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Abstract 22 

The cosmopolitan red alga Callophyllis variegata is harvested and exported as food to 23 

Asian countries. In anticipation of overexploitation problems, this study aimed to describe 24 

temporal changes in their population structures and chemical composition by comparing 25 

intact (Pichicuyén) and exploited populations (San Antonio) of southern Chile, by using 26 

linear mixed models. Abundance parameters and size classes were higher in summer 27 

months, whereas fertile stages tetrasporophytes and carposporophytes were more 28 

abundant in autumn – winter periods. Recruitment was plentiful towards late winter – 29 

spring months. Geographical differences were also detected, and San Antonio (C. 30 

variegata-exploited) stocks exhibited lower productivity but similar cover/density in 31 

comparison to Pichicuyen (intact location). Likewise, this population showed a size 32 

structure towards smaller individuals (e.g. recruits) and more sterile individuals than 33 

Pichicuyen. Phosphorous, protein, lipid, soluble carbohydrate and fibre composition also 34 

showed a clear seasonal trend, but no differences between localities were found for lipids 35 

and soluble carbohydrates. Since C. variegata showed good productivity and interesting 36 

nutritional value, we concluded this species shows potential for exploitation and 37 

commercialization in southern Chile, as long as specific management protocols and 38 

market studies are developed. 39 

 40 

 41 

Keywords: Callophyllis variegata, population dynamic, abundance, chemical composition, 42 

red alga fishery, seasonality, southern Chile43 
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Introduction 44 

 45 

Callophyllis variegata is a cosmopolitan kallimeniacean seaweed, distributed in Chile from 46 

Antofagasta (23° 38’ S) to Cape Horn (55° 43’ S) (Ramirez & Santelices, 1991), but also in 47 

Alaska, Peru, Argentina, New Zealand, Africa, Indian Ocean Islands and sub Antarctic 48 

Islands (Arakaki et al. 2011; Bringloe et al. 2019). It grows up to 20 cm, and inhabits  49 

shallow subtidal rocky platforms in both sheltered and exposed shores (Hoffmann and 50 

Santelices 1997), up to 15 m depth (Westermeier 1981). This species has been proposed 51 

for food alternative due to its extraordinary organoleptic and chemical properties (Astorga-52 

España and Mansilla 2014a). In Chile, C. variegata had been produced for local market 53 

but also exported to Asia since 1997 (Ávila et al. 2014), where it is high-valued for its 54 

striking colors and high contents of vitamins and minerals (Mansilla et al. 2012). 55 

Nevertheless, current C. variegata landings are only centered in the VII and X regions 56 

(around 36-38 ° and 41-43° S in the coastal southeastern Pacific), with a decreasing trend 57 

from more than 80 t y-1 harvested in 1999 to few tones annually, over the last ten years 58 

(Sernapesca 2018).  59 

 60 

Despite a promising future in the Chilean seaweed market, C. variegata production has not 61 

shown signs of retrieval, and the reasons behind may be result from different situations. 62 

Low market-seeking strategies and prevalence of food substitutes -especially in Asia- have 63 

decreased the selling prices locally (Ávila et al. 2014). Likewise, due to lack of ecological 64 

and management knowledge some populations may have faced overexploitation (Hayashi 65 

et al. 2014). In places where it is available, C. variegata is not attractive enough for local 66 

fishermen, as they exploit alternative and more profitable marine resources from their 67 

management areas (David Patiño pers. communication). This is particularly relevant when 68 

C. variegata harvesting consists in manual extraction of whole fronds or collection of 69 

stranded adult individuals after storm surges (Westermeier and Ramírez 1979a), 70 

constituting a significant manpower-demanding activity. As such, There were some 71 

aquaculture trials of this species at experimental scales (Hernández-González et al. 72 

2010a; Ávila et al. 2014). The current demand, nonetheless, has not encouraged further 73 

efforts on the C. variegata mariculture upscaling. 74 

 75 
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Historically and from ancient times, Asian countries have been the most important 76 

seaweeds producers and consumers worldwide (FAO 2018a). However, seaweeds have 77 

become important diet components in North America, Europe and Latin America (Astorga-78 

España et al. 2017; Mouritsen et al. 2018). Whereas regionally there is a preference in 79 

producing local flora, there is also an important seaweed importation in every of these 80 

continents (FAO 2018b). Particularly in Chile, seaweed consumption dates from pre-81 

Columbian ages (Dillehay et al. 2008), and till now seaweed fisheries rely of only two 82 

species for food: Pyropia orbicularis and Durvillaea spp. (FAO 2018b). Nonetheless, ca. 83 

