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Abstract 

European coastal heathlands are under threat of climate and land-use change. Recent drought events 

in Norway have led to dieback of heathland-associated Calluna shrub, yet we know less about these 

effects on other ecosystem components. Nitrogen (N) deposition on the Norwegian coast has been 

declining in recent decades. Since wet deposition is the main contributor to bulk N-deposition in this 

region, more frequent drought is speculated to be linked to this decline. Mosses (division Bryophyta) 

are highly water dependent for growth and reproduction and have a high capacity for N-capture in 

low-N environments, aspects of which play substantial roles in ecosystem functioning on coastal 

heaths.  

Objectives: This study investigates whether drought and managed succession affect moss functional 

traits that influence ecology. Objective 1 concerns changes in total cover and species assemblage 

according to life-history strategies. Objective 2 concerns intraspecific amplitude in N-capture (N %) 

and shoot morphology (branch density and length).  

Methods: The study was conducted as part of a drought manipulation experiment constructed in 

2016. Precipitation was roughly reduced by 0 % (ambient control), 30 % and 60 % with three 

replicates of each precipitation level per three phases of Calluna succession (pioneer, building, and 

mature). Objective 1 was addressed by analysis on vegetation data collected in 2017. Objective 2 was 

addressed by sampling and analysis of Hypnum jutlandicum in 2018. Individual and interactive models 

tested the relationships between response and effect variables.  

Results: Species reflected life-history strategies in response to drought and succession as expected. 

Drought had only slight (total moss cover) or no significant effect on response variables. Succession 

was a stronger predictor of change in species assemblage, N-capture and branching morphology.  

Conclusions: It is likely that this study is premature in registering thresholds for species assemblage, 

nitrogen cycling, and shoot branching changes when N wet deposition is reduced. Longer studies may 

point to breaching the tipping points between assemblage shifts and between N sink to source 

allocation in mosses in a few years under continued drought.  
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Preface 
Bryophytes are an informal group of small non-vascular plants that include mosses (Bryophyta), 

liverworts (Marchantiophyta), and hornworts (Anthocerophyta), consisting of about 20,000 species 

altogether (“Bryophytes (Mosses and liverworts),” 2013). Relying on water and nutrients travelling 

upon their exterior, they make the best of their surroundings despite having no internal capillary 

structures to transport water and nutrients. Even with this “primitive” water allocation system and 

relative environmental sensitivity, bryophytes continue to fill almost all ecological niches across the 

planet; from humid tropical rainforests to dry arctic tundra. They are the evolutionary prelude to the 

higher plants that dominate our visual perception and perhaps attention. Yet this is only a result of 

our own dimensions. Had we been the size of a springtail or mite, we would be astounded by the 

morphological and physiological diversity of bryophytes, a true jungle in stature and complexity. 

Writing this thesis has been such a surprise, widening my field of perception to the minute and dazzling 

moss cosmos whilst on all fours and with a magnifying glass in hand. The experience and challenges 

underway have nudged my curiosity about these little organisms, and how quickly they may be 

changing due to climate change.  
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Abbreviations and Terms  

  

Abbreviations Explanation 

VP vascular plant (clubmosses, horsetails, ferns, gymnosperms, 
and angiosperms) 

NVP non-vascular plant (bryophytes and algae) 

BRD branch density (number of branches, top 2 cm of shoot) 

BRL branch length (cm) 

C:N carbon to nitrogen content ratio (in top 2 cm of shoot) 

N % percent nitrogen per mg dry-weight 

Terms (Violle et al., 2007) Explanation 

Trait  Any morphological, physiological, or phenological feature 
measurable at the individual level, from the cell to the whole-
organism level, without reference to the environment or any 
other level of organization  

Functional trait  Any trait which impacts fitness indirectly via its effects on 
growth, reproduction and survival  

Response trait  Any trait the attribute of which varies in response to changes 
in environmental conditions 

Effect trait  Any trait which reflects the effects of a plant on 
environmental conditions; community or ecosystem 
properties 

Functional group  Comprised of organisms categorised according to their 
common role in the ecosystem 
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Introduction 

Landscapes have long been influenced by our interaction with ecological elements that support our 

primal and cultural needs, without deteriorating biodiversity, nor the functional properties of 

ecosystems (Plieninger et al., 2016). When holistically understood and applied, human disturbances 

create beneficial niches for flora and fauna. Certain species become defining elements that are essential 

to the ecological functioning of these semi-natural landscapes (Foster et al., 2003). As humans, we 

have developed a sense of them as part of our heritage, our sustenance, and our responsibility (Antrop, 

2000). Coastal heathland is a man-made reciprocal to alpine heaths, and they are rich in cultural and 

biological values. For millennia they have sustained farmers on marginal land and biodiversity has 

adapted to the circumstances.  

 

Coastal heaths have undergone severe reduction since the turn of the 20th century and approximately 

60 % are now threatened according to the most recent report on EU Red Listed habitats (European 

Commission, 2016). A substantial portion of the European heathlands are found on the length of the 

Norwegian coast (Velle & Vandvik, 2014). In addition to the rise of agricultural and silvicultural 

intensification, land abandonment, and urban encroachment, the Norwegian coastal heathlands have 

been subject to extreme drought events in recent years. Protecting heathlands depends on 

understanding the functional properties of the various heathland ecosystem components in response 

to drought (Artsdatabanken, 2011; Diemont, Heijman, Siepel, & Webb, 2013; Dyrrdal, Skaugen, 

Lenkoski, Thorarinsdottir, & Stordal, 2015; Fremstad & Moen, 2001).  

 

Part One of this Master thesis describes the development of cultural heathland on the European coast 

and the threats to its resilience. I include an overview of ecology and management practices on coastal 

heaths in Norway that sustain biological and cultural values. Next, I describe the changes in land-use 

and the onset of drought events along the western coast. I present the effects that grazing and burning 

practices have on bryophytes (mosses, liverworts, and hornworts) to the extent that current literature 

informs and introduce how nitrogen (N), a major growth nutrient for all plants, is inherently linked to 

drought and ecological functioning.  

 

Part Two reviews bryophyte functional traits, focusing specifically on mosses (division Bryophyta) for 

sake of brevity. Mosses play significant roles in water balance and N-cycling since they absorb liquids 
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and gasses through their entire surface (Lett, Nilsson, Wardle, & Dorrepaal, 2017; Löbel, Mair, 

Lönnell, Schröder, & Snäll, 2018; Zoltán Tuba, 2011; Turetsky, 2003). Yet we know far less about the 

effects of drought and fluctuating nitrogen depositions on the functionality of these plants than we 

do on their vascular counterparts (St. Martin & Mallik, 2017). In this section I begin by describing the 

life-history strategies of mosses, pointing out the particular traits that reflect their dependency on 

water for reproduction. Then I describe morphological adaptations connected to photosynthesis and 

the exchange of water and gases. The functionalities of these traits are explained in connection to two 

defining adaptations: desiccation tolerance and drought avoidance. Lastly, I present the objectives of 

this Master thesis, wherein I inquire about the effects of drought and managed succession on (1) total 

moss cover and species assemblage in connection with life-history strategies, and (2) intraspecific 

amplitude in shoot N-capture (N %) and shoot morphology (branch density and branch length) for 

Hypnum jutlandicum (Heath Plait-moss). H. jutlandicum was chosen due to its relative ease of 

identification and high abundance on Norwegian coastal heaths, the latter of which may help reflect 

the overall trend in N-capture across the landscape.  

