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Abstract 22 

• Background Bryophytes are a diverse plant group and are functionally different from 23 

vascular plants. Yet, plant ecology theories and hypotheses are often presented in an 24 

inclusive term. The trait-based approach to ecology is no exception; largely focusing on 25 

vascular plant traits and almost exclusively on interspecific traits. Currently, we lack 26 

information about the magnitude and the importance of intraspecific variability to the 27 

ecophysiology of bryophytes and how these might translate to local adaptation—a 28 

prerequisite for adaptive evolution.  29 

 30 

• Method We used transplant and factorial experiments involving moisture and light to ask 31 

whether variability in traits between morphologically distinct individuals of Sphagnum 32 

magellanicum from habitat extremes was due to phenotypic plasticity or local adaptation 33 

and the implications for the ecophysiology of the species.  34 

 35 

• Key Results We found that the factors that discriminated between the plant origins in the 36 

field did not translate to their ecophysiological functioning and the pattern of variability 37 

changed with the treatments, which suggests that the trait responses were due largely to 38 

phenotypic plasticity. The trait responses suggest that the need for mosses to grow in 39 

clumps where they maintain a uniform growth rate may have an overriding effect on 40 

responses to environmental heterogeneity, and therefore a constraint for local adaptation.  41 

 42 

• Conclusion The circumstances under which local adaptation would be beneficial in this 43 

plant group is not clear. We conclude that extending the trait-based framework to mosses 44 

or making comparisons between mosses and vascular plants under any theoretical 45 

framework would only be meaningful to the extent that growth form and dispersal 46 

strategies are considered. 47 

 48 

Keywords: origin, local adaptation, phenotypic plasticity, intraspecific trait, morphological 49 

integration 50 

 51 
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Introduction 52 

The importance of intraspecific trait variability to species persistence has long been appreciated 53 

by evolutionary biologists (Lande and Arnold, 1983; Schluter, 1988; Sides et al., 2014). Recent 54 

trait-based studies in ecology have also linked traits to community assembly, habitat preference 55 

and ecosystem functioning (Diaz et al., 2004; Cornwell et al., 2008; Pescador et al., 2015). 56 

Functional traits allow insights into plant-environment processes that are pertinent to community 57 

structure and function (Violle et al., 2007). However, unlike studies in evolutionary ecology, 58 

trait-based ecological studies more commonly focus on interspecific trait measurements, which 59 

implies that intraspecific variation in traits is less important to ecological processes (Bolnick et 60 

al., 2011). This focus on interspecific variation emphasizes the importance of species diversity 61 

on ecological processes but largely ignores how variation within populations affect plant 62 

performance and fitness. This importance of intraspecific trait variability has been discussed 63 

extensively (Bolnick et al., 2011; Violle et al., 2012; Siefert et al., 2015; Wright et al. 2016) but 64 

primarily from vascular plants perspective.  65 

Bryophytes are a diverse plant group—comprising of 15000-20000 species (Shaw, 66 

Szövényi and Shaw, 2011) and are functionally different from vascular plants. Yet, plant 67 

ecological theories and hypotheses are often presented in an inclusive term. The trait-based 68 

ecology is no exception. Ecological inferences that may not necessarily apply to bryophytes are 69 

made, based on similarities in growth patterns and morphological and physiological 70 

configurations among vascular plants. Bryophytes lack complex morphological and 71 

physiological structures (e.g. roots and stomata) through which vascular plants actively interact 72 

with their environments for resource acquisition, conservation, and response to environmental 73 

heterogeneity (e.g. Hepworth et al., 2016). Even traits that seem comparable between bryophytes 74 

and vascular plants (e.g., leaf mass per area) are often difficult to quantify. However, bryophytes 75 

are capable of using facilitative interactions such as lateral movement (externally) of water 76 

across space (Rice, 2012) or vertical movement of water through their litter matrices, as a means 77 

of responding to change in their moisture environment. This cooperation for resource acquisition 78 

and retention means that individuals are buffered from the direct effect of the environment (e.g. 79 

Elumeeva et al., 2011). This highly integrated ecophysiological mechanism presents a rather 80 

unique inter- and intraspecific interactions where competition for resources such as moisture is 81 

weak (e.g. Hayward and Clymo 1982; Rydin 1985). Thus, intraspecific variability in this plant 82 
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group may not necessarily have the same ecological meaning as it is understood for vascular 83 

plants. 84 

Although there has been considerable research evaluating Sphagnum traits in the context 85 

of ecosystem function—particularly in linking Sphagnum species traits to aspects of water (Titus 86 

et al., 1983; Schipperges and Rydin, 1998; Hájek and Beckett, 2008) and carbon cycling 87 

(Turetsky et al., 2008; Laing et al., 2014; Bengtsson et al., 2016), only a few studies (Sastad and 88 

