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Abstract 

Reproductive output in alpine plants depend on abiotic and biotic factors. Alpine topography creates 

microhabitats for plants, with abiotic factors, like temperature, snow cover and soil moisture playing 

an important role in creating this heterogeneity on a small scale. Further, snow cover and temperature 

determine the timing of snowmelt and thus affect the length of the growing season. These abiotic 

factors also affect biotic factors, like pollinator activity, production of above ground biomass and 

flower abundance. 

  This study investigates how abiotic and biotic factors influence reproductive output in alpine 

populations of Ranunculus acris L. I established ten snowmelt gradients in an alpine area at Finse, 

southern Norway. Each gradient contained three stages (early, mid and late) representing three 

different timing of snowmelt. Timing of snowmelt and temperature, two abiotic factors, were 

measured along the gradient. Three biotic factors were also measured, R. acris plant biomass, 

abundance of R. acris flowers in the surroundings and pollen limitation. The total aboveground plant 

biomass per individual was weighed and the abundance of R. acris individuals per stage was counted 

throughout the growing season. A supplemental pollination experiment was conducted on R. acris to 

test for pollen limitation. I used seed mass (g) and seed:ovule ratio (the number of developing seeds 

divided by the initial number of ovules in one flower) as measures of reproductive output. 

  Late stage had the lowest average seed mass per plant in the first year, suggesting that seed 

mass decreases throughout the growing season. Early emerging plants have more time for fertilization 

and seed maturation, possibly causing the difference in seed mass produced in the different stages. 

Higher temperatures were correlated with higher seed mass in the second year, highlighting that 

temperature is important for seed production. Plants with a higher biomass produced heavier seeds in 

both years of this study. Plant biomass production depends on different abiotic factors, like 

temperature, nutrients and light. Even though temperature only had a direct effect on seed mass in the 

second year of the study, indirect effects from abiotic factors through the plant’s biomass is just as 

important. A higher R. acris abundance in the surrounding vegetation had a decreasing effect on seed 

mass in the second year. An intraspecific competition for light is suggested to be the reason for the 

low seed mass when abundance of R. acris plants in the surroundings increases. Average seed mass 

per plant seems not to be affected by pollen limitation, and I found no relationship between seed:ovule 

ratio and any of the abiotic or biotic factors measured. 

  This study highlights that reproduction in alpine plants are determined by a combination of 

both abiotic and biotic factors. Especially, biomass, temperature and the abundance of other R. acris 

individuals was important for reproductive output in R. acris. In a warmer world biotic factors, like 

timing and length of flowering, is expected to change. This can affect reproductive output and have 

further implications for community composition and interactions between plants and pollinators. 
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1 Introduction 

Sexual reproduction is important for 78 % of temperate plant species (Ollerton et al. 2011). Many 

plants can however reproduce via self-fertilization, this provides reproductive assurance in 

environments where outcross pollen can be scarce (Busch and Delph 2012). Although, over a larger 

time span, self-fertilization can lead to inbreed depression (Barrett 2002), reducing genetic diversity 

(Charlesworth and Charlesworth 1995). To avoid this outcome a mutualistic relationship between 

plants and pollinators are often preferred (Willmer 2011). An understanding of the most important 

factors influencing reproductive output in plants with sexual reproduction are therefore important. 

Reproductive output can be influenced by several abiotic and biotic factors, such as temperature and 

pollen availability (Totland 1994b, 1999).  

Temperate alpine habitats are characterized by low temperatures, strong winds, increased 

precipitation, short growing seasons and heterogenous topography (Körner 2003). These abiotic 

factors can be particularly important for reproduction for alpine plants (Totland 1994b). Conditions 

can change within few meters due to the heterogenous topography, creating several microhabitats 

within one ecosystem (Körner 2003), causing vegetation heterogeneity, with ridges and snowbeds 

(Opedal et al. 2015). Topography therefore affects not only snow cover, but also soil moisture 

(Stanton et al. 1994), length of growing season (Litaor et al. 2008), the start of the flowering season 

(Dunne et al. 2003), timing of pollinator emergence (Bale and Hayward 2010), biomass production 

(Jonas et al. 2008) and seed maturation (Totland 1993).  

Snow cover is important in determining the growing season for plants (Stanton et al. 1994). Snow 

cover varies between microhabitats, with some areas having a thinner layer, like the wind exposed 

ridges. Thicker layers that stays throughout the whole winter are known as snowbeds (Billings 1973). 