4,000 t are imported from mostly Asia annually for human food. Concomitantly, Chile also 84 

exports 400 t year-1 for direct human consumption, forming a US$ 8M industry that trades 85 

seaweed to the five continents (Murúa 2016). C. variegata, nevertheless, emerges as a 86 

third option for food, with potential relevance at regional and international level. There is 87 

limited knowledge of the current standing crops of this species in Chile, nor ecological data 88 

on its standing stock variability. Likewise, there is no clear understating of the impact of 89 

regular harvesting on the populations of this species. Here, we compare population 90 

proxies of C. variegata in two populations with historically different harvested regimes from 91 

ca. 20 years ago, when the resource was started to be exploited. We aim to provide 92 

firsthand evidence of C. variegata harvesting and provide a baseline of the standing stocks 93 

in southern Chile, that can be used for exploitation of this seaweed when market 94 

conditions are fulfilled.  95 

 96 

Materials and methods 97 

 98 

Study areas 99 

C. variegata specimens were studied and collected in natural populations from 1) 100 

Pichicuyén (41° 36’ S; 73° 42’ W), an exposed shore near Maullín city and 2) San Antonio, 101 

Faro Corona, (41° 51’ S; 73° 49’ W), near Ancud Bay; southern Chile (Fig. 1). Pichicuyén 102 

is a southwest exposed site with a substratum consisted exclusively by Pyura chilensis 103 

(Ascidiacea). San Antonio, instead, is a northwest exposed locality and the substratum is 104 

characterized mainly by metamorphic rocks and in rare instances by Pyura chilensis 105 

banks. C. variegata populations in southern Chile are typically clumped; Pichicuyen is ca. 106 

300,000 m2 and San Antonio 7,500 m2. Both populations coexist in a community 107 

associated with calcareous algae, the kelps Lessonia trabeculata and Macrocystis pyrifera, 108 
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Ulva species and the bladed red seaweeds Gigartina skottsbergii and Sarcothalia crispata. 109 

The most abundant grazers included Fisurella spp., Tegula spp and Loxechinus albus. 110 

From a fishery point of view, both populations were classified as free-access areas back in 111 

the nineties. Nevertheless due to its difficult access Pichicuyén was typically a fishermen-112 

free location, whereas San Antonio population was under constant C. variegata 113 

harvesting. Sampling and harvesting procedures for this study were carried out monthly 114 

throughout one year (July 1997 – June 1998), at 7-9 m depth.  115 

 116 

Environmental parameters of two study areas were alike (although our environmental 117 

survey was by no means exhaustive) (Supplementary table 1). Temperature in both 118 

locations exhibited a clear seasonal pattern ranging from 11 to 15ºC. pH and salinity were 119 

very stable instead, oscillating between 7.3 – 8.1 and 28 – 32 PSU respectively. Both 120 

Pichicuyén and San Antonio nutrients fluctuate highly throughout the year: nitrate varies 121 

between 0.3 – 10.5 µM, ammonium between 0.1 – 2.2 µM and orthophosphate between 122 

4.2 – 78.9 µM. Due to these similarities they were not used in onward analyses.  123 

 124 

Population dynamic proxies 125 

With monthly frequency, C. variegata populations were repeatedly sampled from six 1m2 126 

quadrats in each locality (n = 6) for non-destructive estimations (e.g. cover, density and 127 

size). Cover (% m-2) was determined sub-dividing 1m2 quadrats in 100 sections (regular 128 

points), according to Westermeier (1981) methodology (i.e. 1 point = 1%). Density 129 

(individuals m-2) and average frond size (cm) were established in the same quadrats, 130 

counting and measuring individuals of each quadrat. With the information of density and 131 

frond size we arbitrarily established size classes, with percentage composition of recruits 132 

(< 3 cm), adults (> 9 cm) and intermediate size individuals (lower 3 – 6 cm and upper 6 – 9 133 

cm). Biomass was estimated by C. variegata harvesting. Afterwards, plants were dried at 134 

60 °C during 72 h and weighted for biomass estimations (g DW m-2). 135 

 136 

In these areas, it was established the prevalence of reproductive individuals. Each phase 137 

of life cycle was determined by i) the resorcinol method after Shaughnessy and De 138 

Wreede (1991) and ii) microscopic observations of thalli. Thus, collected specimens were 139 

classified in vegetative gametophytes (“sterile” plants), carposporophytes (cystocarpic) 140 

and tetrasporophytes (plants bearing crusades tetrasporangies).  141 
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 142 