Flatberg, 1993; Sastad et al., 1999) have quantified intraspecific variability in traits. This is due 89 

to the difficulty in quantifying traits and perhaps also due to determining what constitutes an 90 

individual in clonal bryophytes like Sphagnum, because functional traits may only be measured 91 

at the level of an individual (Violle et al., 2007). However, viewing an individual as a 92 

structurally unattached, morphologically complete tissue—comprising of the capitulum, branch, 93 

and stem—the notion of individual is not complicated. That is, unattached individuals are 94 

physiologically independent and therefore, interact independently with their environments. 95 

Because moss tissues are not vascularized, they store a considerable amount of moisture 96 

externally (Elumeeva et al., 2011) and biomass likely influences the rate of moisture evaporation 97 

from their organs. Thus, examining the pattern of biomass investment into different organs and 98 

functions, such as the choice to invest in vertical growth versus branch mass, can be informative 99 

in evaluating the source, magnitude and the ecophysiological importance of variability in this 100 

plant group.    101 

Variability often exists within a population because of sexual reproduction without 102 

apparent or immediate ecological benefits or consequences. Thus, intraspecific trait variability at 103 

the population level may reflect both the intrinsic genetic variability and phenotypic plasticity. 104 

One approach to evaluating the mechanistic importance of intraspecific variability is to explore 105 

trait variability in the context of local adaptation (Kawecki and Ebert, 2004). Plastic (non-106 

genetic) responses to environmental heterogeneity could cause phenotypic differentiation within 107 

and among populations and this phenotypic differentiation may become genetically fixed by 108 

mutation and natural selection. Such differentiation on phenotypic responses to environmental 109 

heterogeneity is often the basis for local adaptation (Kawecki and Ebert, 2004). Additionally, 110 

locally adapted individuals would continue to exhibit adaptive responses that make them 111 

successful in their home environment even when they are subjected to a new environment where 112 

such response is no longer advantageous (Price et al., 2003; Kawecki and Ebert, 2004). 113 

.CC-BY 4.0 International licenseunder a 
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 29, 2019. ; https://doi.org/10.1101/859710doi: bioRxiv preprint 

https://doi.org/10.1101/859710
http://creativecommons.org/licenses/by/4.0/


Investigating moss traits within the general framework of local adaptation can be informative in 114 

estimating the pattern, magnitude, and importance of intraspecific trait variability in this plant 115 

group.  116 

Here, we explore the source, magnitude, and importance of intraspecific trait variability in 117 

Sphagnum moss. We ask whether there are differences in intraspecific trait variability and trait 118 

values between conspecifics from contrasting environments and whether the differences are due 119 

to adaptation to the conditions in their respective origin (hummock or hollow). That is, whether 120 

these differences are due to adaptive differentiation (local adaptation) or phenotypic plasticity. 121 

We focus on S. magellanicum, which is an ecologically dominant and widely distributed 122 

Sphagnum species. S. magellanicum is typically found in hollows and on low hummocks where 123 

moisture availability is high. However, it is also found within the carpets of S. fuscum on high 124 

hummocks—away from the water table, where a combination of high irradiation and moisture 125 

stress often impact photosynthesis and growth (Harley et al., 1989; Murray et al. 1993; McNeil 126 

and Waddington, 2003). The individuals of S. magellanicum found on hummocks often exhibit a 127 

reddish-brown pigmentation (as opposed to green), are less physically robust (e.g., slender stem 128 

and smaller capitulum) and relatively lower tissue water content compared with individuals 129 

found in hollows. This variation in phenotype is good for exploring intraspecific variability in 130 

the context of phenotypic plasticity versus local adaptation. Here, we capitalize on the pattern 131 

observed in the field to ask how intraspecific trait variability influence the breadth of 132 

environment where S. magellanicum is found. We test the following hypotheses.    133 

• Since strong morphological integration (clump growth) of individuals is necessary for 134 

survival on hummock, which also promotes fast vertical growth, the hummock-originated 135 

individuals would consistently invest in vertical growth at the expense of biomass when 136 

grown in a common garden.  137 

• Because green leaves tend to be more efficient for light capturing than red (anthocyanin-138 

rich) leaves under low light (Burger and Edwards, 1996), we predict that hummock-139 

originated plants would have lower photosynthetic potential under the shade treatment 140 

than hollow-originated plants. However, we expect the opposite when the plants are 141 

grown under full light on hummock because of the lack of pigmentation in the hollow-142 

originated individuals. 143 
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• We hypothesize that hummock-originated individuals are locally adapted to low moisture 144 

availability and high irradiance that are prevalent in hummocks, we therefore predict that 145 

morphological and physiological responses of hummock-originated plants would be less 146 

sensitive to light and drought treatments compared with hollow-originated plants. 147 