The intraseasonal differences experienced by the plants growing in different microhabitats and having 

different time of emergence affect their fitness; and can lead to fitness variation within the same 

species across a snowmelt gradient (Galen and Stanton 1991).  

  Cumulative temperature is an important factor in determining phenology in the mountains. 

Growing degree days (GDD) are the cumulative sum of  days with favorable temperature; 0 ℃ have 

been mentioned as the temperature needed for plants to grow and produce seeds in the mountains 

(Wipf et al. 2009). Plants flowering in areas where snow melts early in spring experiences a longer 

growing season and have a higher photosynthetic rate (Winkler et al. 2018). This gives the plants more 

GDD (Kudo and Suzuki 1999, Huelber et al. 2006) for fertilization and seed maturation. However, 

flowering that early can also be a disadvantage, the beginning of the growing season often have more 

unstable temperatures (Wipf et al. 2006), and periods of frost are common (Inouye 2008). For the late 

emerging plants, the growing season is shorter, with less GDD (Kudo and Suzuki 1999, Huelber et al. 
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2006), resulting in the plants producing smaller seeds (Galen and Stanton 1991). Snowbeds are often 

characterized by low species richness, possible due to restricted time left of the growing season for 

growth and reproduction (Stanton et al. 1994).  

Abiotic factors influence reproductive output indirectly via biotic factors, such as biomass production. 

Biomass production is determined by the topography and microhabitat where the plant grows (Sun et 

al. 2013), which again affects the plants allocation of energy toward reproductive output (Coleman et 

al. 1994). In a study done by Walker et al. (1994) around 15-40 % of the variation in plant biomass 

could be explained by climatic conditions. They also figured out that climatic conditions from 

previous years determines how much energy was stored below ground over winter and could be used 

for biomass production the following year. Also, the current growing season determined how much 

biomass would actually be produced. Variation in reproductive output is determined by the plants 

ability to compete for light (Vandelook et al. 2018), however a lack of soil moisture can limit 

photosynthesis (Walker et al. 1994).  

  Co-flowering is another biotic factor influencing reproductive output. Plants can have 

competitive or facilitating effects on each other, and these effects can differ between plants from the 

same species (intraspecific) or between different species (interspecific). Competition between 

individual plants for nutrients is common in mountains (Tilman and Wedin 1991), nutrients are 

important for seed mass production (DeMalach and Kadmon 2018), and heavier seeds are expected to 

have a higher survival (Coomes and Grubb 2003). Further, the number of pollinators, especially later 

in the season as the abundance of pollinators decreases, can be limited (Totland 1994a). This can result 

in competition for pollinator visitation in neighboring plants (Lazaro et al. 2009), and thus pollen 

limitation if there is not sufficient pollen provided to the plant’s stigma (Ashman et al. 2004). 

However, in alpine habitats a facilitating effect between neighboring plants is more common 

(Callaway et al. 2002, Wipf et al. 2006). A higher plant abundance can act as a wind shield, and a 

denser vegetation cover can help maintain higher and less variable temperatures and reduce water loss 

(Choler et al. 2001, Körner 2003). Also, large flowering plant communities can often attract more 

pollinators (Lazaro et al. 2009). Pollinators are often flower constant, meaning that they will only visit 

plants from the same species for a certain amount of time, benefitting plant species with high 

abundance (Willmer 2011). The balance between facilitation and competition have, however, been 

shown to be very species specific (Wipf et al. 2006), and can also vary between microhabitats (Choler 

et al. 2001). 

  In nature it is more likely that a combination of abiotic and biotic factors are limiting plants 

reproductive output (Haig and Westoby 1988, Totland and Eide 1999, Ashman et al. 2004). 

Environmental conditions are important when it comes to the plants ability to allocate resources for 

reproductive output (Garcia-Camacho and Totland 2009).  
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The drivers for plants reproductive output is, as discussed above, closely linked to seasonal changes 

and variation in climate (Forrest and Miller-Rushing 2010). Studying how plant reproduction is 

affected by abiotic factors normally requires several years of research, but such long-time studies are 

rare. Using a natural gradient as a space-for-time substitution enables studying long term changes 

within a relatively short time period (Pickett 1989), and what effect the factor of interest has on 

ecological processes can be studied across space. In alpine regions, a common approach is to use the 

timing of snowmelt as a natural gradient (Dunne et al. 2004). Plants will differ in their onset of 

flowering as the snow melts, which makes them exposed to different environmental conditions 

(Stanton et al. 1994). This approach allows studying how abiotic factors, both directly and indirectly 

through biotic factors, affect reproductive output. Further, such gradients can be used to predict the 

long-term consequences of human induces climate change (Dunne et al. 2004, Fukami and Wardle 

2005, Blois et al. 2013).  