Chemical analysis 143 

Monthly, algal samples were collected from the same six quadrats (n=6), avoiding 144 

individuals with visible epibionts. In these experiments, specimens were not separated by 145 

life stage. After harvesting, each sample was placed in sterile bags, rinsed with tap water 146 

and cleaned up. Samples were dried at 60ºC for three days (until reaching constant 147 

weight), powdered and stored at ambient temperature until further chemical analysis after 148 

Westermeier et al. (2012). 149 

 150 

Chemical analyses were done following our previous experience with red and brown 151 

seaweeds (Westermeier and Gómez 1996; Westermeier et al. 2012). Total phosphorus 152 

was measured according to (Chen et al. 1956). Total nitrogen contents were determined 153 

through Kjeldahl method, and protein levels were obtained indirectly amplifying nitrogen 154 

content by the factor 6.25 (Westermeier 1982). Lipid composition was estimated by the 155 

gavimetric method (Roughan 1985). Crude fiber was quantified by acid and alkali digestion 156 

(AOAC 2005), and soluble carbohydrate was quantified by colorimetry (phenol-sulfuric 157 

method) after (Dubois et al. 1956).  158 

 159 

Statistical analysis 160 

Statistical analyses were carried out using R (R Core Team 2014). To demonstrate 161 

monthly differences in abundance (biomass, cover density), size/size class, prevalence of 162 

reproductive individuals and proximal composition, data was fit to linear mixed models 163 

(Bates et al. 2015), where quadrat number was defined as a random effect. Data was 164 

either log10 or square root transformed in order to fulfill the assumptions of normality and 165 

homoscedasticity, which were tested using Q-Q plots (Venables and Ripley 2002) and 166 

Levene tests, respectively. Best model for each population/proximal proxy was selected 167 

after transformation based on AIC comparisons, as long as overdispersion < 1. Both 168 

conditional (r2c, fixed and random effects) and marginal (r2m, fixed-factors effects) 169 

goodness of the fits were calculated (Johnson 2014).  170 

Results 171 

 172 

Abundance and frond size 173 
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Abundance parameters and frond size values are shown in figures 2 and 3, all of them 174 

exhibited seasonal patterns. Maximum values were obtained towards spring-summer 175 

periods (p < 0.05; table 1). In Pichicuyén, the greatest values of abundance were detected 176 

during summer months, achieving biomass of 48.5 g DW m-2, 48% of cover, 106 ind m-2 177 

and frond lengths upper of 10 cm (Figs. 2; 3). Biomass and size were the only parameters 178 

that were geographically different (table 1), with Pichicuyén being more productive. 179 

 180 

Size class 181 

Size composition was another index that oscillated seasonally over the year, regardless 182 

the location (Fig. 4; table 1). Small sizes, likely recruits (< 3 cm), were found predominantly 183 

in winter months, with frequencies upper than 20% in Pichicuyén and 30% in San Antonio. 184 

In both locations, big plants (> 9 cm; adults) were more abundant toward summer months, 185 

achieving ≈60%. Intermediate sizes together (3 – 6 and 6 – 9 cm) usually joined between 186 

40 – 60%, and remained relatively constant throughout the year (Fig. 4). Geographical 187 

differences were identified in terms of recruit and adult composition. Whereas adults were 188 

detected for a longer period in Pichicuyén (Fig. 4; p < 0.05; table 1), recruits were found in 189 

major proportions in San Antonio (p < 0.05). There were not locality differences for 190 

intermediate sizes (p > 0.05). 191 

 192 

Prevalence of reproductive individuals 193 

Regardless of the locality, we always detected the three life stages of C. variegata (sterile 194 

gametophytes, carposporophytes and tetrasporophytes) within the population (Fig. 5). 195 

Sterile gametophytes showed two maxima in a year (spring and autumn), with values of 196 

74% and 65% in Pichicuyén and 92% and 89% in San Antonio. Carposporophytes and 197 

tetrasporophytes had an opposite seasonal trend in comparison with vegetative 198 

(gametophyte) fronds. In both populations, reproductive stages did not exceed 30%. 199 

Nevertheless. Prevalence of three stages was different in both localities, stock 200 

constitutively more sterile in exploited San Antonio (Fig. 5; p < 0.05; table 1). 201 

