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Abstract 21 

1. Nutrient economy and plant nutrient concentrations have been suggested as 22 

important selective pressures of reproductive traits in vascular plants. However, 23 

evidence supporting that the reproduction of bryophytes and their reproductive 24 

traits have also been conditioned by nutrient availability is lacking.  25 

2. We here analysed the nutrient (N, P, K, and Fe) concentration of 35 aquatic and 26 

semi-aquatic bryophytes and the chemistry of the spring water in which they 27 

lived to determine whether bryophyte nutrient concentrations were correlated 28 

with the frequency of sexual reproduction, main reproductive mode (sexual vs 29 

asexual), dioicy, and spore diameter, while controlling for climate and nutrient 30 

concentrations in the spring water.  31 

3. Water nutrient concentrations, except for K, had a small but positive influence 32 

on bryophyte nutrient concentrations. P-rich and K-poor species produced 33 

sporophytes more often and were more likely to reproduce sexually and be 34 

monoicous. Spore diameter was smaller in P- and Fe-rich mosses but larger in 35 

N-rich mosses living in humid climates. P-rich species produced thus more and 36 

smaller spores and were therefore able to propagate more extensively.  37 

4. Overall, our results suggest that nutrient economy, especially P economy, has 38 

played an important role in shaping the reproductive traits of bryophytes.    39 

 40 

  41 
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Introduction 42 

Reproduction is one of the most important features of the life cycle of any organism. 43 

Sexual reproduction allows the reshuffling of previously acquired mutations which 44 

helps to maximize the genetic and phenotypic variation of the descendants, being the 45 

basis for the evolution of all species. Sexual reproduction has been extensively 46 

investigated in vascular plants because of the strong repercussions that fruit or seed 47 

production have on humans (such as agriculture and food security) and ecosystems (for 48 

example, plant dispersal or animal population dynamics). The evolution of reproductive 49 

traits, such as the interannually variable reproduction of wild plants (Fernández-50 

Martínez et al., 2019; Herrera et al., 1998) or the evolution of crop yield from wild to 51 

domesticated plants (Abbo, Lev-Yadun & Gopher, 2010; Preece et al., 2017), has also 52 

been the focus of multiple investigations. However, the study of the reproductive traits 53 

of bryophytes has received much less attention, even though a good understanding of 54 

how they work may help us better understand the evolutionary constraints of 55 

reproductive traits in plants. Bryophytes are also much simpler than vascular plants and 56 

highly sensitive to environmental conditions (Porley & Hodgetts, 2005). These features 57 

make them extremely interesting subjects of study for testing ecological and 58 

evolutionary hypotheses.  59 

The elemental composition of an organism is a strong determinant of how it functions 60 

and responds to its environment (Sterner & Elser, 2002; Güsewell, 2004; Sardans & 61 

Peñuelas, 2015; Peñuelas et al., 2019, 2020). Fruits and seeds are especially dependent 62 

on plant nutrient reserves, because they are enriched in nutrients compared to vegetative 63 

tissues (Reekie & Bazzaz, 1987). Consequently, a relatively large set of studies have 64 

reported an important role of plant nutrient concentrations in determining the frequency 65 

and strength of the reproductive efforts of wild plants. Most of these studies have 66 
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concluded that differences in the availabilities of N and P are responsible for differences 67 

in reproductive efforts amongst stems, individuals, populations, and species (Han et al., 68 

2013; Fujita et al., 2014; Miyazaki et al., 2014; Fernández-Martínez et al., 2017, 2019b) 69 

and that nutrient concentrations (Camarero et al., 2010; Sala et al., 2012) and growth 70 

(Sánchez-Humanes, Sork & Espelta, 2011; Vergotti et al., 2019) of vegetative tissues 71 

may decrease after reproduction. In algae, instead, the relationship between nutrient 72 

availability and reproduction seems to be a bit more complicated. While some species 73 

seem to require no limitation of nutrients to engage in sexual reproduction, other species 74 

seem to reproduce only under low concentrations of N or P (Agrawal, 2012). 75 

In bryophytes, a few studies have suggested that growth and sexual reproduction (i.e. 76 

sporophyte production) are affected by the availability of nutrients, including N, P, K, 77 

and Fe (Machlis, 1962; Selkirk, 1979; Chopra & Rahbar, 1982), and that sporophyte 78 

production drastically reduces the rate of growth of gametophytes (Ehrlén, Bisang & 79 

Hedenäs, 2000; Bisang & Ehrlén, 2002; Rydgren & Økland, 2003). Ecophysiological 80 

features of bryophytes and vascular plants are thus more similar than those relating to 81 

algae, at least in their response to sexual reproduction and nutrient availability. 82 

However, to date, whether differences in bryophyte nutrient (N, P, K, and Fe) 83 

concentration amongst species are associated with differences in their reproductive 84 

traits, remains unknown.  85 

To fill in this gap, we here collected 253 samples from 35 aquatic and semi-aquatic 86 