  Temperature has globally increased by 0.85 ℃ due to the human induced climate change 

(IPCC 2013), with temperature in alpine and arctic areas increasing even more (IPCC 2007). The 

increase in temperature is expected to vary throughout the season, and to be highest in winter and 

spring. In temperate alpine habitats the rain-to-snow ratio is expected to change (IPCC 2013), with 

more precipitation falling as rain. Species responses to changes in climate is influenced by whether 

they are early or late flowering species (Gillespie et al. 2016), and also by their morphology, 

physiology and life history traits (Dunne et al. 2003, Dorji et al. 2013, Oberbauer et al. 2013). 

Reduced snow cover can affect plant performance (Dunne et al. 2003, Wipf et al. 2006), causing water 

stress, and a decrease in survival, growth and reproduction (Iler et al. 2019). Temperature sensitivity 

for time of emergence is more prone in later emerging plants (Prevey et al. 2019). In a warmer world 

late emerging plants have been shown to shift their flowering time towards earlier in the growing 

season, which also increases their flowering season. Early emerging plants will also alter their 

flowering period towards earlier in the growing season, however not to the same extend, and an 

overall shorter community growing season in the mountains are the outcome (Prevey et al. 2019). 

Finally, an increase in frost events will be more common. When the snow melts before the winter is 

over and the insulating snow layer disappear, plants reproductive output will suffer (Inouye 2008).  

  As a result of climate change, several ecological changes, like population dynamics, range 

shift and community dynamics, are observable today. The facilitating or competing effect among 

neighboring plants might change with climate change due to plants altering their phenology (Delnevo 

et al. 2018), causing plants to co-flower with species they previously did not co-flower with. There is 

increasing evidence for northward and upward range shifts for plants to track their ecological niche 

(Parmesan and Yohe 2003, Steinbauer et al. 2018), and this can further influence pollination (Studer et 

al. 2005, Parmesan 2006, Hulber et al. 2010), with either temporal (phenological) or spatial (range 

shift) mismatches happening (Hegland et al. 2009). With the increasing information about plants 
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response to climate change, and a decreasing reproductive output being the outcome in several 

situations, more research is important to strengthen the future knowledge and consequences (Wipf et 

al. 2006).  

In this study I have used a snowmelt gradient at Finse, an alpine area in southern Norway, to study 

what abiotic (mean summer temperature and timing of snowmelt) and biotic (pollen limitation, plant 

biomass and flower abundance) factors affect reproductive output in alpine populations of Ranunculus 

acris L. Reproductive output can be measured through average seed mass and seed:ovule ratio (the 

number of developing seeds divided by the initial number of ovules in one flower) per plant. I will 

study both measures of reproduction, because they can be influenced by different factors (Totland and 

Eide 1999). Specifically, I ask three questions: (Q1) Which abiotic and biotic factors are influencing 

seed:ovule ratio in R. acris? (Q2) Which abiotic and biotic factors are influencing seed mass in R. 

acris? And (Q3) are there different factors influencing reproductive output between years?  
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2 Material and methods 

2.1 Study area 

The study was conducted over two summer seasons (2016 and 2017) at Mount Sanddalsnuten 

(60.6136 °N, 7.5213 °E), near Finse in southwestern Norway (Figure 2.1.1). The area has an alpine-

oceanic climate (Moen 1998), with an average annual temperature of - 2.2 ℃, and an average summer 

temperature (June, July and August) of 6.3 ℃. Annual precipitation is 990 mm, with 257 mm 

precipitation being in the summer months (June, July and August; www.eklima.met.no).  

  The study area was situated in the mid-alpine zone, between 1411 and 1489 m a.s.l., on the 

south facing slope of the mountain. The topography in alpine areas, with ridge-snowbed gradients, 

creates spatially variable sites with different snow accumulation across very short distances. Snow 

melts first on ridges at higher elevation, and then melts gradually down the hillside towards the 

snowbeds at lower elevation. The area has a short growing season, with snowmelt starting in early 

June and lasting until mid-September, and a calcareous bedrock, providing good nutrient availability 

for the plants. 