 148 

Materials and Methods 149 

In June 2016, we visited Wylde Lake bog in southern Ontario (43.91775, -80.40489) and 150 

collected individuals of S. magellanicum found on high hummocks, which are typically 151 

dominated by S. fuscum and thus represent an atypical environment for S. magellanicum. The 152 

sampling included plants from several hummocks because S. magellanicum is not typically 153 

found on hummocks and to collect enough samples for the experiments. Similarly, we collected 154 

individuals from hollow environments in which S. magellanicum was dominant. The S. 155 

magellanicum from hummocks are smaller and reddish-brown in colour whereas those from 156 

hollows were more physically robust and completely green. Hollow samples were kept 157 

separately from those collected from hummocks. All samples were immediately transferred to 158 

the University of Guelph phytotron where S. magellanicum samples from each environment were 159 

cut by knife into top 5 cm segments to exclude deeper, non-living component of the tissues and 160 

to create a standard length for all the plants. 161 

 162 

Hummock transplant experiment  163 

We extracted four hummock monoliths, which comprised a continuous carpet of S. 164 

fuscum into surface peat to a depth of about 20 cm. The monoliths allowed us to incorporate the 165 

ecophysiological peculiarities (e.g. neighbourhood effect and vertical movement of moisture 166 

through litter matrices) of our study system into the experiment. Each monolith was gently 167 

placed in an 8.83-litre cylindrical pot. Each monolith was partitioned into equal halves with a 168 

stick, which was inserted horizontally into the surface of the moss carpet in each pot. Individuals 169 

of S. magellanicum from the two home environments (hummock versus hollow) were randomly 170 

assigned to a monolith and were inserted into the carpet of S. fuscum. Specifically, we inserted 171 

fifteen S. magellanicum hummock-originated individuals into one half of each monolith and 172 

fifteen hollow-originated individuals into the other half. Across the four replicate monoliths, we 173 

transplanted 60 plants from each plant origin. The hummock transplant experiment represents the 174 
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breadth of “home” environment for individuals that were collected on hummocks in terms of 175 

substrate conditions, while hollow-originated plants in this case, were transplanted onto an 176 

“away” substrate. Two monoliths were assigned to a shade treatment and two were assigned to 177 

full light treatment. The shade treatment involved two shade boxes of 3.25 m x 1.47 m x 0.63 m 178 

in dimension and are built from PVC pipes. The shade boxes were covered with breathable 50% 179 

neutral density shade cloth. The 50% shade approximates the proportion of the photosynthetic 180 

active radiation (PAR) admitted into the Sphagnum carpet by the dominant vascular plant species 181 

(Myrica gale) at our site. This was obtained by measuring PAR below and above the canopy 182 

using the point sensor of a LI-250 light meter (LI-COR, Lincoln, Nebraska). These 183 

measurements were used to compute percentage of light admitted into the moss surface. The 184 

above canopy PAR ranged from 1206 – 2035 µmol m-2 s-1 whereas below canopy values ranged 185 

from 224 -1714 µmol m-2 s-1.  We did not find a difference in the moisture profiles of hummocks 186 

sampled along moisture gradient in our site, therefore, we did not vary moisture for this 187 

experiment.  188 

 189 

Factorial light x moisture experiment 190 

Our second experiment involved a 3 x 2 factorial experiment with two plant origins (hummock 191 

versus hollow), two light treatments (full light; 50% light) and two water treatments (saturated; 192 

low water). This experiment represents the breadth of “home” environment for hollow-originated 193 

individuals in terms of substrate conditions, while hummock-originated plants in this case were 194 

transplanted onto “away” substrates. The shade treatment was imposed as described above. The 195 

drought treatment was created by maintaining treatment pots at an average volumetric water 196 

content of about 12%, which is the mean summer volumetric water content at the top 1 cm of 197 

moss in the field site.  The saturated water treatment was maintained by monitoring and topping 198 

up the experimental pots with water, and volumetric water content consistently exceeded 21%. 199 

The water contents across all experimental pots were monitored with a portable Hydrosense soil 200 

moisture meter (Campbell Scientific, Inc., USA). 201 

The experimental pots were filled with 3 cm of deep peat moss underneath a 1 cm layer 202 

of surface peat. The deep peat was from a commercial source while the surface peat was 203 

extracted from the field in an area near the Sphagnum collections in hollow. The pots were 227.4 204 

cm3 in size, with holes at the base through which water was fed into the pots. There were 9 plants 205 
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(one plant per pot) for each of the four treatment combinations (9 plants x 2 origin x 2 light x 2 206 

moisture treatments), which we replicated twice. Thus, a total of 144 plants were used in the 207 

experiment. Because bogs are nutrient-poor and typically fed by rainwater, the plants were not 208 

fertilized and were watered exclusively with rainwater that was harvested in Guelph.  209 

In the context of local adaptation, each experiment contains aspects of a “home” versus 210 

an “away” treatment (Kawecki and Ebert, 2004; Blanquart et al., 2013). In the first transplant 211 

experiment, hummock individuals transplanted onto the hummock mesocosms represent a 212 