(hygrophytic) bryophyte species inhabiting springs to determine whether bryophyte 87 

nutrient concentrations were associated with their reproductive traits. Springs are 88 

important hotspots of biodiversity (Cantonati, Gerecke & Bertuzzi, 2006; Cantonati et 89 

al., 2012, 2020), especially in the Mediterranean and semi-arid regions, because they 90 

behave like small islands in which water is continuously available (Bes et al., 2018; 91 
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Fernández‐Martínez et al., 2019), providing the ecological requirements of many taxa 92 

that would disappear if the springs would be disturbed, polluted or dried out (Heino et 93 

al., 2005; Fernández-Martínez et al., 2020a). One of these groups is aquatic and semi-94 

aquatic bryophytes that, additionally, can act as engineering species (Cantonati et al., 95 

2012) in those environments (e.g., tufa formation). However, the bryophyte species 96 

found in spring ecosystems are also found in other semi-aquatic, aquatic or water-97 

dominated ecosystems such as rivers, ponds and fens, for which any conclusion drawn 98 

with spring bryophytes can be directly transferred to many other freshwater ecosystems. 99 

Additionally, the study system spring-aquatic bryophyte is very convenient to study 100 

how environmental nutrient availability (e.g., water chemistry) affects bryophyte 101 

nutrient concentrations (Fernández-Martínez et al., 2021).  102 

So the main objective of this study was to test whether bryophyte nutrient 103 

concentrations were related to their frequency of sporophyte production. We also 104 

determined whether the main reproductive mode (sexual or asexual), dioicy (separate 105 

female and male organisms), and spore diameter were correlated with differences in 106 

nutrient concentrations of the gametophyte amongst bryophyte species. Given the 107 

paramount role that foliar nutrient concentrations play in shaping the reproductive 108 

behaviour of vascular plants, we hypothesised that bryophyte N, P, K, and Fe 109 

concentrations would also determine bryophyte reproductive traits. Moreover, we 110 

hypothesised that the availability of these nutrients in the water from the springs would 111 

affect both bryophyte nutrient concentrations and frequency of sexual reproduction. Our 112 

results will help us to further understand the role of nutrients in the evolution of 113 

reproductive traits of bryophytes and other plants.  114 

Methods 115 

Field sampling and laboratory analyses 116 
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We collected 253 bryophyte samples from 35 aquatic and semi-aquatic species 117 

(hygrophytic bryophytes (Dierssen, 2001), 29 mosses and six liverworts, Table S1) 118 

from 164 springs distributed across Catalonia (northeastern Iberian Peninsula, Figure 119 

S1) along a large gradient of hydrochemical and climatic conditions (Fernández-120 

Martínez et al., 2019). Our study area has a Mediterranean climate, ranging from humid 121 

to sub-humid, but with large differences in mean annual temperature (from 4.2 to 15.7 122 

ºC) and mean annual precipitation (from 567.4 to 1202.4 mm y-1).  123 

All springs surveyed continuously drained untreated water from aquifers, so the 124 

chemical features of the water were constant within a spring over time (Fernández-125 

Martínez et al., 2019a). The bryophytes were in constant contact with water (e.g., by 126 

water spray, flooding or dripping) because the water flows continuously throughout the 127 

year. Occasional interruptions in water flow occurred only in winter when the water 128 

froze or in summer due to intense drought. All springs had a similar morphology, 129 

including a wet, rocky wall, one spout (sometimes more than one) from which the water 130 

emerges continuously, a sink, and a channel to drain the water. Most of the springs were 131 

small human constructions for collecting water from aquifers, but water was not 132 

interrupted by the presence of a tap (Figure S2). Water discharged varied amongst 133 

springs, ranging from dripping over the wall (<1 ml s-1) to more than 2500 ml s-1, with a 134 

median discharge of 36 ml s-1.  135 

We measured the pH and electric conductivity of the spring water using a combined pH 136 

and conductivity meter. Filtered water samples (at 0.45 μm) were stored frozen in the 137 

laboratory at −20 °C until the moment of the analyses of main nutrients: nitrate (NO3
–) 138 

and K+ by ion chromatography, phosphate (PO4
3–) by colorimetry following the method 139 

of Murphy and Riley (1962), and Fe by inductively coupled plasma-mass spectrometry. 140 

The detection limit for K+ was 0.1 mg L−1, for NO3
– was 0.8 mg L−1, and for PO4

3– and 141 



7 

 

Fe was 2 μg L-1. NH4
+ was also analysed by ion chromatography, but all springs 142 

presented values below the limit of detection (<0.05 mg L−1). We refer to Fernández-143 

Martínez et al. (2019b) for more details of the chemical analyses. We obtained the 144 

geographical coordinates of the springs using a GPS device. The coordinates allowed us 145 

to extract mean monthly temperature and precipitation from the Climatic Atlas of 146 

Catalonia (Pons [1996], Ninyerola et al., [2000], available at 147 

http://www.opengis.uab.cat/acdc/index.htm). We calculated mean annual temperature as 148 

the average of the monthly mean temperatures. We also calculated annual water 149 

availability for each spring as the annual sum of monthly precipitation minus 150 

evapotranspiration. Evapotranspiration was calculated following Hargreaves’ equation 151 

(Hargreaves, 1994) and using the irradiance estimated by the latitude of each spring. 152 