2.2 Study species 

To assess which factors influence reproductive output I selected the perennial herb Ranunculus acris 

as my focal species. R. acris is common in the study area and has several traits making it well adapted 

for alpine conditions. It is one of the earliest plant species to flower in the area and its flowers are open 

and receptive for 10-13 days (Totland 1994b). This, together with its generalistic flower morphology, 

makes it highly attractive for pollinators, giving it the function of being a floral resource “hot-spot” 

(Totland 1993, 1994a). The most common pollinator in alpine areas are dipterans (Elberling and 

Olesen 1999), and at Finse the Muscidae and Anthomyiidae families have been observed to be the 

main pollinators of R. acris (Totland 1993). R. acris has been shown to have plant stems connected 

through underground rhizomes, however such creeping stolon’s are rarely found in R. acris at Finse 

(Totland 1994b), and I assume in this study that one stem is one individual. Each plant normally 

produces one flower, with a few exceptions later in the growing season. It spreads only by seeds and 

has been shown to be self-incompatible in alpine areas (Totland 1994b). All of the above-mentioned 

properties make R. acris a suitable species for studying reproductive output and determine which 

factors influence reproductive output in alpine habitats. 

http://www.eklima.met.no/
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Figure 2.1.1: Upper left: map of Norway, with Finse marked with a red circle. Upper right: map of Finse with the study area 

at Mount Sanddalsnuten outlined. Bottom: detailed map of the study area with all the sites, from both the 2016 and the 2017 

growing season, marked by circles. The circles are color coded after gradient number, and the dotted line in the bottom half 

indicates the border to Hallingskarvet national park, with the national park being above (to the north) of the line. The 

different gradients are not perfect lines going from higher elevation to lower due to the topography and timing of snowmelt in 

the area. The interest in this study was to compare reproductive output in different snowmelt stages (early, mid and late 

stage), which is well represented by the different gradients chosen. Four sites for each gradient is marked out on the map 

(except for gradient 7 and 10) due to different stages being used in 2016 and 2017. Figures made with QGIS 3.6.0 (QGIS 

Developmental Team 2019).   
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2.3 Study design 

Ten snowmelt gradients were established in spring 2016, creating a space-for-time substitution. In 

these gradients the plants are naturally exposed to different abiotic and biotic factors during the 

growing season due to the difference in timing of snowmelt.  

  Along each gradient I established three stages representing early, mid and late snowmelt, with 

each stage being represented with ten sites (in total creating 30 sites spread along the gradients; Figure 

2.3.1). The early stage was established and snow free at 17.06.16, two weeks later, at 04.07.16, the 

mid stage was established and snow free, and two weeks after that, at 15.07.16, the late stage was 

established and snow free. In 2017, however, some changes were done to this setup. A new stage was 

established, which was snow free earlier than the early stage from 2016, and the late stage from 2016 

was not used. The early stage and mid stage from 2016 were reused in 2017. This change was made 

because the late stage was free from snow so late in 2016 that most of the plant did not produce any 

flowers and very little data was collected. By creating a new stage in 2017, the same principles were 

followed, having three stages that varied in timing of snowmelt. The new established early stage in 

2017 was snow free at 06.06.17, the mid stage in 2017 (previously early stage from 2016) was snow 

free at 20.06.17, and the late stage in 2017 (previously mid stage in 2016) was snow free at 27.06.17. 

Even though different stages were used to represent early, mid and late snowmelt in 2016 and 2017, it 

is not considered to be a problem since it is the timing of snowmelt that is of interest, and the 

difference in abiotic and biotic factors present in these stages. The same names for the stages (early, 

mid and late) were therefore used for the gradients both years.  

  The gradients were placed approximately 50 m apart, and each stage within a gradient was 

selected based on the presence of R. acris. However only eight sites were suitable to represent the 

early stage in 2017, and for one of the late sites in 2016 I was forced to use a very small R. acris 

population. 

  Each site consisted of five plots, resulting in 150 plots in 2016 and 140 plots in 2017. Each 

plot was 0.5 x 1.1 m, with two 0.5 x 0.5 m subplots and a 0.1 m gap between the two subplots (Figure 

2.3.2). The right subplot was used for a manipulation experiment (supplemental pollination; see “2.4 

Data collection” for further explanation) and the left subplot was left untouched as a control. All the 

corners of the plot were marked with small metal tubes attached to the ground. 

  Fieldwork was done by two different master students in the two years of this study. I did 

fieldwork in 2016, and Silje Andrea Hjortland Östman did fieldwork in 2017 (Östman 2017). 
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Figure 2.3.1: Example of one of the snowmelt gradients at Finse, Norway. Snow melts first in the higher altitude (ridge) and 

later at lower altitude (snowbed). Picture taken in the beginning of July in 2016, before the late snowmelt stage was snow 

free. 