 202 

Chemical composition 203 

C. variegata chemical composition is shown in figures 6 and 7. Phosphorus composition in 204 

C. variegata was relatively constant throughout the year, but with only temporal statistical 205 

differences due to the first sampling month (p < 0.05; table 1). Phosphorous values ranged 206 
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0.065 – 0.300 %DW and 0.050 – 0.400 %DW in Pichicuyén and San Antonio respectively 207 

(Fig. 6).  208 

 209 

Proteins, lipids, soluble carbohydrates and fiber of C. variegata showed significant 210 

seasonal trends (p < 0.05; fig. 7, table 1). Protein values reached maximum values in 211 

winter (Fig. 7a), and values oscillated between 20 – 28 %DW. Lipids exhibited a more 212 

consistent seasonal trend (Fig. 7b), with higher values in summer and low values in winter 213 

(p < 0.05; Table 1). Maximum values reached 0.9 %DW in Pichicuyén and 1.3 %DW in 214 

San Antonio, whilst lowest values did not exceed 0.4 %DW in both localities.C. variegata 215 

soluble carbohydrate fluctuated strongly throughout the year (p < 0.05; Table 1) (Fig. 7c), 216 

reaching up to 38.1 %DW in summer. Crude fiber, instead, did not oscillate sharply and 217 

ranged between 3.3 and 5.9 %DW (Fig. 7d), yet involving a significant monthly variation (p 218 

< 0.05; table 1). Geographically, only lipids and soluble carbohydrates show statistical 219 

differences, with high values particularly in San Antonio during summer months.  220 

 221 

 222 

Discussion 223 

 224 

C. variegata abundance parameters tested in the present study showed significant 225 

seasonal trends, and maximum values of biomass, cover, density and size of plants were 226 

recorded toward warm seasons (i.e. late spring and summer). This pattern was somehow 227 

expected as it has been reported for several Chilean red and brown seaweeds 228 

(Westermeier et al. 1987b, 1999, 2014, 2017, 2018) and even for C. variegata populations 229 

(Hernández-González et al. 2010b). This happens after following variations of 230 

physicochemical variables (i.e. temperature, salinity and nutrients), optima for algal growth 231 

in these periods (Hurd et al. 2014). Smaller individuals (< 3 cm) are more frequent in 232 

winter, suggesting recruitment periods towards colder seasons. Additionally, winter storms 233 

normally affect detachment rates of large individuals, season when it is common to find 234 

exceedingly higher volumes of C. variegata (amongst other seaweeds) in the stranded 235 

biomass (referred as necromass in Westermeier and Ramírez 1979). 236 

 237 

Abundance and size class may be affected by reproductive events. As typical 238 

Cryptonemialean seaweed, Callophyllis has a tri-phasic life cycle, and gametophytes, 239 
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tetrasporophytes and carposporophytes can co-exist in the same perennial population 240 

throughout all the year (this study, Hernández-González et al. 2010). Tetrasporophyte 241 

recruitment of C. variegata in late winter seems affected by high amount of 242 

carposporophytes appeared in autumn, whereas proliferation of gametophytes in spring 243 

and autumn was apparently influenced by high levels of fertile tetrasporophytes in winter 244 

and summer. Recruitment, in consequence, occurs within all year, although the maximum 245 

effectiveness is winter, situation that is also reflected with the abundance parameters 246 

shown before. This dynamic, with a clear prevalence of gametophyte has been observed 247 

in many red algae with Polysiphonia-type life history in the Southeastern Pacific (Hannach 248 

and Santelices 1985; Westermeier et al. 1987b, 1999) although, certainly, the reproductive 249 

strategy may vary locally in each particular population.  250 

 251 

Exploitation extent, a variable not always considered in population dynamic studies, may 252 

also considerably affect it (Foster and Barilotti 1990; Faugeron et al. 2004). In our study, 253 

the exploited population San Antonio showed no differences in C. variegata cover and 254 

density, but overall a significant less amount of biomass and smaller sizes. Concomitantly, 255 

recruits were more abundant, adults scarce and reproductive individuals skewed to sterile 256 

gametophytes. These trends indicate that harvesting pressure is focused mostly on larger 257 

individuals, leaving immature young individuals behind. When individuals are harvested 258 

completely, there is substrate space that is quickly colonized by new recruits, and 259 

therefore keeping the cover constant between populations. This practice seems keeping 260 

the population under constant recovery, but the imbalance of sexual phases is not been 261 

assessed yet in C. variegata stocks. For now, the harvesting degree of C. variegata is 262 

considerably low in comparison with other economically important red algae (FAO 2018b). 263 

