

(either somatic or egg production; (Gorokhova, 2003; Saiz et al., 1998; Wagner et al., 396 

2001; Yebra et al., 2011), but unfortunately these studies typically do not report the 397 

possible changes in copepod stoichiometry. 398 

In our study, we did not conduct any growth experiments coupled with our 399 

stoichiometric analyses, and did not aim to test the growth rate hypothesis. 400 

Nevertheless, given the contrasting life history traits between Paracartia grani and 401 

Oithona davisae and the previous knowledge on the biology and physiology of these 402 

two species, we anticipated that the known differences in growth between both species 403 

might reflect on their stoichiometric ratios. For the sake of the following discussion, we 404 

provide in Table II and Fig. 5 a summary of several life history traits reported in the 405 

literature for Paracartia grani and Oithona davisae.  Thus, the much lower prey 406 

encounter rates (i.e., lower maximum clearance rates), result of the strict ambush 407 

feeding behaviour of Oithona davisae, and the much lower clutch size, associated to the 408 

egg carrying reproductive strategy exhibited by this species, set the constraints for the 409 

large differences in productivity between both copepod groups, both on a daily basis 410 

and on a per lifespan basis. These differences in strategy also reflect at the ontogenetic 411 

level. Figure  5 shows the maximum somatic (nauplii) growth rates and maximum 412 

weight-specific egg production rates reported in previous works carried out in our 413 

laboratory with both species, under the same food type and satiating conditions (P. 414 

grani: Calbet and Alcaraz, 1996; Calbet and Alcaraz, 1997; O. davisae: Almeda et al., 415 

2010b; Zamora-Terol and Saiz, 2013). Maximum growth rates of P. grani were overall 416 

more than twice those of O. davisae (Fig. 5; two-way ANOVA, p<0.001). Growth 417 

patterns along ontogeny, however, contrasted between species. Juvenile growth rates of 418 

P. grani did not differ from weight-specific egg production rates (Fig. 5; Sidak’s 419 

multiple comparisons test, p=0.21); contrarily, maximum naupliar growth rates of O. 420 

davisae were 86% higher than those of females (Fig. 5; Sidak’s multiple comparisons 421 

test, p<0.001). The similarity in maximum growth rates of juvenile (somatic) and adult 422 

females (egg production) of P. grani agrees well with previous assessments in other 423 
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small coastal calanoid copepods, which under non-limiting food conditions typically 424 

show similar growth rates along ontogeny (Berggreen et al., 1988; Fryd et al., 1991; 425 

Sekiguchi et al., 1980). Contrarily, maximum female weight-specific growth rates of O. 426 

davisae seem to be severely constrained in comparison to the naupliar ones, likely 427 

because its egg-carrying reproductive strategy (Kiørboe and Sabatini, 1994; Saiz et al., 428 

2017). 429 

The interspecific differences in specific P content we found conform well to the 430 

expected differences in maximum growth rates between both species. Likewise, the 431 

ontogenetic data on Oithona davisae appear to agree with the postulates of the growth 432 

rate hypothesis, since the variations in specific P content closely match the growth rate 433 

differences reported along development for this copepod species. However, the lack of 434 

expected differences between juvenile and adult growth rates in Paracartia grani does 435 

not correspond with the large variation in specific P content along development.  436 

Very few studies have really addressed the relationship between growth rates and 437 

stoichiometry in marine copepods. To our knowledge only Meunier et al. (2016) have 438 

provided clear evidence of an increase in N:P and C:P ratios associated with a decline in 439 

growth along development in marine copepods. It is worth noticing, however, that the 440 

ontogenetic decline in somatic growth observed in their culture of the calanoid Acartia 441 

tonsa might suggest a certain degree of food limitation by the older stages, since, as 442 

mentioned before, many studies have reported that A. tonsa and other similar small 443 

calanoids show similar growth rates along ontogeny when reared under excess food 444 

(e.g. (Berggreen et al., 1988; Hirst and Bunker, 2003). In the more recent work of 445 

Mathews et al. (2018) on the marine calanoid Parvocalanus crassirostris, however, at 446 

25ºC under nutrient replete food, naupliar growth rates were approximately 2.5 times 447 

higher than the copepodite ones, but the naupliar C:P ratios, instead of lower, were ca. 448 

1.6 times higher than those of copepodites, indicating lower P content in the nauplii 449 