 

 

Figure 2.3.2: Plot design of two 0.5 m x 0.5 m subplots (A and B), with a 0.1 m gab between them. The subplot to the right 

(B) was used for a manipulation experiment, with two levels: supplemental pollination and control. The subplot to the right 

(A) was left untouched as a control. 
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2.4 Data collection 

Flower abundance 

Plant individuals within the same species can experience intraspecific competition, either for 

pollinators or for nutrients in the ground (Tilman and Wedin 1991, Lazaro et al. 2009). To test if 

reproductive output in R. acris individuals was influenced by intraspecific competition all flowering R. 

acris individuals within each plot were counted every other day, from 17.06 to 18.08 in 2016 and 

11.06 to 22.08 in 2017. The mean number of flowering individuals per site throughout the whole 

flowering season was calculated and used as an estimate of flower abundance.  

Pollination treatment 

To assess if R. acris is pollen limited one pollination treatment with two levels were established, 

supplemental pollination and control. Two R. acris individuals per plot were given supplemental 

pollen to ensure sufficient pollination (Figure 2.4.1), and two individuals per plot were selected and 

left untouched as controls, to be naturally pollinated. In a few cases individuals were selected right 

outside the plot due to a small number of R. acris in flower. Also, the first flowering individuals of R. 

acris were avoided because they are often sterile (Ø. Totland, personal communication). In each plot 

the four individuals chosen for pollination treatment were selected so as to be in the same 

developmental stage, i.e. ready to receive pollinators. As a result, supplemental pollination was not 

conducted on all plots in the same stage on the same day. 

  To conduct supplemental pollination, I collected R. acris individuals in the study area the day 

before supplemental pollination took place. These individuals were brought back to Finse Alpine 

Research Station, where they were put in a glass of water overnight. This was done to speed up the 

process for the anthers to open and make pollen available. The next day all individuals were brought 

back to the plots. Supplemental pollination was done by 

picking one stamen with a tweezer and striking the anther 

over the stigmas of the individuals that were selected for 

supplemental pollination. The reproductive parts were dry 

(i.e. no rain or moisture) to ensure fertilization would take 

place. In the case where not enough individuals were 

collected the day before, additional individuals with pollen 

were collected directly in the field on the day of 

supplemental pollination. Supplemental pollination was 

done using three different stamens from three different 

donor individuals for each supplemental pollinated 

individual; this procedure was repeated on three different 

days.  

Figure 2.4.1: Diptera on Ranunculus acris. The 

plant has a green plastic straw around the stem 

indicating that this individual was selected for 

supplemental pollination. 
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Seed and biomass collection 

Reproductive output was measured by collecting seeds and ovules from both the supplemental 

pollinated and control R. acris individuals. Seeds and ovules were picked off the individual and put in 

paper bags. Then the rest of the individual (hereinafter referred to as “biomass”) was cut off at the 

base and put in a separate paper bag. The amount of seeds, ovules and biomass from each individual 

was used as measures of plant performance. Biomass can be affected both by the substrate and by the 

microclimate it grows in (Totland and Birks 1996), making it an important factor to measure.  

  All the samples were brought back to the Department of Biology at the University of Bergen. 

The biomass was dried at 60 °C for 48 hours and then weighed (Sartorius CP2245, precision of 

0.0001g). The seeds and ovules were not dried, only weighed (VWR SM425i, precision of 0.00001g). 

Number of seeds and ovules were also counted for plants used in the 2016 season, but not for the 

plants used in the 2017 season.  

Weather recordings 

Information about temperature was gathered to assess if this abiotic factor is affecting reproductive 

output in R. acris. Lower temperatures can affect the plant’s photosynthesis and therefore also slow 

down seed maturation (Galen et al. 1993). 