Nonetheless, impacts of harvesting must be extended to this species prior to its production 264 

scales up, in order reversible harvesting regimes that are not detrimental for the local 265 

genetic pool. 266 

 267 

Protein contents are normally higher in red algae than other seaweeds (Westermeier 268 

1982; Astorga-España and Mansilla 2014b). C. variegata protein was significantly different 269 

among seasons but no localities, and oscillated between 23.13 – 27.5 %DW in this study. 270 

These values were similar to C. variegata from southern Patagonia (25% DW) (Astorga-271 

España and Mansilla 2014b) and significantly better in comparison with other southern 272 
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Chilean red algae from similar latitudes such as Gigartina skottsbergii (2.5 – 8.75 %DW) 273 

(Westermeier unpublished), Sarcothalia crispata (9.28 – 14.38 %DW) (Westermeier 1982) 274 

and Mazzaella laminaroides (6 – 15 %DW) (Westermeier et al. 1987a). In addition, our 275 

values were similar than edible seaweed Porphyra columbina from southern Chile (13.3 – 276 

29.38 %DW) (Hernández et al. 2009; Astorga-España and Mansilla 2014; Westermeier, in 277 

preparation). We have repetitively reported a direct relationship between thalli age (by size 278 

means) with protein composition, with higher values in younger individuals (Westermeier 279 

1982; Westermeier et al. 1987a, 2012). The period of maximum protein values of C. 280 

variegata coincided with maximum frequency of small plants in nature (i.e. recruitment) in 281 

southern Chile (Hernández-González et al. 2010; this study). Therefore, it is tempting to 282 

speculate a relationship of high growth potentials -reflected in young plants- with higher 283 

protein levels. 284 

 285 

Lipids content in macroalgae are often low, and usually did not exceed 2% DW in red 286 

seaweeds (Westermeier et al. 2012). Although C. variegata lipid composition ranged within 287 

red seaweed limits (Astorga-España and Mansilla 2014; this study), it had an unusual 288 

seasonal trend. Maximum values were recorded in summer, in contrast with other algae 289 

where maximum values were detected in colder seasons/ localities (Westermeier 1982; 290 

Westermeier et al. 1987a, 2012; Westermeier and Gómez 1996). Some algae trend to 291 

increase lipid composition with different age, even in summer seasons (Goncharova et al. 292 

2004; Gerasimenko et al. 2010). There are several environmental factors and internal 293 

processes -such as fertility, growth and photosynthesis- that affect lipid metabolism and 294 

accumulation in seaweeds (Smith and Harwood 1984). In addition to such variables, we 295 

obtained marked differences at a locality factor, suggestive of a differential lipid 296 

composition either at developmental or age level, all likely driven by different harvesting 297 

regimes.  298 

 299 

A similar situation may occur for carbohydrates. Normally, carbohydrates composition of 300 

seaweeds (including soluble carbohydrates) is positively correlated with photosynthetic 301 

activity, where greater size of fronds would implicate higher primary productivity, and 302 

consequently higher carbon production. In our case, C. variegata soluble carbohydrates 303 

were higher in seasons where larger plants (summer) were more common. These carbon 304 

reserves are usually re-allocated and used in winter, where carbon production is low 305 



11 

 

(Chapman and Craigie 1978). This pattern was also observed in Gigartinales 306 

(Westermeier 1982; Westermeier et al. 1987a) and kelps (Westermeier and Gómez 1996; 307 

Westermeier et al. 2012). Fiber composition represents the residual material after 308 

separation of soluble components (cellulose, lignin, minerals, and others) (Hernández-309 

Carmona et al. 2009). In other words, high fiber values indicate non-digestible 310 

components, and consequently have low nutritional value. However, it is necessary in low 311 

concentrations for gastro-intestinal and heart health of human and animals (Jiménez-312 

Escrig and Sánchez-Muniz 2000). In our study, fiber concentrations were as low C. 313 

variegata from southern Patagonia (5.3% DW; Astorga-España and Mansilla 2014) as 314 

majority of red seaweeds (< 6 %DW; Westermeier 1982), in contrast of green and brown 315 

algae which can reach up 25 % (Hernández-Carmona et al. 2009).  316 

 317 

Even though there were some important differences between different populations linked 318 

to their harvest pressure, our results confirmed C. variegata wild stocks as candidates to 319 

supply food/feed industries. The populations under recurrent harvesting (i.e. San Antonio) 320 

are clearly underperforming; yet, can mimic the same growth tendencies and life cycle 321 

shifts throughout the year as intact zones, suggestive of a similar recovery potential. This 322 

is partially explained by the remarkable capacity of C. variegata to regenerate from 323 

holdfasts (Buschmann et al. 2001), which in case the plants are not harvested totally (most 324 

of the cases with subtidal harvest regimes), are able to recolonize exploited areas quicker 325 

than from spores. This gap may be overcome by designing management plans, protecting 326 