Hence, the influence of evapotranspiration on the total water budget of each spring 153 

depended on the temperature, the latitude and the amount of rainfall at the spring. The 154 

calculations were performed with the “spei” R package (Beguería & Vicente-serrano, 155 

2012).    156 

We collected a sample of bryophytes within the spray zone at each spring, in direct 157 

contact with the water or submerged. Bryophytes were collected at the same moment 158 

that we sampled the water from the springs. Sampling seasons took place during spring, 159 

summer and autumn and from 2013 to 2019. Despite the possibility that seasonal 160 

differences in the elemental composition of bryophytes may occur, recent literature 161 

indicates that these organisms present species-specific elemental compositions 162 

(Fernández-Martínez et al., 2021), thus allowing a reliable comparison of elements and 163 

traits amongst species. Bryophytes were identified using three identification keys (Casas 164 

et al., 2001, 2004 and Smith, 1990) following the nomenclature of Hill et al., (2006). 165 

Samples were dried and stored after species identification. Before analysing the 166 
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elemental composition of the bryophytes, we first submerged them in a solution of 167 

acetic acid at pH 2.7 to remove any CaCO3 incrustation. The bryophytes were then 168 

rinsed with distilled water, dried at 60 °C for 48 h, and ground to a powder using liquid 169 

nitrogen and a mortar. Bryophyte N concentration was determined by using a Flash 170 

EA1112 and TC/EA coupled to a stable isotope mass spectrometer Delta C through a 171 

Conflo III interface (ThermoFinnigan). Bryophyte P, K, and Fe concentrations were 172 

determined by inductively coupled plasma mass/optical emission spectrophotometry 173 

(ELAN 600 and Optima 8300 respectively, Perkin Elmer) after the samples were 174 

digested overnight at 90 ºC with nitric acid and hydrogen peroxide at a 2:1 proportion. 175 

All analyses were carried out by the technical staff at the Scientific and Technical 176 

Centers of the University of Barcelona.  177 

Due to the difficulty of directly assessing reproductive traits for the 35 species studied 178 

here, we used four reproductive traits extracted from the literature (Hill et al., 2007) to 179 

determine whether bryophyte elemental composition was associated with bryophyte 180 

reproduction: sporophyte frequency (on a semiquantitative scale from 1 to 4 [rare=1, 181 

occasional=2, frequent=3, abundant=4]), main reproductive mode (sexual or asexual), 182 

dioicy (0 monoicous, 1 dioicous), and mean spore diameter (average of the smallest and 183 

largest diameters). Data for sporophyte frequency and reproductive modes from (Hill et 184 

al., 2007) were adjusted to match observations in our study area following (Cros, 1985) 185 

and as previously used in Fernández-Martínez et al., (2019). 186 

Statistical analyses 187 

We first tested whether bryophyte species inhabiting springs with higher water nutrient 188 

(NO3
-, PO4

3-, K+, and total Fe) concentrations also had higher nutrient (N, P, K, and Fe) 189 

bryophyte concentrations and in turn had higher frequencies of sporophyte production. 190 
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We conducted a phylogenetic path analysis using the R package phylopath (Hardenberg 191 

& Gonzalez-Voyer, 2013; van der Bijl, 2018), where water nutrient concentrations were 192 

set to affect bryophyte nutrient concentrations, which were set to affect sporophyte 193 

frequency. We also added a phylogenetic path from bryophyte N concentration to P 194 

concentration (this path received more support than the path in the opposite direction 195 

based on Akaike’s information criterion). We performed this analysis twice: using all 196 

bryophytes (mosses + liverworts, N=35) and using only mosses (N=29). We removed 197 

Lophocolea bidentata from the analysis of all bryophytes (therefore N=34) because of 198 

an extremely high PO4
3- concentration in the water of the spring were it was found (see 199 

Table S1). All variables were log-transformed for these analyses.  200 

We further explored the relationship of bryophyte elemental composition with 201 

sporophyte frequency and spore diameter using phylogenetic linear models using the 202 

phylolm function (using a lambda model to compute the error structure) in the phylolm 203 

(Tung Ho & Ané, 2014) R package. We fitted our response variable in these models as 204 

a function of bryophyte N, P, K, and Fe concentration, the N×P interaction, water 205 

conductivity, mean annual temperature, and annual water availability (precipitation - 206 

potential evapotranspiration). We included the interaction between N×P because it has 207 

been largely used as a measure of P limitation (Güsewell, 2004). We included water 208 

conductivity and climate, because they have been shown to affect bryophyte traits in 209 

these habitats (Bes et al., 2018; Fernández‐Martínez et al., 2019; Fernández-Martínez et 210 

al., 2020a). We selected models based on the best subsets using the dredge function in 211 

the MuMin R package (Barton, 2018), allowing the inclusion of a maximum of only five 212 

predictors to avoid overfitting our models (N=35 bryophyte species). We repeated this 213 

analysis using only moss species (N=29) to identify biases when also including 214 

liverworts. All variables were log-transformed, and all model residuals were normally 215 
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distributed. We similarly tested whether the predictors were correlated with the 216 

reproductive mode of bryophytes (0 mainly asexual, 1 mainly sexual) and whether they 217 

were monoicous (0) or dioicous (1) using a phylogenetically informed binomial model 218 

using the phyloglm function in the phylolm R package (Tung Ho & Ané, 2014).  219 

We used the phylogenetic tree of bryophytes developed by Fernández-Martínez et al. 220 