  All temperature data in this study were retrieved from The Norwegian Meteorological 

Institute’s local weather station at Finse (www.eklima.met.no). The weather at Sanddalsnuten 

fluctuates approximately in the same manner, but since the weather station is situated at a lower 

elevation than the sites in the different gradients, temperatures where adjusted according to the global 

average adiabatic lapse rate, creating more accurate temperature values. The adiabatic lapse rate states 

that there is a 0.6 ℃ reduction in temperature per 100 meters elevation (Körner 2003). The weather 

station is located at approximately 1200 m a.s.l.; this elevation was used as a base (Appendix A for 

further details). Cumulative temperature was calculated for the weather data. This was done by adding 

all the daily mean temperatures above 0 ℃, in the period from the individuals that underwent 

supplemental pollination had been pollinated (the average date between the first and last supplemental 

pollination) and until the seeds were ripe and collected. Control individuals in the same plot as 

supplemental pollinated individuals were in the same developmental stage, and therefore the same 

cumulative temperature was used for supplemented pollinated individual and control individuals 

growing in the same plot. Temperature above 0 ℃ is used as this is a threshold for plants to grow in 

alpine areas, also called growing degree days (GDD) (Wipf et al. 2009).  

2.5 Statistical analyses 

I wanted to assess which factors influence reproductive output in R. acris along a snowmelt gradient. 

For this, I used two different measures of reproductive output: seed:ovule ratio and seed mass. The 

http://www.eklima.met.no/
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seed:ovule ratio was calculated as “number of developing seeds divided by the initial number of 

ovules in one flower”, providing information about how many ovules had produced seeds. Seed mass, 

the combined weight (g) of all seeds and ovules on one individual (plants had only one flower), 

provides information about the abiotic conditions the plant experienced before and during seed 

maturation (Baker 1972). To analyze the data, I used three separate sets of models that differed in their 

response variable; one for seed:ovule ratio in 2016, one for seed mass in 2016 and one for seed mass 

in 2017.  

  To test the importance of different abiotic factors (timing of snowmelt and temperature) and 

biotic factors (pollen limitation, biomass and flower abundance) on reproductive output, I used a 

multimodel selection and a model averaging approach (Grueber et al. 2011) This produces a set of 

models weighted by their Akaikes information criterion, with a correlation for small sample size 

(AICc) (Hurvich and Tsai 1989). When there are many models and these only differ minimally in 

fitting the data, this approach accounts for the uncertainty created by model selection and enables 

obtaining more robust parameter estimates (Grueber et al. 2011). I used generalized linear mixed 

effect models (GLMM) and linear mixed effect models (LMM) with the lme4 package (Bates et al. 

2015) in R. In each model, flower abundance (number), biomass (g), cumulative temperature (℃; 

hereinafter referred to as “temperature”), pollination treatment (supplemental pollination and control) 

and timing of snowmelt (early, mid and late stage) were set as fixed effects and plot was included as 

random effect. Separate models were created for each response variable.  

The seed:ovule ratio was analyzed using a GLMM with a binomial error distribution, and with 

seed:ovule ratio as response variable. Seed mass for 2016 and 2017 was analyzed separately using 

LMM, with a normal error distribution, and with seed mass as response variable. Homoscedasticity 

was achieved after log transformation for seed mass. 

  The model selection included models for all combinations of the five explanatory factors, 

including the full and intercept-only null models. However, I excluded interactions because I were 

only interested in the relative importance of each factor. Separate sets of models for each response 

variable were created using the dredge function in the MuMIn package (Barton 2019). The models 

where then ranked by their AICc and Akaike weight (wi; the probability that model i is the best model 

for the data (Johnson and Omland 2004)). R2 was calculated for each model to assess model fit and to 

not overestimate wi (Galipaud et al. 2014). None of the models individually had a wi > 0.95, which 

means that more than one model is important. The models with the highest wi were therefore 

delineated by summing up their wi until the cumulative sum for the models exceeded 0.95. This 95 % 

confident set of models produced 20, 7 and 3 models for seed:ovule ratio 2016, seed mass 2016 and 

seed mass 2017, respectively. Parameter estimates and standard errors were obtained from the 

weighted averages (wi). Significance was tested using the confidence intervals from the parameter 

estimates, where when the confidence interval included zero the factors tested were not significant. 
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  Seed mass was used as an estimate of reproductive output, along with seed:ovule ratio. 

Correlation between seed mass and seed number was tested using Pearson coefficient of correlation, 

and the result showed that they were significantly correlated (p<0.001). Because there are data 

available for seed mass both years (2016 and 2017) and only data for number of seeds one year 

(2016), I used seed mass as the response variable. And due to no pollen limitation (see “3 Results”), 

data from seed mass and seed:ovule ratio from both control and supplemental pollinated plants were 

used in all analysis, to gain more statistical power. 

All statistical analysis were performed in R 3.5.1 (R Core Team 2019), and all data and code are 

available on GitHub: https://github.com/audhalbritter/Mismatch. 