“home” treatment while hollow individuals represent an “away” treatment. However, this 213 

transplant experiment is an incomplete design but it was not possible for us to maintain hollow 214 

mesocosms due to the extremely unconsolidated (low bulk density) nature of hollow surface 215 

soils and species homogeneity. The combination of the experiments nonetheless represents a 216 

range of environment that the species is typically exposed to and allows us to at least reduce the 217 

confounding effects of unmeasured environments (Kawecki and Ebert, 2004).  218 

 219 

Quantification of traits 220 

The two experiments ran fully from July 2016 to January 2017. At the end of the experiments, 221 

we measured a suite of traits on individuals from each treatment. We quantified two traits related 222 

to growth, including vertical growth rate (growth per time) and biomass. We also measured 223 

allocation of biomass into capitulum, branch, and stem. The capitulum is taken as the top 1 cm of 224 

the plant (Clymo 1970). Branch mass was determined by removing, drying and weighing the 225 

stem, leaves and branches (fascicles), which were collectively measured as branch mass. The 226 

exposed stem after removal of capitula and branches was dried and weighed to obtain stem mass.  227 

We also quantified the dark respiration as a measure of metabolic activity. Respiration 228 

rates were measured on six individuals per treatment, which were selected at the end of the 229 

experiment. For these individuals, we placed the entire plant in a dark glass jar. The jars were 230 

sealed with stopcocks and placed under their respective treatment environment. The CO2 in the 231 

jar headspace was drawn three times at 3 hr intervals with gas-tight syringes. The CO2 232 

concentration was analyzed with an EGM-4 infrared gas analyzer (PP Systems, Hitchin, 233 

Hertfordshire, UK). We performed linear regressions of CO2 concentration against time, using 234 

the slopes of these relationships as our measurement of respiration rate. We then used the dry 235 

mass of the samples to convert the slopes into µmol of CO2g
-1minute-1.   236 
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Finally, we measured the dark-adapted fluorescence (Fv/Fm) as a measure of maximal 237 

photosynthetic efficiency. The dark-adapted Fv/Fm measurements were taken at the end of the 238 

experiment. Individuals from each treatment were placed in the dark for at least 6 hours to ensure 239 

that QA electron acceptors are fully reduced and that reaction centers are in the ‘open’ state. We 240 

then quantified dark-adapted Fv/Fm on each plant using a pulse-modulated fluorometer (OS1p, 241 

Opti-Sciences, Hudson, NH).  242 

 243 

Statistical analyses 244 

The data were explored for normality and where there was a departure from normality (vertical 245 

growth rate and branch mass), they were transformed using a logarithm transformation. Because 246 

the plants in the hummock transplant experiment were grown in only four pots, we tested for 247 

differences in trait values using mixed effect models, where we analyzed pot ID as a random 248 

effect to account for lack of independence. Multiple mean comparisons were obtained for models 249 

with interaction effects using “lsmeans” package in R. We tested for mean trait values in the 250 

factorial experiment using 3-way ANOVA and obtained multiple mean comparisons for 251 

interaction effects using Tukey HSD. We explored patterns of trait variability across 252 

experimental treatments by partitioning the variance in the data using the varpart function in R 253 

package “Vegan”. We used this approach combined with redundancy analysis to examine how 254 

the experimental treatments influenced within-trait variability and total trait variability. All 255 

analyses were performed in R 3.2 (R core Development Team 2015) and all statistical tests were 256 

conducted at α = 0.05. 257 

 258 

 259 

Results 260 

Hummock-transplant experiment 261 

Hummock-originated plants had lower Fv/Fm than hollow plants (Fig. 1a) with no other 262 

significant main effects or interactions (Table 1). Vertical growth rate, capitulum mass, and 263 

respiration were consistently higher under the shade than the high light treatment (Fig. 1b & c). 264 

Total biomass and stem biomass was influenced by a plant origin x light interaction (Fig 1d). 265 

Hummock plants tended to have lower total and stem biomass than hollow plants but only in the 266 

shade treatment.  267 
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 268 

We found strong positive correlations between some of the traits. There were correlations for 269 

example between vertical growth rate and respiration rate and between respiration rate and 270 

biomass for both hummock and hollow plants (r2 = 0.24, p < 0.05 and r2 = 0.56, p < 0.001) and 271 

hollow plants (r2= 0.30, p < 0.05 and r2 = 0.73, p < 0.001) (Fig. 2a & b). However, the effect of 272 

plant origin on these relationships was not statistically significant (p > 0.05). 273 