(2019a) in all our analyses. Statistical analyses were performed using R statistical 221 

software (R Core Team, 2018). We used the visreg R package (Breheny & Burchett, 222 

2015) for visualising the model results using partial-residual plots and response curves.  223 

Results 224 

Relationships between water nutrient concentrations, bryophyte concentrations, and 225 

sporophyte frequency 226 

Our analyses revealed that, through direct effects, sporophyte frequency was higher in 227 

bryophyte species with higher P and Fe concentration than species with lower P and Fe 228 

concentration (Figure 1). Bryophytes with high N and K concentrations had a lower 229 

frequency of sporophyte production. The negative effect of bryophyte N concentration 230 

on sporophyte frequency, however, was not statistically significant when the positive 231 

direct effect between bryophyte N and P concentrations was taken into account (Table 232 

1). Water PO4
3- and Fe concentrations were positively correlated with high P and Fe 233 

bryophyte concentrations (Figure 1). The correlation with Fe concentration, though, 234 

was not significant when only mosses were considered. Water NO3
- concentration 235 

tended to be positively correlated with bryophyte N concentration, albeit not 236 

significantly. Bryophyte K concentration, in contrast, tended to be negatively correlated 237 

with water K+ concentration, but again not significantly. The direct effect of water 238 

nutrient concentrations on bryophyte nutrient concentrations was generally not strong 239 
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enough to significantly affect sporophyte frequency (Table 1). Nonetheless, moss 240 

species in springs with high water PO4
3- concentrations did exhibit significantly higher 241 

sporophyte frequencies. 242 

Relationships between bryophyte reproductive traits and nutrient concentrations  243 

Our results for the phylogenetic linear models explaining the variability in sporophyte 244 

frequency mainly supported our results from the phylogenetic-path analysis. Bryophytes 245 

with high P and low K concentrations produced sporophytes more frequently, 246 

explaining 21% of the variance amongst species (Figure 2a and b, Table 2). When 247 

analysing only mosses, however, we also found a positive effect of Fe and a negative 248 

effect of N moss concentrations on sporophyte frequency, and the model explained 37% 249 

of the variance (Figure 2c and d). Similarly, bryophyte species with low K 250 

concentrations were more likely to reproduce sexually. The interaction between N×P 251 

and the likelihood of bryophytes reproducing sexually was also negative (Figure 3, 252 

Table 2), both when including all bryophytes or only mosses in the analysis. Our model 253 

indicated that a high N concentration led to a high likelihood of reproducing sexually in 254 

P-poor bryophytes, but to a low likelihood in P-rich bryophytes. A high P concentration 255 

was similarly correlated only with a high likelihood of sexual reproduction in N-poor 256 

bryophytes.  257 

P- and Fe-poor and K-rich bryophytes were significantly typically dioicous. Our results 258 

for only mosses, however, indicated only a marginally significant negative effect of P 259 

concentration in reducing the likelihood of dioicy. Spore diameter was not correlated 260 

with any predictor variable when all bryophytes in our data set were used (Table 2). 261 

Moss N concentration, however, was positively correlated with spore diameter (Figure 262 

4), and moss P and Fe concentrations were negatively correlated with spore diameter. 263 

Additionally, species living in springs with higher climate water availability presented 264 
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larger spore diameters (Table 2). Water availability was the only abiotic factor that 265 

statistically significantly correlated with reproductive traits.  266 

Discussion 267 

Effects of abiotic factors on bryophyte nutrient concentrations and reproductive traits  268 

Bryophyte nutrient concentrations, except for K, were generally positively correlated 269 

with the water nutrient concentrations. Bryophytes are highly sensitive to environmental 270 

changes because of their lack of thick cuticles and true roots; their rhizoids serve mainly 271 

as support, although some bryophytes appear to use rhizoids to acquire water and 272 

nutrients through providing capillary spaces (Porley & Hodgetts, 2005). These 273 

properties probably account for the more flexible elemental concentrations of their 274 

tissues than those of vascular plants, although comparative analyses have not yet been 275 

performed. Bryophytes also have a large capacity to store elements such as heavy 276 

metals, so they are useful for monitoring environmental pollution (Tyler, 1990; 277 

Zechmeister, Grodzinska & Szarek-Lukaszewska, 2003). The lack of a positive 278 

correlation between water K concentrations and bryophyte K concentrations was not 279 

expected, but has been previously reported (Brown & Bates, 1990). These findings 280 

indicate that processes other than the availability of K in the environment regulate 281 

bryophyte K concentration. Monovalent cations (e.g. Na+ and K+) are less effectively 282 

retained in the cell walls than are divalent ions (e.g. Mg2+) (Brown & Bates, 1990). 283 

Hygrophytic bryophytes can leak K when desiccated and rehydrated (Brown & Buck, 284 