 

 

 

 

 

 

 

 

https://github.com/audhalbritter/Mismatch
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3 Results 

3.1 Overview of the results 

None of the abiotic factors (timing of snowmelt and temperature) and biotic factors (pollen limitation, 

biomass and flower abundance) tested, significantly explained variation in the seed:ovule ratio for the 

2016 season (Figure 3.1.1 A; Appendix B). However, biomass (p < 0.0001) and the late stage (p < 

0.0001) were important for average seed mass per plant in 2016, while biomass (p < 0.0001), 

temperature (p < 0.0001) and flower abundance (p < 0.001) were important for average seed mass per 

plant in 2017 (Figure 3.1.1 B and C; Appendix B). There is a connection between higher biomass and 

higher seed mass both years, and in 2016 the late stage had significantly lower seed mass than early 

and mid stage. Higher temperature increased seed mass, while a higher flower abundance resulted in 

lower seed mass in 2017. Supplemental pollination did not affect seed mass in any of the years. 

  For all the weighted models, for both seed:ovule ratio and seed mass, R2 and wi were low (R2 < 

0.2 and wi < 0.45; Appendix C). A low R2 value and a low wi (< 0.9) indicate that there is a poor fit for 

the models to describe the data. 
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Figure 3.1.1: Seed:ovule ratio in 2016 could not be explained by any of the abiotic and biotic factors tested. Seed mass in 

2016 was significantly explained by average biomass per plant and by the late stage. Seed mass in 2017 was significantly 

explained by the average biomass per plant, temperature and Ranunculus acris flower abundance. Parameter estimate values 

(dots) and their associated confidence intervals (solid line) included in the 95 % confidence interval model-average approach 

to determine which factors are affecting seed:ovule ratio (the number of developing seeds divided by the initial number of 

ovules in one flower) in 2016, and seed mass (seed weight in gram) in 2016 and 2017. Intercept is naturally pollinated plants 

(control) and the early stage. The dashed line is the zero line, meaning all predictors having confidence intervals including 0 

are none significant. 
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3.2 Variation in reproductive output along a snowmelt gradient and between  

           years 

Overall, an average of 55 ± 3 % of the ovules in each R. acris individual was fertilized and developed 

into seeds in 2016. The seed:ovule ratio in R. acris did not differ significantly across the snowmelt 

gradient, however, there is a non-significant trend for a higher average seed:ovule ratio per plant in the 

early stage (Figure 3.2.1). Individual plants developed on average 61, 59 and 31 ± 3 % of the ovules 

into seeds in the early stage (i.e. early snowmelt), mid stage, and late stage (i.e. late snowmelt), 

respectively. The seed potential (i.e. seed number plus ovule number) indicate that the late stage had 

potential for producing more seeds, with an average of 25 ± 8 ovules present initially. The mid stage 

had the lowest seed potential, with 21 ± 10 ovules, and the early stage had a seed potential in between 

these two, with of 23 ± 9 ovules.  

  The average seed mass per plant in 2016 was significantly lower in the late stage (F2, 275 = 

19.9, p < 0.0001), compared to early and mid stage. There was, however, a non-significant trend along 

the gradient in both years, with the highest average seed mass per plant in the early stage (2016: 0.01 ± 

0.006 g, 2017: 0.008 ± 0.006 g), and decreasing average seed mass per plant toward later stages. 

Plants in the late stage had the lowest average seed mass per plant (2016: 0.005 ± 0.004 g, 2017: 0.003 

± 0.004 g; Figure 3.2.2). Mid stage in 2016 had approximately the same seed mass per plant as the 

early stage, and mid stage in 2017 had an average seed mass per plant that was between that of the 

early and late stage (2016: 0.01 ± 0.007 g, 2017: 0.006 ± 0.006 g). Overall, R. acris had a lower total 

average seed mass per plant in all stages combined in 2017 compared to 2016 (0.009 ± 0.006 g in 

2016 compared to 0.005 ± 0.007 g in 2017).  
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Figure 3.2.1: Violin plot showing how the average seed:ovule ratio per plant (in %) decreases from the early snowmelt stage 

toward later snowmelt stages (early: green, mid: yellow and late: blue) in 2016. The early stage had the highest average 

seed:ovule ratio per plant, and the late stage had the lowest average seed:ovule ratio per plant. However, there was no 

significant difference detected among the stages. The kernel probability density is shown for each stage, with the median and 

standard deviation plotted as a dot and a line in the middle. 