 

Part Three consists of Methods, Results, and Discussion, addressing the need for more empirical data 

on drought and management effects on heathland mosses. First, I describe the methodology of 

conducting a drought manipulation experiment across a prescribed burning gradient on coastal 

heathland at 60´42°N, 5´5°E in the Hordaland region of southwestern Norway. Next, I present the 

results of data analysis. The discussion takes these results and relates to what extent they answer the 

research objectives, ending with reflections on further investigations that must be made in order to 

complete our understanding of functional moss ecology in response to drought and managed 

succession.  
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Part One 

1.1 Ecology of the heathlands 

The coastal heathlands of Norway are nutrient poor, acidic ecosystems found predominately on 

shallow soils of moderate calcareous substrate (Nilsen & Moen, 2009). Coastal heathland is the man-

made reciprocal of alpine heaths where management exerts limits on taller vegetation as opposed to 

altitudinal restraints in higher terrain. The general flora of coastal heath is characterised by a patchwork 

of ericaceous shrubs (family Ericaceae), graminoids (mostly grasses, family Poaceae), and bryophytes 

(divisions Bryophyta, Marchantiophyta, and Anthoceretophyta) adapted to the temperate climate on 

the Norwegian coast. Vegetation analyses on these landscapes are ample and well executed for both 

vascular plants (VPs1) and non-vascular plants (NVPs) (Måren & Vandvik, 2009; Nilsen & Moen, 

2009; Vandvik, Heegaard, Måren, & Aarrestad, 2005; Velle & Vandvik, 2014).  

 

Under traditional management, the ridges and south-

facing slopes in the heathland typically have shallow soils 

and low moisture content (dry heath). Here we find the 

highest frequency of graminoids along with the dominant 

ericaceous shrubs. On northern slopes and depressions in 

the landscape, the soil layer tends to be deeper and 

moisture content higher (wet heath). Here we find species 

that are more tolerant to waterlogged conditions, 

especially proliferate sphagnum communities that 

transition from wet heaths to bogs, mires and fens 

(Zoltan Tuba, Slack, & Stark, 2010). Keystone species of 

coastal heaths in mid-Norway include the shrubs Calluna 

vulgaris2 (Common heather), Erica tetralix (Cross-leaved 

heather), and Empetrum nigrum (crowberry). Also common is Cytisus scoparius (broom), along with 

Vaccinium uliginosum (bog bilberry) and graminoids such as Molinia caerulea (purple moor-grass) and 

Trichophorum cestiposum (deergrass) (Nilsen & Moen, 2009) (Fig. 1).  

                                                
1 See Abbreviations and Terms for “vascular” and “non-vascular” plants 
2 Hereafter Calluna 

Figure 1 Typical Calluna heathland 
composition of ericaceous shrubs, graminoids 
and bryophytes. © Victoria Helene Grape 
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1.2 Cultural and climatic change 

The socio-biological history of the coastal heathlands of 

Norway have been extensively documented (Hegrenes & 

Norderhaug, 2013; Kaland, 2008, 2014; Vandvik & Kaland, 

1998). The clearing of the landscape to produce heathland on 

the western coast can be traced back to the early Stone and 

Viking Ages, though the precise beginnings varies from region 

to region (Nilsen & Moen, 2009). The coast remained open for 

many thousand years, reaching peak coverage in the 19th 

century (Fig. 2). Farmers focused on husbandry of frugal eaters 

for meat and dairy: hardy sheep, goats and cattle. Sheep like the 

Old Norse breed were capable of living outside year-round, 

grazing on the Calluna shrubs in the winter. Cultural heaths 

were a reliable source of food, fuel and fibre, and with the sea 

close at hand, rich fishing resources complemented peoples’ 

needs. When the terrestrial food stock was less productive, the 

marine stock could fill the caloric deficit, and vice versa.  

 

The advent of the industrial revolution in the early 20th century, brought innovations to intensify 

agricultural production, a development that shadowed the contribution of coastal heaths. Farmers left 

the heaths hoping for better wages and urban advancements (Fremstad & Moen, 2001). The 

landscapes left behind were either engulfed by growing cities or planted for timber production and 

within a generation conversion from heathland to agriculture and silviculture was almost complete. 

Today few remnants of coastal heathland and even fewer people remain to steward them (Hegrenes 

& Norderhaug, 2013; Kaland, 2014).  

 

Lack of management is no longer the only threat to coastal heathlands in Norway, however. Current 

trends on increased frequency of drought events are predicted to continue, further stressing heathland 

ecosystems (Scaife et al., 2012; Spinoni, Vogt, Naumann, Barbosa, & Dosio, 2018). A combination of 

these climatic conditions and lack of proper management culminated in January of 2014 when winter 

precipitation (December to February) was measured to 50 % below normal levels in the most stricken 

areas (NMI, 2018; www.met.no; Fig. 3, next page). Despite temperatures below 0 °C, wildfires spread 

Figure 2 Distribution of heathland, 
19th century Europe. © Kaland 2002 

http://www.met.no/
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and incinerated 15 km2 and 10 km2 at Flatanger and Frøya respectively (Trøndelag county)  (Dyrrdal 

et al., 2015; Log, Thuestad, Velle, Khattri, & Kleppe, 2017; Vormoor et al., 2016; Fig. 4). The 

consequences of the fires have stimulated discussions about proper heathland management to protect 

public safety, private property, whilst finding the optimal fire balance for biodiversity and ecosystem 

functioning on the coastal heaths. As I write, much of northern Europe is experiencing record-

breaking summer temperatures and drought.   

 

 

Figure 3 Deviations (%) from normal precipitation (mean 1971-2000) in December 2013 (left),  
January 2014 (middle), and February 2014 (right). ©Norwegian Meteorological Institute 

 

 

 

 

 

 

 

 

 

 

 
    Figure 4 Wildfire at Flatanger in sub-zero temperatures, January 2014 © Dagens Neringsliv  
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1.3 Management 

Coastal heathland management is built on the historical context of human use. The outfield-infield 

system is the framework that maintains the heathland flora to provide fodder for livestock. The main 

desired effect of management is to ensure continuous fodder of young Calluna shoots and halt 

vegetation succession towards a woodland composition (Fig. 5). In the past, livestock grazed the 

outfield and were sometimes housed nightly in small stone shelters called “boundary wall byres”. Dung 

collected from the byres was used to fertilize the infield which enabled landowners to grow staple 

crops sufficient for household needs (Hjelle, Halvorsen, & Overland, 2010; Kvamme, Kaland, & 

Brekke, 2004). Modern cultural heathland resembles its historical form much in the same way when 

managed under an appropriate regime of rotational grazing, mowing and burning (Vandvik et al., 

2014). This regime results in a patchy distribution of Calluna in different stages of regeneration, 

categorised into the following phases:  

 

i. Pioneer – growth is young and scattered, resulting in an open landscape. 

ii. Building – canopy is dense, limiting light penetration and reducing wind flow. 

iii. Mature – individuals are reaching their growth limits, creating gaps in the canopy.  

iv. Degenerate – main branches begin to shed and stands die, opening the landscape. 

 

 

Figure 5 Traditional heathland management regime. Pioneer, building, and mature 
phases are maintained (left) to avoid degenerate Calluna (Common heather). Restoration 
is possible after management ceases (right). © Kaland 2002 
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1.4 Management effects 

The effects of different management regimes on vascular plant (VP) diversity and functionality has 

been studied extensively on coastal heathlands in Norway (Hjelle et al., 2010; Måren, Vandvik, & 

Ekelund, 2008; Nilsen, Johansen, & Velle, 2005; Velle & Vandvik, 2014). Though vegetation analyses 

document non-vascular plant (NVP) abundance quite well, just a few studies consider detailed effects 

of management upon NVPs despite the fact that they constitute up to 80 % of ground cover 

(Aarrestad & Vandvik, 2000; Vandvik et al., 2005). Considering the importance of understanding 

relationships between multiple plant groups under management, I include some current literature on 

this issue in the following sub-sections. 

1.4.1 Grazing, mowing, and peat cutting 

Hardy sheep of the Old Norse breed graze year-round on the coastal heathlands. In the summer 

months, they mostly graze on the fresh and easily digestible graminoids growing on the outfield. Yet 

when the grasses wither in winter the sheep graze on evergreen shrub shoots, primarily Calluna, which 

provide enough energy and nutrients to last them until next spring when the grasses return. Generally, 

bryophytes are bycatch during grazing; i.e. sheep do not selectively feed on the bryophyte 

undergrowth. Grazing influences bryophytes strongly in another way, in that the disturbance facilitates 

translocation of individuals. As sheep trample the vegetation, they move bits around and leave patches 

of bare soil in their wake. Trampling affects species coverage and composition by physically 

distributing reproductive and clonal vegetative material over the landscape. The heterogenous 

microhabitats that are created open niches for new or persistent individuals (Austrheim, Mysterud, 

Hassel, Evju, & Økland, 2007; Takala, Tahvanainen, & Kouki, 2014). Grazing by sheep on northern 

temperate grassland, in junction with rodents and other small herbivores, has been shown to have a 

highly significant effect on bryophyte species richness (Austrheim et al., 2007). Studies on alpine and 

restored coastal heathland document similar findings (Aarrestad & Vandvik, 2000; Geddes & Miller, 

2012).  