(their Fig. 2).  450 

It is not surprising that the variations in P content in copepods might not be 451 

always strongly linked to growth. That could be the case, for instance, when food is not 452 

limiting (Frost et al., 2005). Moreover changes in P content might also reflect changes 453 

in different biochemical compounds besides nucleic acids or different physiological 454 

processes (Tang and Dam, 1999). For instance, Vrede et al. (1999) found that in the 455 

freshwater copepod Eudiaptomus gracilis the fraction of total P content associated to 456 

nucleic acids decrease from copepodite stages IV and V (ca. 0.7) to the adult stage (ca. 457 
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0.5). In the case of the adult copepod, a large fraction of the P analysed in the female 458 

body were the consequence of the P-rich oocytes (egg N:P ratios range 7-11, see 459 

Results) in mature ovaries waiting until the next spawning event, and therefore being 460 

the result of biosynthetic activity. Thus, P. grani feeding on Rhodomonas salina at 461 

satiating conditions can spawn at rates of approximately 54 eggs ind-1 d-1 (Calbet and 462 

Alcaraz, 1996; Calbet and Alcaraz, 1997), these eggs accounting for 77% of the total 463 

female P content. On the other hand, for O. davisae, much less productive, the future 464 

eggs in the ovaries may roughly account for only 20% in the female P content 465 

(excluding egg sacs, outside the body). Finally, it is worth noticing that Carrillo et al. 466 

(2001) and Villar-Argaiz et al. (2002), in their studies of the population of the 467 

freshwater copepod Mixodiaptomus laciniatus inhabiting a high-altitude small lake, 468 

already highlighted the substantial differences in copepod body stoichiometry 469 

associated to differences in life strategy and nutrient demands along ontogeny (nauplii 470 

vs. copepodites), and also reported considerable intra-stage variations in P content, 471 

instead of strict homeostasis (for instance linked to moulting, Carrillo et al., 2001). The 472 

process of development and moulting for juveniles (adult copepods do not moult), with 473 

the formation of new structures and appendages in each new instar, together with the 474 

metamorphosis to the copepodite stage certainly involve high levels of metabolic 475 

activity (and therefore P requirements) that might not be necessarily equivalent to 476 

increase in somatic growth. Thus, the intraspecific variations in specific elemental 477 

content do not only reflect changes in growth rates but are also the result of different 478 

constraints and elemental requirements linked to the particularities of the life history 479 

(e.g. free spawner vs. egg carrier). In our study, using cultivated marine copepod 480 

species reared under satiation conditions, the influence of these life history traits in 481 

stoichiometry were evident, and set the basis to understand the differences in P 482 

requirements and the possible impact of P limitation on the productivity of both species 483 

in their natural habitat. 484 

 485 

CONCLUSIONS 486 

Our study has shown that two marine copepod species, the calanoid Paracartia grani 487 

and the cyclopoid Oithona davisae, with very different life history strategies, have 488 

similar specific C and N content, but differ on their specific P content. The higher 489 

specific P content (and lower C:P and N:P ratios) of Paracartia grani agree with the 490 

overall higher levels of metabolic activity and growth rates exhibited by this species. 491 
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Our study also suggests, however, that when elemental composition is considered at the 492 

intraspecific level (ontogeny), the variations in P content might not always correspond 493 

with ontogenetic differences in growth. In particular, the variations in specific P content 494 

along the development of P. grani appeared uncoupled to the reported maximal juvenile 495 

and adult growth rates.  496 

Definitively, more data on other species are needed to envisage whether the 497 

pattern observed in P. grani is a particular one or is actually the rule that applies for 498 

broadcaster copepods. Further experimentation, coupling growth rates with 499 

stoichiometry and biochemistry, in particular under conditions of nutrient limitation, are 500 

necessary to obtain a better understanding of the underpinning mechanisms linking 501 

elemental composition and growth rate in marine copepods (Tang and Dam, 1999).  502 
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TABLE LEGENDS 666 

 667 

Table I. Regression statistics for the linear fits shown in Figs. 1, 2 and 3. 668 

Elemental content as µg per individual. Specific elemental content as µg per 669 

mm3. BL: body length; *: log transformed data; ns: not significant. 670 

 671 

Table II. Compilation of published data on different life history traits of 672 

Paracartia grani and Oithona davisae. Unless otherwise specified, data 673 

shown correspond to reported mean values from laboratory studies carried 674 

out at 18-19ºC in ad libitum conditions, using the cryptophyte Rhodomonas 675 

salina as food for Paracartia grani, and the heterotrophic dinoflagellate 676 

Oxyrrhis marina as food for Oithona davisae. n.a.: not available  677 



 