For most traits, plant origin did not explain a significant amount of variation in individual 274 

traits (0 -10%), while light explained between 0 - 46% (Table 2). Origin (hummock vs. hollow) 275 

explained significant variation for Fv/Fm and stem mass, while light explained significant 276 

variation in vertical growth, capitulum mass, and total biomass (Table 2). When analyzed for 277 

total variability across all traits (respiration, Fv/Fm, capitulum, branch, stem, and total biomass), 278 

plant origin only accounted for 2% of the variability (p > 0.05) whereas light accounted for 16% 279 

(p < 0.001).  280 

 281 

Light x moisture factorial experiment 282 

In the factorial experiment, traits were more generally influenced by the main effects of origin 283 

and moisture than their interaction effects or the main effect of light (Table 3). The post-hoc tests 284 

showed that capitulum mass was greater in hummock plants than in hollow plants under the high 285 

moisture treatment (p < 0.05) but did not significantly differ between the plant origins under the 286 

low moisture treatment. The opposite trend was true for branch mass as hollow plants had a 287 

greater branch mass than hummock plants under the high moisture treatment (p < 0.05) but there 288 

was no difference in branch mass between the origins under the low moisture treatment. 289 

Interestingly, the stem mass of hollow plants subjected to low moisture was greater than stem 290 

mass of hummock plants subjected to high moisture (p < 0.001). Vertical growth rate was fastest 291 

under the high moisture treatments regardless of light (Fig. 3a) and was lower under the low 292 

moisture treatments. Biomass was greatest at the high light and high moisture treatment and 293 

tended to be lowest under the low moisture treatments across both light treatments (Fig. 3b). 294 

Fv/Fm was higher in hollow individuals than in hummock individuals, especially under high 295 

moisture (Fig. 3c). Respiration was higher under high moisture than the low moisture treatment 296 

and did not vary with light (Fig. 3d).  297 
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Consistent with the hummock transplant experiment, we found strong positive 298 

correlations between respiration and biomass and between respiration and vertical growth for 299 

both hummock (r2 = 0.25, p < 0.001 and r2 = 0.57, p < 0.001) and hollow (r2= 0.53, p < 0.001 300 

and r2 = 0.65, p < 0.001) plants (Fig. 4a & b). However, unlike in the hummock transplant 301 

experiment, the pair-wise comparison of the relationships between respiration and biomass was 302 

influenced by plant origin (z = 2.65, p = 0.01).  303 

Plant origin explained the most variation in stem mass (44%) relative to moisture and 304 

light. In general, the influence of the light treatments explained little or no variation among traits 305 

in this experiment. Moisture explained a significant amount of variation in all traits except for 306 

capitulum mass and was particularly important for respiration and branch mass variation. We 307 

found that plant origin and moisture explained similar levels of total variation across traits (Table 308 

4). The data were also split into two independent datasets based on plant origin and were 309 

accordingly explored for variability due to light and moisture effects. Light explained 1% of total 310 

variability in hollow plant traits and 4% in hummock plant traits whereas moisture explained 311 

22% of variability in hollow plant traits and 13% in hummock plant traits. However, the effect of 312 

light on variability of hollow plant traits was not statistically significant.  313 

  314 

 315 

Discussion 316 

Understanding the environmental mechanisms influencing trait variability is important for 317 

assessing not only how the environment influences species distribution but also how species 318 

influence ecosystem function (de Bello et al., 2011; Mitchell and Bakker, 2014; Bennett et al., 319 

2016). Our goal was to evaluate the magnitude of variability within and among traits, and the 320 

response of traits to varying environmental mechanisms. This is not an attempt to characterize 321 

Sphagnum physiology but rather to explore the importance of trait variability in controlling 322 

responses to environmental heterogeneity.  323 

 324 

Effect of plant origin (hummock versus hollow) on Sphagnum traits 325 

Although many bryophytes are clonal, studies have shown that their populations can be 326 

as genetically diverse as any population of non-clonal vascular plants (Stenoien and Sastad, 327 

1999) and Sphagnum does show spatial patterns of genetic variability (Gunnarsson et al., 2007). 328 
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Given our sampling design, we assumed that our hollow and hummock-originated plants 329 

represent genetically disparate groups and that the differences in their phenotypic traits are 330 

indicative of adaptive differentiation (local adaptation). The generally weak effect of plant origin 331 

on the traits in the hummock transplant experiment relative to that in the factorial experiment 332 

suggests that the trait responses were largely due to phenotypic plasticity as opposed to local 333 

adaptation.  334 

A unique characteristic of Sphagnum is that it acquires and conserves moisture through 335 

stem and canopy integration (clump growth form), especially on hummocks. That is, individuals 336 

may not grow considerably taller than their neighbors without experiencing desiccation 337 