C. variegata from overexploitation. Plans including harvesting frequencies, areas rotation 327 

and harvesting techniques have been implemented for other red seaweed from similar 328 

latitudes (Westermeier et al. 1999), and most of the cases have improved the availability of 329 

the algal resources in the long term.  330 

 331 
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Figure captions 337 

 338 

Figure 1. Study areas Pichicuyén and San Antonio. Southern Chile. 339 

 340 

Figure 2. C. variegata. Monthly variation in abundance parameters for Pichicuyén and San 341 

Antonio populations. Error bars indicate standard deviation. 342 

 343 

Figure 3. C. variegata. Monthly variation in average frond size for Pichicuyén and San 344 

Antonio populations. Error bars indicate standard deviation. 345 

 346 

Figure 4. C. variegata. Monthly variation in size class structure for a) Pichicuyén and b) 347 

San Antonio populations.  348 

 349 

Figure 5. C. variegata. Monthly variation in the prevalence of reproductive stages for a) 350 

Pichicuyén and b) San Antonio populations.  351 

 352 

Figure 6. C. variegata. Monthly variation in phosphorous composition for Pichicuyén and 353 

San Antonio populations. Error bars indicate standard deviation. 354 

 355 

Figure 7. C. variegata. Monthly variation in a) protein, b) lipid, c) soluble carbohydrate and 356 

d) crude fiber composition for Pichicuyén and San Antonio populations. Error bars indicate 357 

standard deviation. 358 

 359 

  360 
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Table 1. Most informative models explaining the effects of locality (intact versus exploited) and seasonality (monthly variation) in 517 

parameters of abundance, size, prevalence of reproductive individuals and chemical composition of C. variegata using linear mixed 518 

models (LMMs). Statistical significance at p < 0.05 is highlighted in bold.  519 

  Fixed effects  Random effects 

Abundance parameters and size Transformation 
Locality Monthly variation (Month)  Quadrat 

Chisq df p-value Chisq df p-value  variance SD 

Biomass  Log10 23.315 1 1.38E-06 1282.347 11 < 2.2E-16  0.007623 0.08731 

Cover  Log10 0.6867 1 0.4073 280.2765 11 < 2.2E-16  0.00523 0.07232 

Density  Log10 1.8293 1 0.1762 270.9135 11 < 2.2E-16  0.008264 0.09091 

Size  Log10 4.881 1 0.02715 484.306 11 < 2.2E-16  0.008826 0.09395 

Size class                    

Recruits (< 3cm) sqrt 9.2327 1 0.002377 980.6238 11 < 2.2E-16  0.1495 0.3867 

Lower intermediate size (3 – 6 cm) Log10 1.733 1 0.188 585.029 11 < 2.2E-16  0.0186 0.1364 

Upper intermediate size (6 – 9 cm) Log10 0.0631 1 0.8017 140.8735 11 < 2.2E-16  0.01132 0.1064 

Adults (> 9cm) Log10 57.083 1 4.18E-14 476.565 11 < 2.2E-16  0.005285 0.0727 

Reproductive phenology                    

Sterile gametophytes Log10 6.6647 1 0.009834 135.7567 11 < 2.2E-16  0.003104 0.05571 

Carposporophytes Log10 21.768 1 3.08E-06 143.957 11 < 2.2E-16  0 0 

Tetrasporophytes Log10 8.3336 1 0.003892 124.0922 11 < 2.2E-16  0.02413 0.1553 

Chemical composition                    

P Log10 1.1636 1 0.2807 255.2803 11 < 2.2E-16  0.007852 0.08861 

Protein Log10 0.0112 1 0.9157 141.121 11 < 2.2E-16  0.0020746 0.04555 

Lipid Log10 5.9082 1 0.01507 1046.3261 11 < 2.2E-16  0.001879 0.04335 

Soluble carbohydrate Log10 5.3695 1 0.02049 538.4749 11 < 2.2E-16  0.001786 0.04226 

Fiber Log10 0.3074 1 0.5793 343.1473 11 < 2.2E-16  0.002113 0.04596 

SD: standard deviation; sqrt: square root. 520 
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