 1 

Table I.  1 

 2 

 Paracartia grani Oithona davisae 
C contents vs BL*  F1,14=831, r2=0.98, p<0.001  F1,14=566, r2=0.98, p<0.001 
N contents vs BL* F1,14=873, r2=0.98 p<0.001 F1,14=685, r2=0.98, p<0.001 
P contents vs BL* F1,14=2666, r2=0.99; p<0.001 F1,14=833, r2=98, p<0.001 

   
specific C contents vs BL  F1,14=0.098, p=0.76 (ns) F1,13=1.38, p=0.26 (ns) 
specific N contents vs BL  F1,14=0.0015, p=0.97 (ns) F1,13=1.39, p=0.26 (ns) 
specific P contents vs BL  F1,14=60.4, r2=0.81, p<0.001 F1,13=18.5, r2=0.59, p<0.001 

   
C:N molar ratio vs BL F1,14=3.4, p=0.09 (ns) F1,14=0.037, p=0.85 (ns) 
N:P molar ratio vs BL F1,14=44.3, r2=0.76, p<0.001 F1,14=5.53, r2=0.28, p=0.034 
C:P molar ratio vs BL F1,14=35.3, r2=0.72, p<0.001 F1,14=6.54, r2=0.32, p=0.023 

 3 

 4 



Table II.  
 

Life history trait Paracartia grani Oithona davisae Reference 
Adult body size Male: 893 µm 

Female: 1016 µm 
Male: 344 µm 
Female: 350 µm 

This study 

Adult body mass Male: 3.6 µg C 
Female: 4.9 µg C 

Male: 0.24 µg C 
Female: 0.31 µg C 

This study 

Mean life expectancy Male: n.a. 
Female: 24 d 

Male: 14 d 
Female: 28 d 

Saiz et al. 2015, Saiz et 
al. 2017 

Tolerance to starvation 
(median survival) 

Male: 6 d 
Female: 6 d 

Male: 8 d 
Female: 15 d 

Saiz et al. 2017, Saiz, 
unpub. data 

Respiration rate (in 
filtered seawater) 

Female: 2.2 nmols O2 
ind-1 h-1 

Female: 0.19 nmols 
O2 ind-1 h-1 

Isari et al. 2015, Saiz et 
al. 2015 

Feeding strategy Suspension feeding 
(may switch to ambush 
feeding on large motile 
prey) 

Strict ambush feeding Henriksen et al. 2007, 
Saiz et al. 2014, Olivares 
et al. 2019, unpub. obs. 

Maximum clearance 
rate (on Oxyrrhis 
marina, ca. 17-18 µm 
ESD) 

Female: 88 mL ind-1 d-1 Female: 4.6 mL ind-1 
d-1 

Calbet et al. 2007, Saiz 
et al. 2014 

Reproductive strategy Broadcasting Egg carrying Saiz et al. 2015, Saiz et 
al. 2017 

Egg size (diameter) 83 µm 47 µm This study 
Egg mass 0.038 µg C 0.006 µg C This study 
Clutch size 50 eggs (per day) 20 eggs (both sacs) Zamora-Terol and Saiz 

2013 
 

Egg production rate 50 eggs ind-1 d-1 6 eggs ind-1 d-1 Zamora-Terol and Saiz 
2013, Calbet and Alcaraz 
1996, Calbet and Alcaraz 
1997 
 

Life span total 
reproductive output 

2500 eggs 110 eggs Saiz et al. 2015, Saiz et 
al. 2017 

 



 24 

FIGURE LEGENDS 678 
 679 

Fig. 1. Elemental content (C, N and P) as a function of body length of Paracartia grani 680 

(a) and Oithona davisae (b). Arrows highlight the transition from naupliar to 681 

copepodite stage. 682 

Fig. 2. Paracartia grani. Relationship between ontogenetic changes in body length and, 683 

respectively, body volume (a), specific C content (b), specific N content (c), and 684 

specific P content (d). 685 

Fig. 3. Oithona davisae. Relationship between ontogenetic changes in body length and, 686 

respectively, body volume (a), specific C content (b), specific N content (c), and 687 

specific P content (d). 688 

Fig. 4. Relationships between ontogenetic changes in body length and, respectively, 689 

C:N and N:P molar ratios of Paracartia grani (a) and Oithona davisae (c), and C:P 690 

molar ratios of Paracartia grani (b) and Oithona davisae (d). 691 

Fig. 5. Maximum growth rates of nauplii (somatic) and adult females (egg production) 692 

of Paracartia grani and Oithona davisae. Data for P. grani from Calbet and Alcaraz 693 

(1996) and Calbet and Alcaraz (1997). Data for O. davisae from Almeda et al. (2010b) 694 

and Zamora-Terol and Saiz (2013). Error bars are 95% confidence intervals. See text for 695 

more details. 696 
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