(Hayward and Clymo, 1983). Thus, S. magellanicum growing on hummocks may not grow 338 

considerably faster or taller than the typical height of S. fuscum-derived carpet. Pure stands of S. 339 

magellanicum typically grow faster than those of S. fuscum (Breeuwer et al., 2008), which 340 

implies that S. magellanicum plants (regardless of their origin) growing on S. fuscum-dominated 341 

hummocks may not express their maximum growth rates. This likely explains why plant origin 342 

did not influence traits in the hummock transplant experiment. 343 

Environmental heterogeneity may cause phenotypic differentiation that may not translate 344 

into genetic differentiation (Kawecki and Ebert, 2004). Such non-genetic phenotypic 345 

heterogeneity likely explains the phenotypic differences that were observed between the plant 346 

origins in the field. The major differences between our experiments and between the plant 347 

origins in the field are the distance to water table and interspecific clumping (morphological 348 

integration) in the hummock transplant experiment. It is not clear however, whether the effects of 349 

origin in the factorial experiment are indicative of phenotypic differentiation that was observed 350 

between the plant origins in the field. Because if morphological integration indeed overrode the 351 

expression of phenotypic differentiation on hummock, then the clump growth form of Sphagnum 352 

would likely constrain local adaptation.  353 

 354 

 355 

Light controls on Sphagnum trait variation 356 

Light (through UV damage) is a common stressor influencing bryophytes’ performance 357 

(Post et al., 1990; Marschall and Proctor, 2004). Although many Sphagnum species including S. 358 

magellanicum grow in open habitats, photoinhibition is known to constrain photosynthetic 359 
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processes of Sphagnum species (Murray, Tenhunen and Nowak, 1993; Hájek, 2014)  and it is 360 

perhaps more common in hummock habitats where low canopy moisture and high irradiance are 361 

prevalent (Bragazza, 2008). Since typical hummock species are rarely completely green (unless 362 

under shade), we hypothesized that the reddish pigmentation found in hummock plants is for 363 

photoprotection (Bonnett et al., 2010) and therefore is an adaptive trait for colonizing or 364 

surviving in hummocks. This is plausible if photoprotection prevents photoinhibition and 365 

therefore, would lead to higher photosynthetic potential in hummock plants compared with 366 

hollow plants under full light.  This could lead to low light capture and low photosynthetic 367 

potential when growing under shade as has been observed in vascular plants (Burger and 368 

Edwards, 1996). Contrary to our predictions, our results showed that the hummock plants had 369 

relatively lower Fv/Fm across all experimental treatments compared with the hollow plants. Also, 370 

under the shade treatments, some of the hummock plants changed from reddish to light pink 371 

colour and some with a tint of green, which is consistent with the findings that pigmentation of S. 372 

magellanicum is plastic (Yousefi et al., 2017). This means that the pigmentation is induced by 373 

the environment. The generally low Fv/Fm in hummock plants suggests that the reddish 374 

pigmentation might prevent an optimal photosynthetic response, which would mean that there is 375 

a cost to achieving photoprotection. However, we did not find any relationship between Fv/Fm 376 

and total biomass, which is often used as a proxy for fitness in plants (Younginger et al., 2017).  377 

Shade tends to reduce transpiration (Muthuchelian et al.,1989; Pons et al. 2001; Gent, 378 

2007), which would diminish the need for morphological integration. Under the shade treatment 379 

of the hummock transplant experiment, the plants were more robust (e.g., bigger capitulum) and 380 

the moss canopy was generally rough and loose compared with light treatment, which was 381 

relatively smooth and compacted. This disparity in growth response due to the difference in light 382 

level likely contributed to the strong effect of light on trait variability in the hummock transplant 383 

experiment. Surprisingly, light was less important to trait variation in the factorial experiment. 384 

This could be because we only manipulated moisture in the factorial experiment, which is well 385 

established as having an important role in Sphagnum growth and distribution (McNeil and 386 

Waddington, 2003; Oke and Hager, 2017) and also was the dominant source of trait variation in 387 

the factorial experiment. 388 

 389 

 390 
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Implications of trait variability and local adaptation in Sphagnum 391 

Trait variability is considered one of the mechanisms by which plant populations cope 392 

with environmental heterogeneity (Jung et al., 2014) and it is deemed the raw material for 393 

natural selection (Bolnick et al., 2011). For instance, high trait variability could help a population 394 

to transition to a new trait optima and therefore to a new adaptive peak through natural selection 395 

(Bürger, 1999). In this study, most of the variability remained unexplained by our treatments. 396 

However, it is important to note that most traits measured in this study exhibited low levels of 397 

variation. It is also important to note that clonality is common in Sphagnum, especially at fine 398 

scales, which may lead to low phenotypic variation. Low phenotypic variation may be 399 

advantageous for morphological integration. Although our sampling design was intended to 400 

avoid repeatedly sampling clones, it is not uncommon for a Sphagnum population to be 401 

dominated by a single clone (Cronberg, Molau and Sonesson, 1997; Gunnarsson, Shaw and 402 

Lonn, 2007), which would then likely be overrepresented in our experiments. 403 

 Due to the generally low nutrient condition that limits spore germination in peatlands 404 