1979; Deltoro et al., 1998), suggesting that differences in K leaking amongst the species 285 

in our study may have been responsible for the differences in bryophyte K 286 

concentration.  287 
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Bryophyte reproductive traits were linked to their nutrient concentrations, but water 288 

chemistry was generally a poor predictor of bryophyte reproductive traits when 289 

bryophyte nutrient concentrations were taken into account. This result suggests that 290 

these reproductive traits have co-evolved with other adaptations for absorbing and 291 

retaining nutrients to maintain different concentrations amongst species. Bryophytes, 292 

like vascular plants, must thus have mechanisms to regulate their nutrient 293 

concentrations within limits. Nonetheless, mosses living in spring-fed streams with high 294 

concentrations of PO4
3- also had high P concentrations (Steinman, 1994), which in turn 295 

positively affected the frequency of producing sporophytes. This result indicates that P 296 

limitation in the environment can be a main determinant of algae (Grover, 1989), 297 

vascular plant (Peñuelas et al., 2013, 2019) and bryophyte ecophysiology.  298 

Additionally, we found that the local climate played a very limited role in determining 299 

bryophyte reproductive traits. Only spore diameter of the mosses was positively 300 

correlated with water availability; temperature was not correlated with the differences in 301 

any of the traits amongst the species. These findings were not unexpected due to the 302 

large distributional ranges that bryophytes generally have. Climate may therefore not be 303 

an important constraint in the evolution of reproductive traits in hygrophytic 304 

bryophytes. Water conductivity, however, was unexpectedly not correlated with any of 305 

the reproductive traits when nutrient concentrations were taken into account, even 306 

though it is the main environmental constraint of vegetative moss traits and the 307 

distribution of bryophytes in springs (Bes et al., 2018; Fernández‐Martínez et al., 2019; 308 

Fernández-Martínez et al., 2020a). These results thus suggest that species-specific 309 

strategies to absorb nutrients are more important than abiotic factors in determining 310 

reproductive traits. Nonetheless, other important factors, such as temperature, 311 

photoperiod or rain-atmospheric deposition of nutrients, may contribute to explain 312 
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reproductive temporal patterns across populations of particular species and reproductive 313 

features across bryophyte species. Long time series of sporophyte production in 314 

bryophytes, similar to those used to study fruit production in vascular plants 315 

(Fernández-Martínez et al., 2017), may provide extremely valuable scientific 316 

knowledge regarding the drivers of bryophyte reproduction.  317 

The role of nutrients in bryophyte reproductive traits  318 

Our results clearly indicated that bryophyte nutrient concentrations played a much more 319 

important role across species than did other environmental conditions in determining the 320 

reproductive traits of the hygrophytic bryophytes. P was the most relevant element 321 

controlling bryophyte reproductive traits, albeit the variance explained by elements was 322 

still relatively low. P and N concentrations have been demonstrated to be strongly 323 

correlated with other functional traits such as photosynthesis, in both vascular plants 324 

(Wright et al., 2004; Niinemets, 2015) and bryophytes (Wang et al., 2017). P also plays 325 

a paramount role in the production of seeds in vascular plants, increasing reproduction 326 

and making it less variable (Fernández-Martínez et al., 2017; Fernández-Martínez et al., 327 

2019; Fujita et al., 2014). Increased mineral nutrition in experiments with bryophytes 328 

was found to stimulate gametangial induction and earlier production of sporophytes 329 

(Chopra & Rahbar, 1982). Fertilisation with PO4
3- increased gametophyte growth 330 

(Machlis, 1962) and induced sporophyte production (Selkirk, 1979). Fe played a similar 331 

role as P, increasing sporophyte frequency and the likelihood of monoicy and producing 332 

smaller spores. These results again agreed with previous studies focused on bryophytes 333 

from different habitats suggesting that Fe favours the onset of the sexually reproductive 334 

phase (Chopra & Bhatla, 1983) and that a lack of Fe considerably reduces gametophyte 335 

growth (Machlis, 1962).  336 
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Constraints imposed by the limitation of P may have played an important role 337 

determining bryophyte reproductive traits. A trade-off between growth and reproduction 338 

(Sánchez-Humanes et al., 2011; Vergotti et al., 2019) may have been an important 339 

selective pressure towards nutrient-conservative reproductive strategies (i.e., highly 340 

variable reproduction amongst years) under nutrient limitation, as recently suggested for 341 

vascular plants (Fernández-Martínez et al., 2019b, 2020b). These trade-offs between 342 

growth and reproduction have also been observed in bryophytes (Ehrlén et al., 2000; 343 

Bisang & Ehrlén, 2002; Rydgren & Økland, 2003). There are multiple lines of evidence 344 

that indicate that the successful development of the sporophyte is largely dependent on 345 

the resource status of the gametophyte (summarised in Stark et al., [2009]). For 346 

example the known importance of the transfer of photosynthetic assimilates from 347 

gametophyte to sporophyte and the subsequent cost to the gametophyte (Rydgren & 348 

Økland, 2003); the positive correlation between gametophyte and sporophyte size 349 

(Convey, 1994); trade-offs between vegetative growth and sporophyte maturation 350 

(Ehrlén et al., 2000); and density-dependent sporophyte abortion that suggests resource 351 

limitation such as is found in seed plants (Stark, Mishler & Mcletchie, 2000).  352 