 

Mowing by hand is mostly a management tool used when vegetation is undergrazed, growing 

uncontrolled towards the woodland climax, or if the vegetation is unpalatable or non-nutritive for 

livestock, e.g. woody growth, toxins or thorns (Barker, Power, Bell, & Orme, 2004; Härdtle, Niemeyer, 

Niemeyer, Assmann, & Fottner, 2006; Terry, Ashmore, Power, Allchin, & Heil, 2004). Peat extraction 

is low in Norway in comparison with grazing and mowing, yet its historical practice has shaped the 
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landscape, creating topographical undulations (“Peat in Norway,” 2016). To the extent of my research, 

I have found no studies that explicitly address the effects of mowing and peat cutting on bryophytes’ 

growth and reproduction yet speculate that have similar effects to grazing by removing the upper 

canopy or entire vegetative layer in the case of peat cutting. The subsequent increase in light-availability  

and bare soil will create opportunities for colonisation.  

1.4.2 Prescribed burning 

As touched upon previously, a scattered application of fire is another defining element of coastal 

heathland management in Norway. There are certain criteria that must be met when burning to 

support optimal grazing conditions and establish the desired species and nutrient dynamics in the 

landscape. Firstly, the ideal fire is a “surface fire”, moved quickly across the landscape with keen 

attention to wind direction and speed. The vegetation must be moist, yet not too wet or it will not 

burn. In this way, the Calluna is subjected to just enough heat to produce nutritious young shoots and 

stimulate the soil seed bank, without incinerating the soil nor the root system (Kvamme et al., 2004). 

Secondly, frequent burning intervals is recommended for stimulating shoot growth for livestock 

fodder and for preventing woodland succession and wildfires (Måren et al., 2010). The latter is due to 

the fact that vegetation increases in flammability with age and woodiness (Lee, Alday, Rose, O’Reilly, 

& Marrs, 2013; Scott, Bowman, Bond, & Alexander, 2014). Lastly, burning must be site-wise rotated, 

creating phases of succession (pioneer, building, and mature), with purposeful avoidance of degenerate 

Calluna.  

 

Following the prescription of patchy burning, a steady supply of fodder is ensured while woodland 

succession and wildfires are prevented. Yet how does biodiversity fare under managed fire? Aarrestad 

& Vandvik (2000) found that overall species diversity across a burning gradient was highest in late 

pioneer and in the building phase Bryophyte cover was severely reduced after fire yet regenerated to 

about 22 percent 5 years after burning and had potential to reach full recovery in a decade. Certain 

bryophyte species were shown to prefer open habitats, dominating the pioneer phase after a fire (e.g. 

Polytrichum spp.) (Aarrestad & Vandvik, 2000). A few bryophytes such as Ceratodon purpureus and 

Leptodontium flexifolium (IUCN listed as Threatened) are specifically fire-dependent and have been 

observed on heathlands managed with an appropriate fire regime (Måren et al., 2010). However, 

burning has been shown to have a less positive effect on diversity of dry versus wet heathland, stressing 

that there are local adjustments to local hydrological conditions (Måren et al., 2010). In the absence of 
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prescribed burning, floristic diversity and fodder value is significantly lower, while woodland 

succession and wildfire risk is significantly increased (Vandvik et al., 2014; Velle, Nilsen, & Vandvik, 

2012; Velle & Vandvik, 2014). Management by fire according to prescriptions, has an overall positive 

effect on biodiversity while simultaneously reducing the risk of extensive wildfires. 

1.5 Nitrogen cycling 

Nitrogen (N) is a major growth nutrient for plants, yet thresholds between toxicity and nutritive effects 

varies greatly between species. N-concentrations in the atmosphere and the extent of their terrestrial 

depositions have substantial influences on species composition and ecosystem functioning in this way. 

N-deposition levels and geographical range of effect depends on the source, quantity, compound 

composition, atmospheric residence time, and climatic transport factors. Sources of N are our 

combustive activities (NO2), emissions from livestock, and our use of agricultural and silvicultural 

fertilizers (NH3, NH4
+) (De Vries, Hettelingh, & Posch, 2015). These sources have emitted large 

quantities that have upset the balance in certain ecosystems, the heathlands included.  

 

In Norway, the highest bulk N-deposition loads are primarily long-range transport from overseas and 

are concentrated on the south-western coast due to high precipitation in the area. Wet deposition (N 

bound in rain) is the most important factor, contributing at least 70% to total N-deposition, while dry 

deposition (by aerosol particles and gasses) constitutes the remaining circa 30 % (Aas, Hjellbrekke, 

Fagerli, & Benedictow, 2017). In this way, changes in precipitation will affect N availability for plants 

and have cascading functional effects on growth and reproductive performance throughout the 

ecosystem. Thresholds between benefits and costs at different N-deposition levels vary among species 

and plant communities, as well as management practices (De Vries et al., 2015). In the case of the 

Norwegian heathland flora, the critical load of bulk N-deposition is 10-20 kgN∙ha-1∙y-1. Beyond this 

threshold, graminoid growth increases while Calluna, moss, and lichen abundance declines (Larssen, 

Lund, & Høgåsen, 2018). Fortunately, N-deposition is declining locally due to stricter at-source 

regulations (Aas et al., 2017). The effect of increasing N-depositions on bryophyte functionality has 

been studied across a range of environmental gradients (Bähring, Fichtner, Friedrich, von Oheimb, & 

Härdtle, 2017; Bergamini & Peintinger, 2002; Phuyal, Artz, Sheppard, Leith, & Johnson, 2008). The 

effects of decreasing trends of N-deposition are absent from literature, and so the novel study of these 

circumstances in Norway are relevant for further investigation (Web of Science search).       
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Part Two  

2.1 Functional traits 

A functional trait is any trait that has indirect effects on fitness by its influence on growth, reproduction 

and survival (Violle et al., 2007). The study of functional traits is widely recognized for providing an 

understanding of the responsive properties of ecosystems to climate change (Violle et al., 2007). The 

function itself is not exclusive to the bearer: Functional groups can be assemblages of organisms that 

play a common role in the ecosystem. Functional traits may vary between individuals within a species 

(intraspecific) and between species (interspecific); influencing the quality of interaction between two 

parts, as well as multiple interactions within the ecosystem. An example of an interspecific response3 

trait could be the reproductive strategy of Hypnum jutlandicum in response to drought impacting the 

fitness of another species; an intraspecific effect trait could be density of branches on one H. jutlandicum 

individual affecting water availability, and thus growth potential, of an adjacent individual.  

2.1.1 Non-vascular plant functional trait databases 

Despite wide recognition of the significant roles of non-vascular plants (NVP) in community 

assemblage and ecological functioning, trait databases are lacking in coverage NVP functional traits. 

Between 2000 and 2015, only 25% of functional trait studies conducted have been on NVPs (either 

exclusively or in junction with VP trait studies). The lack perhaps reflects: (1) a low prevalence of 

NVPs in VP study sites (2) a lack of skill in NVP species identification, and (3) the difficulty in 

accurately measuring the dynamics of ecosystem-trait interactions. The tendency has been to lump 

bryophytes into few and ambiguous groups that do not reflect the true variability in these organisms 

(St. Martin & Mallik, 2017). There exist some sets of distribution and environmental preference data 

on European bryophytes in the literature, yet none of these have been transferred into the easily 

accessible and updatable form that is the digital open source database. A few, yet regionally limited 

functional trait databases exist for bryophytes: BRYOATT, covering Britain and Ireland, and 

BRYOTRAIT-AZO, covering the Azorean archipelago of Portugal (“BRYOTRAIT-AZO,” 2015; 

Hill, Preston, Bosanquet, & Roy, 2007). They include some of the most important bryophyte 

functional traits which we will look at next and discuss how they relate to water and N-deposition.  