(Sundberg & Ryadin 2008), Sphagnum populations are maintained largely by clonal growth 405 

(Cronberg et al., 1997; Gunnarsson et al., 2007). That is, dispersal by spore in Sphagnum is long-406 

distant and random (Whitaker and Edwards, 2010). This is true for many moss species (Miles 407 

and Longton, 1992), which means that there is a low accruable benefit in passing down the local 408 

selective advantage through spores. While the short-distance dispersal through clonal growth is 409 

less random, it likely perpetuates homogeneity of trait. Trait homogeneity may have an 410 

ecophysiological value in stem and canopy integration for moisture retention and survival. 411 

However, as observed in the field and as demonstrated in this study, morphological integration is 412 

quite common in Sphagnum even among species with different growth rates. This means that 413 

stem and canopy integration is more likely a function of plasticity rather than trait homogeneity. 414 

Thus, given their mode of dispersal and the clump growth form, locally adapted growth 415 

responses may not be beneficial to mosses. In any case, extending trait-based framework to 416 

mosses or making comparisons between mosses and vascular plants under any theoretical 417 

framework would only be meaningful to the extent that growth form (including lack of roots) 418 

and dispersal strategies are considered. 419 

Our findings that trait responses and variability depends on the prevailing environment 420 

highlights the limitation of investigating or drawing conclusions about local adaptation from 421 
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responses to a single environment. Additionally, because phenotypic differentiation may not 422 

necessarily have a genetic basis, it is possible in a common garden experiment to confuse or 423 

conflate adaptive differentiation arising from phenotypic plasticity with that arising from local 424 

adaptation (Gienapp et al., 2008).   425 

Finally, there is an on-going taxonomic revision to S. magellanicum. The species is 426 

considered a complex, comprising at least three species—S. divinum and S. medium in eastern 427 

North America, and S. magellanicum sensu stricto in South America (Hassel et al., 2018). These 428 

species have distinct morphological, molecular and distributional characters. The preliminary 429 

study suggests that S. medium has an amphi-Atlantic distribution while S. divinum is circumpolar 430 

in its distribution. Since the pigmentation of “S. magellanicum” (as we currently know it) lacks 431 

genetic basis (Yousefi et al., 2017) and considering the pattern of distribution of these species 432 

relative to our field site in Southern Ontario, it is unlikely that we sampled across a mix of S. 433 

medium and S. divinum in a way that would bias our findings. Also, considering that origin had 434 

little effect on trait variability, a more likely scenario is that we sampled one species or the other. 435 

However, because further study is required on the distribution and identification of these 436 

subspecies (Hassel et al., 2018), we are unable to accordingly characterize our species and 437 

therefore maintain the name S. magellanicum for the purpose of this study.  438 

 439 

Conclusion 440 

In summary, we explored the magnitude and pattern of trait variability in S. 441 

magellanicum from contrasting habitats in the context of phenotypic plasticity and local 442 

adaptation. We found that the trait responses were due largely to phenotypical plasticity with 443 

little influence on whether plants originated from hummocks or hollows. We also found that trait 444 

variability depends on the prevailing light or moisture environment. However, most trait 445 

variation remained unexplained by our experimental treatments. Collectively, our results suggest 446 

that using traits to draw inferences about the ecology of Sphagnum would require an 447 

understanding of the mechanisms driving traits and the pattern of trait variability. Lastly, because 448 

morphological integration may have an overriding influence on growth traits, we are unclear 449 

about the circumstances under which local adaptation might occur or benefit this plant group. 450 

We hope that future studies will further explore this area of inquiry in mosses, with consideration 451 

for their growth form and recruitment strategies.  452 
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 637 

 638 

 639 

 640 

Table 1 Results of a mixed effect model for the hummock transplant experiment showing F and 641 

p-values specific to each trait. Bold texts are significant values (p < 0.05). O = Origin, L = Light 642 

and DF = treatment and sample degrees of freedom  643 

 Treatments DF 

Respiration 

(umol-1g-

1min) 

Fv/Fm 

Vertical 

growth rate 

(cm) 

Total 

Biomass 

(g) 

Capitulum 

mass 

(g) 

Branch 

mass 

(g) 

Stem 

mass 

(g) 

O 1, 59 0.21, 0.651 4.4, 0.040 2.4, 0.128 2.6, 0.115 1.3, 0.267 0, 0.915 6.8, 0.012 

L 1, 59 9.2, 0.038 1.3, 0.264 50.2, <0.0001 12.4, 0.026 21.1, <0.0001 0.77, 0.382 3.1, 0.146 

O*L 1, 59 1.5, 0.222 0.1, 0.764 2.5, 0.122 7.1, 0.010 3.9, 0.053 1.9, 0.172 4.1, 0.048 
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 645 

 646 

 647 

 648 

 649 

 650 
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 654 
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 656 
 657 
 658 
 659 