Our comparative analyses across species found that P-rich bryophytes produced spores 353 

more frequently and were more likely to reproduce sexually. P-rich bryophytes were 354 

also more likely to be monoicous and produce small spores. P-poor bryophytes thus 355 

have more resource-conservative reproductive traits than P-rich bryophytes, which we 356 

attribute to four potential reasons. i) Frequent sporophyte production may jeopardise 357 

individual competitiveness due to reduced gametophyte growth compared to individuals 358 

that reproduce less often but grow faster and better compete for territory. ii) Sexual 359 

reproduction may be more beneficial for propagating and creating new populations, 360 

allowing genetic recombination and improving adaptability to new habitats. In contrast, 361 



16 

 

asexual reproduction maintains an already colonised habitat in which the current 362 

genotype has already been successful (Longton, 2006). iii) Dioicy (having male and 363 

female individuals) is likely to be a less resource-dependent strategy than monoicy 364 

(individuals are hermaphrodites). This is because trade-offs between growth and 365 

reproduction in male and female organs can be shared amongst individuals. Moreover, 366 

sexual reproduction is considerably reduced amongst dioicous species due to the spatial 367 

separation of male and female gametophytes and their limited range of effective 368 

fertilisation (Nath & Asthana, 2001). Finally, iv) smaller spores are more likely to travel 369 

farther from the source and colonise new habitats compared to larger spores, but their 370 

reserves for germination will also be lower and therefore represent a riskier strategy.  371 

Experimental fertilisation with NO3
- was reported to increase the growth of Riccia 372 

duplex gametophytes, but delay sexual reproduction (Selkirk, 1979). These effects on 373 

sporophyte production, however, were evident only when plants were grown under 374 

mineral fertilisation but without NO3
- or K addition (Selkirk, 1979). Our findings are 375 

also consistent with these experimental results; N- and especially K-rich bryophytes 376 

produced sporophytes less frequently, but Fe-rich mosses produced sporophytes more 377 

frequently. Facilitating water movement and solute transport by controlling 378 

transmembrane potentials and osmotic pressure, limiting water loss, and increasing 379 

water-use efficiency are amongst the main roles of K in vascular plants (Sardans & 380 

Peñuelas, 2015). Plants under water limitation consequently have high foliar K 381 

concentrations (Milla et al., 2005; Rivas-Ubach et al., 2012). Low K leakage in 382 

bryophytes (associated with high K concentration in our study) has been correlated with 383 

a high tolerance of dehydration, which is needed more in drier and less productive 384 

environments (Deltoro et al., 1998). Bryophytes with a stronger capacity to tolerate 385 

dehydration would thus need to maintain higher K concentrations and be forced to adopt 386 
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a more conservative reproductive strategy than bryophytes with a low tolerance of 387 

desiccation and high K leakage.  388 

Overall, our results represent the first attempt to comparatively study reproductive traits 389 

and nutrient concentrations amongst species of bryophytes and suggest that nutrient 390 

scarcity has likely been a main driver of the evolution of reproductive traits throughout 391 

bryophytes and, as shown by previous studies, vascular plants (Han et al., 2013; Fujita 392 

et al., 2014; Miyazaki et al., 2014; Fernández-Martínez et al., 2017, 2019b). Further 393 

studies focusing on the interannual variability and drivers of sporophyte production will 394 

help us understand the mechanisms involved, how available nutrients affect sexual 395 

reproductive efforts across time, within and across species, and especially the 396 

evolutionary constraints of plant reproductive traits.  397 
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Figure captions 639 

Figure 1. Standardised direct effects (± the standard error of the estimation) of the 640 

phylogenetic-path analysis correlating water chemistry (blue boxes), bryophyte 641 

elemental composition (green boxes), and sporophyte frequency (SpFr). Blue and red 642 

arrows indicate, respectively, positive and negative relationships. See Table 1 for the 643 

total effects. The model including all bryophytes included 34 species, and the model 644 

using only mosses used 29 species. Dashed arrows indicate non-significant paths at P < 645 

0.05.  646 

 647 

  648 
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Figure 2. Partial-residual plots of the relationship between bryophyte elemental 649 

composition and sporophyte frequency per species; a) and b) mosses and liverworts 650 

(N=35), c) and d) only mosses (N=29). Further information on the models is presented 651 

in Methods and Table 2.  652 

 653 

  654 
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Figure 3. Response plots of the relationship between the interaction of bryophyte N and 655 

P concentrations with the likelihood of a bryophyte species showing mainly sexually 656 

reproduction. Parameter estimates are presented in Table 2. Shaded areas represent the 657 

95% confidence intervals of the curves. N=35. 658 

 659 

  660 
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Figure 4 Partial-residual plots of the relationships between spore diameter, moss 661 

elemental concentration (a, b and c), and water availability (d, annual precipitation - 662 

annual potential evapotranspiration). See Table 2 for details. β indicates the 663 

standardised coefficients ± standard error. N=29. 664 

 665 

666 
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Table 1. Standardised total effects (± standard error of the mean) of the phylogenetic-667 

path analysis (Figure 1) correlating water NO3
-, PO4

3-, K+, and Fe concentrations 668 

(indicated by subscripted “w”), bryophyte nutrient concentration (N, P, K, and Fe), and 669 

sporophyte frequency (SpFr). Values indicate the effect of the row variables on the 670 

column variables. Bold coefficients indicate significant effects at P < 0.05.  671 