                                                
3 See Abbreviations and Terms for “response” and “effect” traits 
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2.2 Moss ecology 

Bryophytes (mosses, liverworts, and hornworts) are an informal group of non-vascular plants that 

evolved from algae about 400 million years ago. They became the first terrestrial plants, relying on 

osmosis to hydrate their cells and diffusion to transport gasses and minerals needed to 

photosynthesize, grow, and reproduce. The point of evolutionary divergence from bryophytes to 

vascular plants is the construction of the vascular system. The architecture of phloem and xylem was 

the change that released limits on growth potential and gave rise to vascular plants that could occupy 

new niches. Despite bryophytes’ architectural and conductive limitations, they have had remarkable 

success in global distribution and adaptation to various climatic conditions (Tuba et al., 2010).  

 

For sake of brevity, I have chosen to focus solely on mosses (division Bryophyta). 
The genera and species mentioned henceforth in italics are all heathland-associated 
mosses, keeping the discussion of functional traits aligned with the study. 

 

Mosses (division Bryophyta) are the most species-rich of the bryophytes (~12 700 species) and are an 

especially important, yet understudied resource as environmental indicators of climate change (Slack, 

2011; Vanderpoorten & Goffinet, 2009; Vitt, Crandall-Stotler, & Wood, 2014). They have various 

direct and indirect effects on hydrology and are therefore influential to ecosystem functioning across 

environmental gradients. The evolutionary success of mosses is largely due to their competitive 

advantage of being desiccation tolerant, the ability to dry out and cease all photosynthetic activity yet 

resurrect completely upon rewetting. For some mosses this is possible even many decades later 

(Vanderpoorten & Goffinet, 2009). Mosses are less resistant to disturbance due to the fragility of their 

tissues yet are generally resilient in that they can recover well post-disturbance. As mentioned in 

relation to trampling by sheep, a bit of disturbance can even be advantageous in vying for new territory. 

Some species require pristine environments and yet others are remarkably insensitive to harsh and 

volatile conditions.  

 

However, there is yet more to learn about the responsive properties of mosses to climate change, as 

well as the effects they have on the broader ecosystem under locally novel conditions such as drought. 

In search of functional traits that may answer the study objectives in regard to drought, some hallmark 

studies are useful. Among both older and newer literature, the most studied functional traits are clearly 

those related to water limitation. With water being a primary limiting factor on performance and 

survival in mosses, this is expected (Slack, 2011; Turetsky, 2003). Watson’s studies (1914) are regarded 
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as foundational for moss traits studies related to water limitation. He defined some 40 traits linked to 

xerophytic conditions that still hold under current investigations (Henriques, Ah-Peng, & Gabriel, 

2017). Subsequent studies continue looking at traits with links to water limitations, some of which also 

investigate thresholds that dictate survivability under pressure (Austrheim et al., 2007; Cornelissen et 

al., 2007; During, 1979; Elumeeva, Soudzilovskaia, During, & Cornelissen, 2011; Stark, 2017; Takala 

et al., 2014). With an overview of current literature at hand, I base my choice of functional traits tied 

to drought effects on life-history strategies and attributes linked to nitrogen input (Table 1) and 

describe these in detail.  

 

Table 2 Some functional traits in mosses related to drought and their literature sources. Symbols denote life-history 
strategy (▼), nitrogen-capture related (Δ), positive (+) or negative (–) attributes of information surrounding the trait that 
was influential in choosing traits for this study. Based on Cornelissen et al. (2007) overview of functional trait data. 

Drought-related functional 
traits 

 
Authors 

 
Notes 

Sexual allocation▼ During, 1979, Austrheim, Hassel, & 
Mysterud, 2005, Vitt et al., 2014, Stark, 2017  

– Season specific sampling 
+Similar study site in Norway 

Sporophyte abortion▼ (During, 1979)(Stark, 2017)  – Season specific sampling 

Vegetative propagation▼ (During, 1979)(Austrheim et al., 2005)(Stark, 
2017)  

+Similar study site in Norway 

Persistence/Longevity▼ (During, 1979)(Austrheim et al., 2005) + Similar study site in Norway 

Cell, leaf, and shoot 
morphology Δ 

(Watson, 1914) (Zoltán Tuba, 2011)(Vitt et 
al., 2014)  

+ Protocol available 
– Adjustments to protocols needed 

Water holding capacity Δ (Buscà, 2018) +Done on study site (Lygra) though not 
under drought experiment 

Tissue N Δ (Cornelissen et al., 2007)  + Protocol available 
– Adjustments to protocols needed 

N fixing capacity Δ (Cornelissen et al., 2007) – Few literature data available 

Organic N uptake potential Δ  (Cornelissen et al., 2007) – Few literature data available 

Inherent relative growth rate Δ (Cornelissen et al., 2007) – Few literature data available 

Tissue dry matter content Δ (Cornelissen et al., 2007) – No literature data available 

Secondary metabolites (Cornelissen et al., 2007) – Mostly qualitative data 

Oil bodies (Cornelissen et al., 2007) – New protocol needed 

Acidifying potential (Cornelissen et al., 2007) – No literature data available 

Allelopathic/nutrient 
immobilisation capacity 

(Cornelissen et al., 2007) – Few literature data available                
New protocol needed 
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2.2.1 Life-history strategies 

Water is the primary limiting factor on sexual reproduction in mosses. To understand this obstacle 

and the solutions to overcome it, we must first understand the different reproductive choices there 

are in the plant kingdom. The blueprint of plant reproduction is the Alternation of Generations 

strategy, which is adaptable to a degree according to natural selection of individual potential. Most 

plants take on two different reproductive forms over the course of their lives, one giving rise to the 

other. In mosses, the sexual form is the haploid gametophyte (Fig. 6). When sperm from the male 

gametophyte fertilizes an egg within the sexual organ of the female gametophyte, the second asexual 

reproductive form is produced. This is the diploid sporophyte, composed of a seta (stalk) with a 

sporangium (capsule) at the top. Haploid spores produced in the sporangium give rise to a new male 

or female gametophyte when dispersed and wetted (Glime, 2007).  

 
Figure 6 The Alternation of Generations reproductive strategy: Bryophyte 
life-history from haploid gametophyte to diploid sporophyte. Another 
strategy is clonal growth (not shown). © Pearson Education 
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Sperm can only travel by water to reach the female sex organ; thus sexual reproduction can only 

happen in presence of water. The spread of haploid spores is somewhat less dependent on moisture, 

in that the seta is long enough to enter the turbulent zone where wind whisks them to new, potentially 

wetter sites. A third and additional way to colonise a site, is to focus solely on clonal growth. Some 

species have easily breakable leaf tips or shoots that are displaced by wind, animals, or other forces. 

Where this clonal material may land (as with spores) could be more hydrologically hospitable for 

establishment. In this way, mosses flex between the alternation of generations (haploid gametophyte 

and diploid sporophyte) and clonal growth (Glime, 2007).  

 

Reproductive and clonal flexibility, however, is not unanimous among moss species. Various degrees 

of reproductive specialisations reflect unique niche occupation according to the hydrology in the 

ecosystem. Literature reflects interest in and importance of the effects of desiccation on reproductive 

abilities (Stark, 2017). Studies point to two main categories that not only describe morphology and 

growth habit but may also explain differentiation between asexual and sexual reproduction. The 

classification of a species as “acrocarpous” or “pleurocarpous” mosses depends on the position of the 

sporophyte on the gametophyte stem. It also describes growth habit and to some extent the tolerance 

and persistence of the species. Acrocarpous mosses form the earliest evolutionary lineage of mosses 

and are recognizable by the terminal growth of the sporophyte from the tip of a branch or stem. They 

are generally more persistent and longer-lived than pleurocarps. In terms of growth habit, acrocarps 

tend to form erect tufts and are almost always unbranched or nearly so, with leaves coming directly 

off the main stem. Examples of acrocarps include Polytrichum spp. and Dicranum spp. mosses. 