 660 
 661 
 662 
Table 2 The effects of plant origin and light treatment on individual trait variability as well as 663 

total trait variability for hummock transplant experiment. Bold figures are statistically significant 664 

trait variability values (p < 0.05) under each parameter while the p-values are the overall p-665 

values of the model.  666 

Traits Origin (%) Light (%) F-values P-values 

Fv/Fm 6 0 2.9 0.066 

Respiration 0 17 2.9 0.067 

Vertical growth 1 46 24.0 <0.001 

Capitulum mass 0 29 10.3 0.002 

Branch mass 0 0 0.5 0.651 

Stem mass 10 0 4.7 <0.001 

Total biomass 3 19 6.9 0.004 

Total traits 2 16 6.5 <0.001 

  

 667 
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 673 

 674 

 675 

 676 

 677 

 678 

Table 3 Results of a 3-way ANOVA for the factorial experiment showing F and p-values for the 679 

traits. Bold texts are significant values (p < 0.05). O = Origin, L = Light, M = Moisture and DF = 680 

treatment and sample degrees of freedom  681 

Treatments DF 

Respiration 

(umol-1g-

1min) 

Fv/Fm 

Vertical 

growth rate 

(cm) 

Total 

biomass 

(g) 

Capitulum 

mass 

(g) 

Branch 

mass 

(g) 

Stem 

mass 

(g) 

O 1, 143 0.0, 0.831 14.5, 0.002 4.6, 0.032 8.1, 0.0051 3.3, 0.070 14.8, 0.0001 144.4, <0.0001 

L 1, 143 1.1, 0.31 3.5, 0.061 20. 5, <0.0001 0.55, 0.459 2.1, 0.145 0.0, 0.930 1.3, 0.251 

W 1, 143 16.4, 0.0002 22.8, < 0.0001 48.6, <0.0001 32.1, <0.0001 0.1, 0.791 62.8, <0.0001 26.25, <0.0001 

O*L 1, 143 3.4, 0.071 2.3, 0.133 1.3, 0.218 0.3, 0.617 0.35, 0.553 0.3, 0.582 2.5, 0.113 

O*M 1, 143 0.9, 0.336 2.2, 0.137 1.2, 0.267 0.0, 0.886 15.6, 0.0001 6.7, 0.010 8.4, 0.0041 

L*M 1, 143 0.2, 0.625 2.7, 0.098 7.9, 0.0056 4.4, 0.037 2.9, 0.088 2.3, 0.128 7.7, 0.006 

O*L*M 1, 143 0.13, 0.721 0.39, 0.529 0.75, 0.385 0.0, 0.869 3.0, 0.082 1.4, 0.241 1.9, 0.172 
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 689 

 690 

 691 

 692 

 693 

Table 4 Percentage trait variability due to plant origin as well as experimental light and moisture 694 

treatments in the factorial experiment. Bold figures are statistically significant trait variability 695 

values (p < 0.05) under each parameter while the p-values are the overall p-values of the model.   696 

Traits Origin (%) Light (%) Moisture (%) F-values P-values 

Fv/Fm 7 1 12 12.1 <0.001 

Respiration 0 0 26 5.7 0.005 

Vertical growth 2 8 21 22.0 <0.0001 

Capitulum mass 2 0 0 2.0 0.112 

Branch mass 6 0 26 21.3 <0.001 

Stem mass 44 0 7 46.6 <0.001 

Total biomass 3 0 15 10.8 <0.001 

Total traits 11 1 14 16.5 <0.001 
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Figure legends 704 

Fig.1 Results of mixed effects models examining trait variation to treatments in hummock 705 

transplant experiments (a) Fv/Fm averaged by plant origin (b) respiration averaged by light 706 

treatment (c) vertical growth averaged by light treatment (d) biomass averaged by a light x plant 707 

origin treatment interaction. Same letter notation depicts no differences between means based on 708 

Tukey HSD post-hoc tests.  709 

 710 

Fig. 2 Correlational relationships between respiration and total biomass (a) and the relationship 711 

between respiration and vertical growth rate (b) in the hummock transplant experiment.  712 

 713 

Fig. 3 Effects of treatments in the factorial experiment on S. magellanicum traits (a) vertical 714 

growth averaged by a light x moisture treatment interaction, (b) biomass averaged by a light x 715 

moisture treatment interaction, (c) canopy Fv/Fm averaged by plant origin and moisture 716 

treatments, and (d) respiration averaged between the moisture treatments. Same letter notation 717 

depicts no differences between means based on post hoc tests. There was no origin x light 718 

interaction on Fv/Fm.   719 

 720 
 721 
Fig. 4 Correlational relationships between respiration, biomass and vertical growth in the 722 

factorial experiment for hummock and hollow originated plants.  723 
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Fig. 1  731 
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742 
Fig. 2  743 
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Fig. 3  761 
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771 
Fig. 4  772 
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