  Fe N K P SpFr 

All bryophytes 

(N=35)      

NO3
-
w 

  
0.22 ± 0.17 

  
0.19 ± 0.15 0.05 ± 0.22 

PO4
3-

w 

      
0.22 ± 0.11 0.23 ± 0.13 

Kw 

    
-0.31 ± 0.17 

  
0.30 ± 0.18 

Few 0.39 ± 0.16 

      
0.24 ± 0.13 

N 

      
0.84 ± 0.11 0.25 ± 0.30 

P 

        
1.08 ± 0.22 

K 

        
-1.05 ± 0.19 

Fe 

        
0.68 ± 0.20 

Mosses 

(N=29)          

NO3
-
w 

  
0.16 ± 0.19 

  
0.13 ± 0.16 0.05 ± 0.26 

PO4
3-

w 

      
0.27 ± 0.12 0.30 ± 0.15 

Kw 

    
-0.33 ± 0.18 

  
0.38 ± 0.22 

Few 0.24 ± 0.19 
      

0.18 ± 0.15 
N 

      
0.85 ± 0.12 0.33 ± 0.31 

P 

        
1.12 ± 0.23 

K 

        
-1.17 ± 0.20 

Fe 

        
0.77 ± 0.21 

 672 
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Table 2. Standardised parameter estimates (β) of the regression models predicting 673 

sporophyte frequency, spore diameter, and whether the species reproduce mainly 674 

sexually (1) or not (0, binomial model). Lambda (λ) indicates the phylogenetic signal in 675 

the models. Phylogenetic correction was negligible when λ = 0. WA: water availability, 676 

annual precipitation - annual potential evapotranspiration.  677 

 All bryophytes  Mosses 

 
β P  β P 

Sporophyte frequency 

   
 

   N 

   
 -0.62 ± 0.20 0.0013 

P 0.33 ± 0.16 0.0484  1.12 ± 0.23 <0.0001 

K -0.40 ± 0.16 0.0165  -1.17 ± 0.20 <0.0001 

Fe 

   
 0.77 ± 0.21 0.0054 

λ 0.00 
  

 0.91 
  R2 0.22 

  
 0.38 

  
    

 
   Sexual reproduction 

   
 

   N 0.54 ± 0.97 0.5780  1.34 ± 1.15 0.2456 

P 1.46 ± 1.01 0.1502  1.40 ± 1.07 0.1918 

N×P -1.94 ± 0.67 0.0038  -1.88 ± 0.77 0.0141 

K -1.28 ± 0.53 0.0173  -1.70 ± 0.74 0.0141 

λ 0.00 
  

 0.00 
  R2 0.43 

  
 0.44 

          
Dioicy 

   
 

   P -0.89 ± 0.42 0.0434  -0.96 ± 0.48 0.0461 

K 2.77 ± 1.31 0.0423    

Fe -1.59 ± 0.74 0.0399    

λ 0.00 
  

 0.00 
  R2 0.37 

  
 0.15 

          
Spore diameter 

   
 

   WA 

   
 0.39 ± 0.14 0.0100 

N 

   
 0.49 ± 0.21 0.0348 

P 

   
 -0.77 ± 0.22 0.0021 

Fe 

   
 -0.29 ± 0.13 0.0285 

λ 0.99 
  

 0.86 
  R2 0 

  
 0.22 

   678 
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Figure S1: Map showing the location of the sampled bryophytes (red dots).   6 

 7 
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Figure S2: Image showing one of the springs sampled, representative of most of the 10 

springs sampled in this study. Only those bryophytes located inside the area directly 11 

affected by the water from the spring were sampled.  12 

13 
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Table S1: Median values for each species used in the statistical analyses. SpFr, sporophyte frequency (mainly sexual reproduction); SpDi, mean 14 

spore diameter; N, bryophyte nitrogen concentration (percentage of dry weight); P, K, and Fe, phosphorus, potassium, and iron concentrations (mg 15 

g-1); NO3
- (mg L-1), PO4

3- (µg L-1), K+ (mg L-1), and Few (µg L-1), water concentrations of nitrate, phosphate, potassium, and iron; Conductivity, 16 

water conductivity (µS cm-1); MAT, mean annual temperature (°C); WA, water availability: annual precipitation - potential annual 17 