Pleurocarpous mosses form a later lineage in which the sporophyte arises from the side of a branch 

or stem. They are typically more adventitious in clonal dispersal to new sites and thus exemplify some 

competitive abilities in this regard. Pleurocarps spread in a prostrate manner and are often pinnately 

branched, canopies typically forming intricate mats (During, 1979; Vanderpoorten & Goffinet, 2009). 

Examples of pleurocarps include Hylocomium spp., Hypnum spp. and Pleurozium spp. mosses.  

2.2.2 During (1979) life-history strategies 

Plant life-histories are largely categorised into K- and r-strategies where offspring production and 

dispersal reflects the trade-off between investment in few (K) or many (r) offspring. During (1979) 

categorised mosses into seven life-history strategies, with a later addition of some sub-categories in 

parentheses (During, 1992): The r-strategists are During’s fugitives, colonists (pioneer and ephemeral 
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colonist), annual shuttles and short-lived shuttles. The K-strategists are the perennial stayers 

(competitive and stress tolerant perennial), long-lived shuttles, and dominants. Species evolve these 

life-history strategies in response to disturbances or environmental pressures, distributing themselves 

and adapting growth and reproductive traits that optimise their performance (Austrheim et al., 2005; 

During, 1979, 1992; Löbel et al., 2018). The r-strategic mosses such as the colonists are less tolerant 

of drought and may be seen as the first to suffer such pressures. They focus their reproductive efforts 

in both sexual and asexual production, concentrated on asexual form early in their lives to colonise 

quickly. The K-strategist, e.g. a perennial stayer, has low to nearly absent sexual and asexual 

reproduction and claims its dominance by being tolerant to pressures and having a more substantial 

growth form that can retain water longer  (During, 1979, 1992).   

2.2.3 Functional traits related to water, carbon dioxide, and nitrogen 

Biogeochemical cycling is the pathway by which chemical substances of the biosphere moves through 

abiotic and biotic compartments. In understanding mosses responses to a shift in the chemistry of 

their immediate habitat, we need to look at how they interact with their most vital nutrients: water, 

carbon dioxide, and nitrogen. Certainly other factors such as light determine their growth and 

reproduction, yet here I focus on the aforementioned factors for sake of brevity.  

 

Mosses have developed drought avoidance, the ability to delay complete desiccation (Slack, 2011). 

Photosynthetic activity in mosses is determined by the water deficit of individual leaves and gas 

concentrations in the boundary layer. The boundary layer is the interface between the atmosphere and 

earth. Here wind speeds are slower and carbon dioxide (CO2) concentrations may be many times 

higher than the ambient atmosphere. Moss leaves have direct contact to the boundary layer and their 

shapes, densities, and positions can have tremendous influence upon wind speed, water retention and 

CO2 concentrations. Common among most mosses is that their leaves are built of simple sheets of 

single cells; no cuticle or protective tissue to prevent evaporation or gas loss. Yet cells aggregated into 

spines and hairs roughen the leaf surface and increase friction, in turn slowing air flow in the boundary 

layer. This slowing of air flow minimises evaporation and CO2 loss to the atmosphere (Rice, Collins, 

& Anderson, 2001). Leaf shape and position also serve to retain water as it descends (Vile, Scott, 

Brault, Wieder, & Vitt, 2011). Examples include falcate-secund leaves, curved to one side and 

positioned on the stem to catch dew drops in their crevasses (e.g. Hypnum jutlandicum). Complex 

canopies with dense branches increase surface area and thus contact with water and gasses (e.g. H. 
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jutlandicum, Pleurozium spp.). A few species have specialised porose hyaline cells that temporarily protect 

active leaf cells from dehydration (e.g. Dicranum spp.) (Vitt et al., 2014). Vitt et al. (2014) produced a 

conceptual model of  tolerance and avoidance strategies of selected moss genera wherein heathland-

associated mosses are included (Fig. 7). Here the importance of tolerance and avoidance in defining 

the environmental limitations becomes apparent. 

 

 

Figure 7 Conceptual model of tolerance and avoidance in select moss genera across a xeric (dry) to mesic 
(moist) gradient. Some heathland-associated bryophytes are circled in red. Modified from Vitt et al. 2014.  

 

Cornelissen et al. (2007) created a conceptual overview of moss traits linked to biogeochemical cycling, 

suggesting that the architecture, growth form and morphology of a moss influences its capacity to 

hold water, in turn affecting the ecosystem’s capacity for water retention. Mosses absorb nitrogen on 

their entire surfaces, primarily through precipitation (wet deposition). Due to their large capacity for 

N-capture, they are the main sinks and sources in low-N environments such as heathlands (Bähring 

et al., 2017). Monitoring N through moss capture-and-release is therefore an important component in 

investigating how a reduction in N-deposition due to drought affects the greater heathland ecosystem.  
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2.2.4 Hypnum jutlandicum 

Due to its abundance on Norwegian coastal heaths, relative ease of identification in the field, and 

higher presence in functional trait literature, Hypnum jutlandicum (Heath Plait-moss) was chosen for this 

study (Lee et al., 2013; Phuyal et al., 2008). H. jutlandicum is a pleurocarpous, perennial stayer. It often 

grows on bare ground, making it distinguishable from similar H. andoi, which primarily grows on rock. 

It has a pale green colour throughout including the stem, lacking any hint of brown pigment. Shoots 

are somewhat pinnately branched though rarely very regular, and about 2-3 cm long. The leaves curve 

strongly towards the underside of the shoot, though sometimes less strongly than other Hypnum 

species. They lack nerves, taper finely to a point, and are slightly less than 2 mm long (Fig. 8). Capsules 

at the tip of the female sex organ (archegonium), are about 2 mm long with a beaked lid. Sporophytes 

are occasionally formed in fall months (Atherton, Bosanquet, & Lawley, 2010).  

 

 

 

 

  

Figure 8 Hypnum jutlandicum cell, leaf, and shoot. 
Cellular and morphological traits poised to hold water. 
Modified illustration © Eckel  



27 
 

2.3 Research objectives 

Based on available literature, hypotheses were devised to answer the study objectives concerned with 

drought-related functional traits in mosses; An attempt to investigate life-history strategies, 

architecture, growth form, morphology and chemistry of heathland mosses in response to drought 

and succession. Where literature was not available, open questions were more appropriate:  

 

Objective 1 

(H1) Moss species assemblage will reflect During’s life-history strategies along the drought and 

succession gradient. 

(H2) Total moss cover will be affected by precipitation reduction (drought) and succession since 

mosses are generally sensitive to disturbances and environmental fluctuations;  

(QA) Will the relative species proportions reflect Vitt et al.’s model on tolerance and avoidance of 

water limitation assuming the species documented in the study behave according to their genera?  

Objective 2 

(QB) Will the relative proportion of Hypnum jutlandicum be more affected by drought or succession, or 

a combination?   

(QC) Is a decrease in N-deposition measurable in tissue N-content?  

(QD) If so, does a decrease in N-deposition affect H. jutlandicum branching morphology?  
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  Figure 9 Lygra ( ● ) at 60´42°N, 5´5°E 

Part Three 

3.1 Methods 

3.1.1 Site description 

The study was conducted across a combined drought and prescribed burning gradient on Tangane. 

Tangane is a 200 ha area of heathland on the western part of Lygra island, Hordaland region, Norway 

(60´42°N, 5´5°E; Fig. 9-10). The mild oceanic climate permits a long growth season and year-round 

grazing (~220 days > 5°C). Mean temperatures in January and July are 2°C and 12°C respectively. 

Precipitation is high, about 1600 mm/y (NMI, www.met.no). Bedrock is Pre-Cambrian and soil pH 

is in between 4.3–5.3. Local total nitrogen deposition is approximately 8.9 kgN∙ha-1∙y-1, below the 

critical load for heathlands (Aas et al., 2017). Using Aas et al. (2017) estimations of wet to dry 

deposition ratio, 6.2 kgN∙ha-1∙y-1 of the total N-deposition is wet deposition and the remaining 2.3 

kgN∙ha-1∙y-1 is dry deposition. Local microhabitats occur due to topographical undulation: dry heaths 

on ridges and slopes facing south and moist heaths on depressions and slopes facing north (Måren, 

Kapfer, Aarrestad, Grytnes, & Vandvik, 2018). Bryophytes constitute the main undercover biomass 

on the heaths. Typical heathland species in the region include, among others, acrocarpous Polytrichum 

spp., Dicranum scoparium, and Racomitrium lanuginosum, and pleurocarpous Hypnum spp., Hylocomium 

Figure 10 Aerial view of Tangane on Lygra and the adjacent 
Lurekalven island in Lurefjorden, Norway.  
© The Heathland Centre 

http://www.met.no/
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Figure 12 Twenty-seven drought shelters (dark blue: Control; medium 
blue: 30% precipitation reduction; light blue: 60% precipitation reduction) 
across a prescribed burning gradient (Pioneer, Building and Mature 
phases).  
 

Control 30 % precipitation 

reduction 

60 % precipitation 

reduction 

Pioneer Building Mature 

splendens, Pleurozium schreberi (Aarrestad & Vandvik, 2000). Occurrence of Red Listed Leptodontium 

flexifolium has been recorded on the adjacent Lurekalven island (Måren et al., 2010). Tangane have been 

burnt in rotation and grazed by sheep since the Viking Ages in the outfield-infield tradition. The area 

was restored in 1992 after a fallow period22. Grazing pressure is approximately 1 sheep∙ha-1∙y-1 (pers. 

comm. S. V. Haugum). 

3.1.2 Experimental design 

Fixed drought shelters constructed in July 2016 have passively reduced precipitation upon 2 × 2 m 

vegetation plots, following the IDE protocol (www.drought-net.org; Fig. 11). The plots span (1) 

Pioneer (<6 y post-fire), (2) Building (6-15 y post-fire), and (3) Mature (15-25 y post-fire) phases 

respectively, and there are 3 replicates of 3 categories of drought: 27 shelters in total (Fig. 12). The 

shelters consist of control, 50 %  and 90 % shelter cover. Rain doesn’t always fall perpendicular to the 

ground on this windswept landscape, however. Data loggers installed in experiment plots catch this 

source of discrepancy, recording soil moisture every 20 minutes at -15 cm soil depth in each plot (27 

sensors), plus -5 cm soil depth in one plot per treatment per phase (9 sensors). A rough estimate of 

efficiency in precipitation diversion results in reductions closer to 30 % and 60 % respectively (pers. 

comm., S. V. Haugum). Using 30 % and 60 % diversions, local precipitation estimate at 1600 mm y-1, 

and N-deposition values gives a rough estimate of the shelter effect on precipitation and wet 

deposition as follows: Control = 1600 mm y-1 and 6.2 kgN∙ha-1∙y-1; 30 % precipitation reduction = 

1120 mm y-1 and 4.4 kgN∙ha-1∙y-1; and 60% precipitation reduction = 640 mm y-1 and 2.5 kgN∙ha-1∙y-1.  

 

 
 

 

 

 

 

 

  

 

  Figure 11 Siri Vatsø Haugum 
downloading soil moisture data 
near a drought shelter on Lygra. 
© Victoria Helene Grape 

 

http://www.drought-net.org/
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3.1.3 Moss species assemblage 

Relative proportions of moss species within 0.5 × 0.5 m quadrants within the drought plots were 

recorded and one-year post-construction, in July 2017. This dataset was provided by S. V. Haugum, 

to which I used nomenclature following Atherton et al. (2010), and attached life-history strategies to 

species as identified by During (1979, 1992). 

3.1.4 Hypnum jutlandicum functional traits 

Cornelissen et al. (2003) devised a handbook of plant functional trait analysis protocols, with revision 

a decade later (Pérez-Harguindeguy et al., 2013). Herein are brief suggestions towards special cases 

such as small non-vascular plants. I devised a procedure from their suggestions with one exception: 

instead of whole active shoots for N-content and branching analysis, I used the uppermost 2.0 cm of 

an active shoot, purely due to time constraints.  

 

Sampling of Hypnum jutlandicum was done in February 2018. I extracted 1 cm2 of the bryophyte layer 

from five fixed replicate points across 0.25 × 0.25 m quadrants, one quadrant per plot (5 moss 

subsamples × 3 drought levels × 3 succession phases × 3 replicated plots = 135 samples). To quantify 

morphological and chemical trait changes for H. jutlandicum, two intact shoots were removed from 

each replicate and the uppermost 2.0 cm (shoot tip) taken from each for further analysis. One shoot 

tip per subsample set was kept moist and cool directly after collection and number of branches were 

recorded, giving a value for branch density per shoot tip (n = 135). Branch length was also recorded 

by randomised selection of up to 5 branches. The second set of shoot tips were weighed and then 

dried at 55°C. Carbon and nitrogen content (C:N ratio, N % mg dry-weight (dwt)) analysis was 

performed on a pooled sample of these, combining the 5 subsamples into one sample (n = 27).  These 

samples were ground (4.85 mg green material, standard deviation ± 0.82 mg) and analysed for C and 

N content using dry combustion, based on the Dumas method on a FLASH 2000 Organic Elemental 

Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) (Matejovic, 1993).   

3.1.5 Data analysis 

Necessary adjustments were made to prepare the data for statistical analysis. For analysis of moss 

community assemblage, species that were only identified to genera and had relative proportions 

significantly lower than the rest were combined into a separate category = “Other”. Summation of 

species’ relative proportions gave total moss percent coverage values per plot, though not absolute 
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since proportions to vascular plant cover and bare ground were not calculated. These total moss 

coverage values were used for further analysis to investigate whether coverage changed in response to 

the independent variables ‘drought’ and ‘succession’ and the interactions between. The Shapiro-Wilk 

test of normality was performed on C:N ratio and % N mg dry-weight data after the necessary pooling. 

Shapiro-Wilk test was also performed on branch densities and branch lengths. Means of replicate 

subsamples were used to test linear relationship with C:N and N %. Results of Shapiro-Wilk tests on 

log-transformed C:N, N %, branch density, and branch length data respectively, rejected each null 

hypothesis that the data were not normally distributed.   

 

The objectives of this study were answered by using mixed effect models in different ways. I devised 

the first set of models to assess whether total moss cover and species assemblage changes due to the 

effect variables of precipitation reduction (drought), prescribed burning (succession) or an interaction 

between the two (objective 1; Hypothesis 2). I stacked proportionate data to 100 % to better illustrate 

the proportionate interspecific changes, which would answer Hypothesis 1 and Question A. To 

investigate intraspecific distributions of these proportions and the potential responses to drought and 

succession within species, one-way ANOVA tested the significance of individual effect variables on 

mean species proportions. Next, I gathered intraspecific distributions visually in a boxplot using the 

statistical software R and ‘ggplot’ package (“R,” n.d., R Foundation for Statistical Computing, Vienna, 

AT; (http://CRAN.R-project.org/package=ggplot)). The second set of models were constructed to 

investigate Hypnum jutlandicum functional trait responses to drought, succession and interactions 

(objective 2; Questions B-D). Here the response variables were branch density, branch length, C:N, 

and N % and one-way ANOVA tested the significance of the individual effect variables. Lastly, I 

tested whether branch densities and branch lengths were correlated with nitrogen content.   