evapotranspiration (mm y-1); and n, number of replicates per species. 18 

Species SpFr Sexual SpDi N P K Fe NO3
- PO4

3- K+ Few Conductivity MAT WA n 

Amblystegium serpens 4 1 11.5 3.04 2.43 0.80 6.06 0.01 1.97 1.53 3.69 982 11.4 509.4 1 
Anomodon viticulosus 1 0 16.0 1.34 0.78 2.63 6.63 0.02 7.04 0.70 2.48 577 10.3 695.3 1 
Apopellia endiviifolia 3 1 75.0 2.39 1.20 0.81 3.52 20.12 5.48 3.06 3.95 588 13.2 407.3 24 
Brachythecium rivulare 2 1 18.0 1.86 1.07 0.74 4.31 0.84 15.65 0.38 3.88 88 8.7 644.7 18 
Bryum pseudotriquetrum 2 0 18.5 1.33 0.75 1.58 4.54 0.02 10.96 0.16 3.19 33 7.4 880.5 3 
Conocephalum conicum 2 1 75.0 1.96 1.56 2.54 2.23 5.64 10.30 1.63 3.16 464 13.0 476.9 21 
Cratoneuron filicinum 2 1 13.0 1.98 1.02 1.00 4.23 2.79 7.83 0.90 3.09 283 10.5 517.3 21 
Ctenidium molluscum 1 0 14.0 1.30 0.45 1.63 5.69 0.36 15.65 1.50 4.51 712 11.3 279.0 1 
Dialytrichia mucronata 2 1 15.0 2.06 0.95 1.63 8.05 0.43 2.40 1.97 14.62 577 11.5 485.4 2 
Didymodon tophaceus 3 1 14.0 1.28 0.64 0.45 1.62 20.87 4.90 3.04 4.16 996 11.5 266.6 21 
Eucladium verticillatum 1 0 13.0 1.51 0.42 0.49 1.78 7.42 4.67 2.42 3.73 821 12.5 262.2 20 
Fissidens crassipes 3 1 23.0 2.47 0.59 0.21 1.12 20.87 2.33 4.63 5.84 820 14.3 137.0 1 
Fissidens grandifrons 2 1 21.5 1.77 0.67 1.07 4.33 1.05 7.04 0.95 3.13 348 12.9 421.1 3 
Fissidens rivularis 2 1 18.5 1.66 1.36 0.82 0.93 1.10 14.87 0.42 2.96 91 7.5 916.5 1 
Fissidens taxifolius 2 1 12.5 2.13 1.03 1.32 7.92 26.07 3.13 1.11 2.93 283 8.1 498.2 1 
Fontinalis antipyretica 1 0 15.0 2.91 2.88 0.81 0.98 0.34 18.00 0.19 4.045 31 6.0 920.3 2 
Gymnostomum calcareum 1 0 10.0 1.46 0.97 0.92 1.60 42.46 18.79 7.54 3.425 1624 11.4 264.5 2 
Leptodictyum riparium 3 1 14.0 2.57 3.11 0.47 0.75 19.50 1.57 2.89 3.225 1130 11.5 257.1 3 
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Lophocolea bidentata 3 1 17.5 2.38 1.23 0.51 4.59 32.23 420.30 5.57 3.75 260 10.2 644.1 2 
Lunularia cruciata 1 0 18.0 2.32 1.30 1.95 5.38 6.73 11.94 0.98 4.96 387 10.5 458.5 4 
Oxyrrhynchium speciosum 1 1 18.0 2.07 0.84 0.85 2.67 3.76 4.98 1.32 5.68 357 12.6 314.8 20 
Palustriella commutata 1 0 18.0 1.54 0.55 0.98 3.58 1.64 7.04 1.25 3.17 612 12.0 413.6 20 
Philonotis caespitosa 1 0 24.0 1.66 0.98 2.68 4.61 0.26 13.31 0.53 3.865 195 8.4 617.9 4 
Philonotis fontana 2 1 28.0 2.07 1.92 2.41 4.20 0.08 18.00 0.19 5.3 39 6.1 893.6 1 
Plagiomnium undulatum 2 0 28.0 1.99 1.28 1.04 1.44 1.50 7.04 1.00 4.065 338 11.5 454.7 20 
Platyhypnidium riparioides 3 1 19.0 1.74 1.10 0.63 2.80 1.96 7.83 1.11 4.09 186 9.5 605.5 20 
Pohlia melanodon 2 0 18.0 1.55 0.75 2.49 4.50 27.07 3.13 1.75 4.51 754 11.5 180.9 2 
Porella platyphylla 1 0 55.0 3.17 2.55 1.12 3.86 26.07 3.13 1.11 2.93 283 8.1 498.2 1 
Rhizomnium punctatum 3 1 37.5 1.48 0.50 1.01 2.26 0.02 9.39 2.16 4.07 296 10.0 649.0 1 
Rhynchostegiella teneriffae 3 1 14.5 1.64 1.68 1.13 3.57 6.73 15.94 2.10 4.96 517 13.2 383.2 2 
Riccardia chamedryfolia 3 1 18.5 2.68 1.54 1.40 12.93 4.72 19.57 0.68 32.16 142 8.2 491.7 1 
Scorpiurium circinatum 1 0 16.0 2.94 1.63 3.46 6.81 0.42 4.98 2.30 29.94 958 14.9 217.5 1 
Thamnobryum alopecurum 2 1 11.0 1.44 1.23 0.97 1.66 2.84 10.91 0.88 7.715 388 13.1 357.9 6 
Thuidium delicatulum 2 1 18.0 1.73 0.94 1.39 2.55 0.02 1.57 0.50 3.48 706 10.8 437.5 1 
Trichostomum crispulum 1 0 17.0 0.83 0.17 0.48 1.76 0.02 6.26 0.65 3.11 589 11.2 367.3 1 
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