 

  

http://cran.r-project.org/package=ggplot)
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3.2 Results 

3.2.1 Moss species assemblage  

Higher proportions of H. jutlandicum dominated over Hylocomium splendens (Glittering Wood-moss), 

Pleurozium schreberi (Red-stemmed Feather-moss), Polytrichum commune var. commune (Common haircap), 

and Rhytidiadelphus spp. (Fig. 13). However, a significantly lower proportion of H. jutlandicum was 

observed in control and 30 % precipitation reduction in the Mature phase. The same high proportion 

of H. jutlandicum was seen again under 60 % precipitation reduction (red, far right bar). H. splendens, P. 

schreberi, P. commune var. commune, Rhytidiadelphus spp. are all perennial colonists (r-strategists) and H. 

jutlandicum  is a perennial stayer (K-strategist). The species assemblage across successional phases thus 

reflects the life-history strategies assigned by During (1979, 1992) to each species respectively. A slight 

decrease of total moss cover in response to drought was observed, though this trend was only slightly 

significant (Table 2). 

 

 

 
 

Figure 13 Relative proportions (%) of moss species across combined drought (0 % control, 
30% precipitation reduction, and 60% precipitation reduction) and succession gradient 
(Pioneer, Building, and Mature phases). “Others” (orange) includes unidentified mosses.  

 

 

0 %

10 %

20 %

30 %

40 %

50 %

60 %

70 %

80 %

90 %

100 %

0 30 60 0 30 60 0 30 60

Pioneer Building Mature

R
el

at
iv

e 
p

ro
p

o
rt

io
n

s 
o

f 
b

ry
o

p
h

yt
e 

sp
ec

ie
s

Drought and succession

Others

Rhytidiadelphus spp.

Polytrichum commune var. commune

Pleurozium schreberi

Hypnum jutlandicum

Hylocomium splendens



33 
 

Table 2 Statistical results of the effects of drought and succession on moss species assemblage and Hypnum jutlandicum 
(H. jut) functional traits and orrelations between Only significant correlations are shown. † P < 0.1, * P < 0.05. 

 df(R) Interaction 
Mean square 

F df(R) Drought 
Mean 
square 

F df(R) Succession 
Mean square 

F 

Total moss 
cover 

   1(21) 2580 3.72†    

H. jut relative 
proportion 

      2(21) 0.43 4.26* 

C:N       2(21) 549.4 5.33* 

N %       2(21) 0.23 5.55* 

BRD       2(129) 60.12 3.08* 

BRL       2(129) 38.92 3.48† 

 df(R) N % 
Mean square 

F       

BRD 2(5) 2.91 5.33†       

BRL          

 

All perennial colonists had mean relative proportions between 0.00 and 0.12 (0 to 12 %) yet had 

sporadically high proportions, sometimes reaching levels above 0.62 (62 %) as with H. splendens and P. 

schreberi (Fig. 14). None of the deviations from means could be explained by either independent 

variables ‘drought’ and ‘succession’ nor their interactions, except for H. jutlandicum whose relationship 

to succession was significant (Table 2).   

 
Figure 14 Means, quartiles, and ranges of bryophyte species relative proportions (1.0 = 100%). Deviations 
from means annotated by black dot. Species: HYLSPL = Hylocomium splendens; HYPJUT = Hypnum 
jutlandicum; Other = unidentified mosses; PLESCH = Pleurozium schreberi; POLCOM = Polytrichum commune 
var. commune; RHY = Rhytidiadelphus spp. 
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3.2.2 Hypnum jutlandicum functional traits 

N content in H. jutlandicum ranged from 0.649 N mg dwt in the Pioneer control plot to 1.529 N mg 

dwt in the Mature control plot, and a significant increase in N-capture (Pioneer < Building < Mature) 

was seen along the successional gradient (Table 2 & 3). Testing individual effects of drought on C:N 

and N % revealed that this correlation was not statistically significant. The same was the case for the 

interactive relationship between drought and succession on N content (Table 2).  

   

Table 3 Means, quartiles, and ranges of N-capture in H. jutlandicum (n=27). Individual effects of succession and drought 

variables are shown here. 

 

Individual effects C:N N %   

Drought 
 

  

 

Succession 
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Figure 16 Hypnum jutlandicum mean branch lengths 
(n=135). Up to 5 replicates per shoot tip (upper 2 cm) 
across drought and succession. 

Mean branch densities on the upper 2 cm of shoots ranged from 6.07 branches (SE: 0.91) to 9.4 

branches (SE: 1.23) in the Mature control and Building 30 % drought treatments respectively (Fig. 15). 

Branch density was only slightly significantly correlated with N % (Table 2).  Mean branch lengths 

varied from 2.51 mm (SE: 1.38) in the Building control to 5.55 mm (SE: 0.86) in the Pioneer 30 % 

respectively (Fig. 16). No correlation between branch lengths and N content was revealed (Table 2; 

see Annex for all means and standard errors).  

 

 

Figure 15 Hypnum jutlandicum mean branch density (n=135). 
Number of branches per shoot tip (upper 2 cm) across 
drought and succession.  
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3.3 Discussion 

In studying mosses over a combined drought and succession gradient, I found that what may be called 

“severe” drought has yet to significantly affect interspecific and intraspecific changes in the selected 

moss functional traits. As we will see in the following reflection on the results, the links between biotic 

and abiotic components of an ecosystem are sometimes direct, other times indirect, and certainly 

complex. Additionally, in order to grasp the reasons behind this marginal response, some ecological 

considerations and aspects of experiment design are up for discussion.  

 

In addressing Hypothesis 1 under the first objective, analysis of the species’ relative proportions 

reflected During’s life-history strategies as expected. The perennial stayer Hypnum jutlandicum was 

proportionally high and in clonal growth, dominating over a lower proportion of perennial colonists 

Hylocomium splendens, Pleurozium schreberi, Polytrichum commune var. commune, and Rhytidiadelphus spp. The 

latter group of colonists focusing on reproductive efforts to colonise small microhabitats. Grazing 

pressure has been shown to significantly reduce predictability of plant community composition and 

especially so for bryophytes (mosses included), where niches created by grazing disturbance are filled 

by different species (Måren et al., 2018). This was a factor which was not considered in this study. 

Sheep had been grazing on the manipulation plots right before the drought shelters were put in place 

(2016) yet were immediately excluded by fencing around the plots. Vegetation analyses made 

immediately after construction should therefore reflect a moss species assemblage under influence of 

both grazing and succession post-fire. According to Måren et al. (2018), the moss community within 

the fenced drought shelters will begin to resemble an ungrazed composition as time proceeds. 

Therefore, the predictability of vegetation composition analysed in this study may be approaching an 

ungrazed species assemblage, a possibility that we do not know the temporal dimensions of. Future 

collection of vegetation data must carefully consider the decreasing .  

 

Overall, total moss cover was proportionally unchanged as the vegetation matured after fire, though 

there was a statistically insignificant decrease as precipitation was reduced. Hypothesis 2 was therefore 

rejected. One reason for this marginal change in total moss cover could simply be that other moss 

species quickly colonise areas where less drought tolerant species vacate. Here we return to the Vitt et 

al. (2014) conceptual figure (Fig. 7) of moss genera and their respective tolerance and avoidance to 

water limitation, coupling it with the species assemblage fluctuations illustrated in Figure 13 and 14.  
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A look at the relative proportions of species across the drought and succession gradients addresses 

Question A under the first objective, and there seems to be some support towards Vitt et al.’s model. 

According to the model, Polytrichum would be highly drought avoidant in comparison to the rest of 

the genera documented in this study (Pleurozium, Hylocomium, and Hypnum). Fittingly, the experiment 

shows that Polytrichum decreases in response to drought in all phases while Hylocomium and Pleurozium 

fill this gap to some extent. However, caution should be advised in drawing conclusions for species 

other than H. jutlandicum, since it was this species that was subject to extensive statistical investigation.  

 

A number of studies in the same region of Norway show that moss community compositions are 

strongly affected by succession (Aarrestad & Vandvik, 2000; Vandvik et al., 2005; Velle & Vandvik, 

2014). Regarding Question B under the second objective, Hypnum remained highly tolerant to 

increased drought in the manipulation experiment, while its performance was most compromised by 

succession. This is seen in Figure 13 and supported by the statistical tests, the details of which suggest 

dynamics between species of different plant groups on the heathland. A significant decrease in relative 

proportion of Hypnum jutlandicum was seen in the Mature control and Mature 30 % plots, while 

proportions were high in the Mature 60 % plot. This may reflect that H jutlandicum is sensitive to light 

limitation as suggested by Gimingham, Hobbs, & Mallik (1981). The authors’ first assertion is that H. 

jutlandicum requires a dense Calluna canopy with some light penetration. However, the authors 

amended this finding after observing increased establishment in the absence of a canopy.  A theory 

could be that as the Calluna canopy ages in the Mature phase, light penetration to the moss layer 

becomes too sparse, thus limiting H. jutlandicum growth. With the effect that drought has on Calluna 

in foliage loss, reduced seedlings, and mortality (Britton, Marrs, Pakeman, & Carey, 2003) (Fig. 17), a  

window of light-opportunity may present itself for H. jutlandicum to proliferate.  

Figure 17 Drought stressed Calluna, opening 

the canopy. © Victoria Helene Grape  
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In addressing Question C, the tests revealed only a slight and statistically insignificant decrease was 

observed in H. jutlandicum nitrogen content with 30 % and 60 % reduced precipitation, an unexpected 

result considering that mosses absorb both wet and dry deposited N on their entire surfaces, and the 

assumption would be to see a more substantial reduction (Bähring et al., 2017; Zoltán Tuba, 2011). 

Bähring et al. (2017) monitored the sources and sinks of N among soil, moss, and shrub layers and 

did so over a period of 9 years on continental heaths in Germany. This substantially longer study 

shows how the moss layer acts as primary N-sink short-term and becomes a source in the long-term, 

with passive leaching to the soil occurring at the end of the period. The shift from sink to source in 

mosses appears to be four years (Bähring et al., 2017). On these heaths, atmospheric N-input is 

substantially higher (23 kgN∙ha-1∙y-1) and yearly precipitation about half of levels at Tangane (811 mm 

y-1). This points to a significantly different ratio between dry and wet deposition. The study forms 

around a prediction that N-deposition will increase, in contrast to the trend observed in the study 

region in Norway. These are major differences in environmental circumstances, yet we could base a 

theory around a similar time-frame of moss N source-to-sink shift in the inverse case of N-deposition 

decrease and test the model accordingly. In the event that the model holds, we should see shifts in 

N % in the moss layer granted N-deposition continues to decrease. With only a slight decrease in 

nitrogen content in H. jutlandicum under reduced N wet deposition by reduced precipitation, we may 

be looking at the very beginning of these effects on N-capture in mosses (Fig. 18).   

 

 

 

Figure 18 Conceptual model of moss layer shifting from short term N-sink (above 0 % 
effect) to long-term N-source (below 0 % effect). Adapted from Bähring et al. (2017). 
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Rice, Hanson, & Portman (2014) tout the importance of branching and other canopy traits as response 

traits to environmental fluctuations. In answering Question D concerning branch morphology, the 

tests revealed no relationship between branch density and branch lengths as N content increased with 

maturity across the succession gradient. To this investigation, there is no available data for comparing 

branch densities and lengths of H. jutlandicum. The variation observed may simply reflect intraspecific 

amplitude irrespective of N content, small sample size, or be another consequence of short study 

duration, as concluded by a similar study on an alpine moss (Bergamini & Peintinger, 2002). To this 

last respect, the main shortcoming of the experimental design is further highlighted. The study may 

be premature in trying to capture shifts in species responses to climatic factors over a limited timescale. 

In comparison with other studies on moss functionality in response to environmental changes 

(Bähring et al., 2017; and Vile et al., 2011), this is not a long period of diverting precipitation and 

water-bound nitrogen.  
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3.4 Concluding remarks 

Although the study had experimental shortcomings accentuated by a field-wide lack of comparative 

functional trait data, the results did expose a clear impact of management driven succession on a 

dominant perennial moss species, Hypnum jutlandicum. With time since prescribed burning, N-content 

increased in the shoot tips, while cover decreased in proportion to other species. Drought had no 

significant effect, yet a new hypothesis emerged on the interactive dynamics between the moss and 

heather succession under reduced precipitation. The negative effect of drought on mature Calluna 

canopy had an indirect influence on H. jutlandicum, which might serve as an advantage for the moss in 

this late stage of Calluna succession with more available light to the undercover. Examining thresholds 

for light-limitation in junction with drought stressed Calluna would be the natural next step in testing 

this hypothesis. Lastly, despite branches being unaffected by drought, succession, and N-content in 

density and lengths, understanding the form and function of branches in other aspects might inform 

our knowledge on water dynamics and linked N-capture. These and other understudied features that 

are in direct contact with water and nitrogen are many and interrelated. More time is needed to 

investigate amplitudes and stress-thresholds specific to each trait in each species.  

 

The compensation in proportionate coverage of other species across the gradients is also relevant 

towards understanding species dynamics as the vegetation matures and drought intensifies. In the 

short time that this study was conducted, drought had not altered the general distribution of r-

strategists versus K-strategists, yet this does not exclude intraspecific amplitude of growth and 

reproductive efforts. The morphology and physiology of growth and reproduction were explained 

extensively in the introduction but superficially examined in the field. A range of other traits such as 

sexual allocation (Austrheim et al., 2005; During, 1979), sporophyte abortion (Stark, 2017), and cellular 

morphology (Vitt et al., 2014; Watson, 1914) could be investigated further.  

 

Disentangling changes influenced by environmental and disturbance factors is a complex matter. The 

suggested additional investigations on the multiplicity of moss functional traits would greatly benefit 

from more in-depth comparison with past literature data and continued collaboration with drought 

manipulation projects underway. More data will outweigh the underrepresentation of mosses and 

approach an actual reflection of their life-history strategies and substantial functional roles in 

biogeochemical cycling while drought continues as projected along the coastal heathlands of Norway.  
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Appendix 1 Moss species frequencies across succession (P=Pioneer, B=Building, M=Mature) and drought (precipitation reduction: 0%, 30%, 60%). 

 

 

 

 

 

 

 

 

Succession P         B         M         

Drought 
0 
%   

30 
%   

60 
%   

0 
%   

30 
%   

60 
%   

0 
%   

30 
%   

60 
%   

Replicates R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

Hylocomium splendens 1 0 0 30 0 0 3 0 0 1 0 0 4 0 0 0 1 2 0 1 30 0 10 30 3 5 0 

Hypnum jutlandicum 20 90 98 30 45 100 45 20 70 90 95 90 70 60 85 20 90 15 1 80 1 10 0 0 40 90 50 

Pleurozium schreberi 40 5 2 30 0 5 4 0 0 0 1 5 0 1 0 0 0 15 5 2 10 25 1 0 25 0 1 

Polytrichum commune var. commune 2 0 2 2 0 25 0 0 0 2 1 2 25 15 0 5 5 1 0 10 1 1 15 0 1 2 0 

Rhytidiadelphus spp.  0 0 1 0 7 0 8 0 0 0 0 0 2 1 1 0 0 35 15 2 0 2 1 3 0 2 0 

Other 0 0 0 0 50 0 0 0 0 11 5 0 0 0 0 0 0 0 48 0 8 37 0 0 1 0 0 
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Appendix 2 Means and standard errors for the functional trait parameters studied for Hypnum jutlandicum. 

 

 

 

 

 

 

 

 

 

 
 

Succession Pioneer Building Mature 

Drought 0 %  30 % 60 %  0 % 30 % 60 % 0 % 30 % 60 % 

C:N 62.71±5.86 60.95±4.05 54.17±8.43 44.78±3.30 43.24±6.22 48.51±9.30 44.00±13.09 44.09±26.36 49.86±28.92 

N % 0.75±0.06 0.78±0.05 0.91±0.12 1.08±0.07 1.06±0.17 1.06±0.17 1.16±0.20 1.13±0.12 0.97±0.04 

BRD 7.42±1.91 7.73±2.00 6.87±1.77 8.40±1.35 9.40±1.23 8.40±1.12 6.07±0.91 6.27±0.97 6.93±0.89 

BRL 4.97±0.58 5.55±0.86 3.22±0.76 2.51±1.38 4.36±1.02 3.81±0.72 4.05±0.84 4.58±0.70 3.24±0.62 