 

Figure 3.2.2: Violin plot showing how the average seed mass per plant is affected by the different snowmelt stages (early: 

green, mid: yellow and late: blue), with the early stage having a higher average seed mass per plant in both years, and the 

average seed mass per plant decreasing towards the later snowmelt stage. Average seed mass per plant is plotted on a 

logarithmic scale on the y-axis and the different stages are plotted on the x-axis. The graphs are separated for the two years, 

with 2016 on the left side and 2017 on the right side. The kernel probability density is shown for each stage, with the median 

and standard deviation plotted as a dot and a line in the middle. 
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3.3 Temperature had an effect on reproductive output in 2017 

Temperature did not explain any variation in average seed mass per plant in 2016 or average 

seed:ovule ratio per plant in 2016. However, in 2017, temperature was important for average seed 

mass per plant (F1, 449 = 19.4, p < 0.0001), with a higher temperature resulting in higher average seed 

mass per plant. In addition, temperature in the 2017 growing season was on average 1.3 ℃ colder than 

in the 2016 growing season.  

  Temperature reflects the time plants have for seed maturation, and by calculating growing 

degree days (GDD) per stage the cumulative temperature needed for the plants to produce seeds is 

given. In 2017 on average (for all stages combined) 29 ± 4.5 GDD was needed for seeds to mature, 

compared to 2016 where more time was needed, on average 33 ± 7.3 GDD. Looking at the different 

stages in 2016, mid stage had the highest number of GDD (36 ± 5), early had the second highest 

number of GDD (35 ± 6), and late stage had the lowest number of GDD (23 ± 3). In 2017 this was 

different, mid stage still had the highest number of GDD (30 ± 4), although late stage had the second 

highest number of GDD (29 ± 4) and the early stage had the lowest number of GDD (28 ±6). The 

variation in GDD between all stages in 2017 was so low, that there might not actually be a difference 

in GDD here. 

3.4 Reproductive output in R. acris was not pollen limited 

Supplemental pollination did not show a difference in average seed mass per plant compared to 

control plants in either year (2016: F1, 263 = 1.02, p = 0.313, 2017: F1, 484 = 1.01, p = 0.316; Figure 

3.4.1). Neither did supplemental pollination affect average seed:ovule ratio per plant compared to 

control plants in 2016. This suggest that R. acris plants at Finse were not limited by pollen in the two 

growing seasons. Average seed mass per plant in 2016 was on average 0.009 ± 0.006 g for 

supplemental pollinated plants, and 0.01 ± 0.007 g for control plants. In 2017 average seed mass per 

plant was 0.005 ± 0.004 g for supplemental pollinated plants, and 0.006 ± 0.008 g for control plants. 

For average seed:ovule ratio per plant in 2016 there was only a 2 % difference in seeds produced 

between supplemental pollinated plants (54 ± 3 %) and control plants (56 ± 3 %). 
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Figure 3.4.1: No pollen limitation in seed mass was detected. Average seed mass per plant plotted on a logarithmic scale on 

the y-axis, and the two levels of pollination treatment (control plants: pink and supplemental pollinated plants: brown) on the 

x axis. The graphs are separated for the two years, with 2016 on the left side and 2017 on the right side. The kernel 

probability density is shown for each stage, with the median and standard deviation plotted as a dot and a line in the middle. 
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3.5 Reproductive output increased with increasing biomass 

Average seed:ovule ratio per plant in 2016 was not explained by the average biomass produced by the 

plant, however, average seed mass per plant increased significantly with a higher biomass in both 

2016 (F1, 275 = 14.2, p < 0.0001) and 2017 (F1, 449 = 32.5, p < 0.0001; Figure 3.5.1). Plants in 2016 had 

on average 3.1 times higher average biomass per plant across all stages compared to 2017 (an average 

of 0.054 ± 0.031 g in 2016 compared to 0.017 ± 0.011 g in 2017). Trends within the year varied in 

2016 and 2017. Plants growing in the mid stage in 2016 had on average the highest biomass per plant 

(0.062 ± 0.035 g), while plants growing in the late stage had the lowest average biomass per plant 

(0.049 ± 0.033 g). In 2017, plants from the early stage had a higher average biomass per plant (0.019 ± 

0.01 g), and plants from the late stage had the lowest average biomass per plant (0.016 ± 0.011 g).  

 

Figure 3.5.1: Average seed mass per plant increases when average biomass on the individual increases. Average seed mass 

per plant is plotted on a logarithmic scale on the y-axis, and average biomass weight per plant (in gram) is plotted on the x-

axis. The graphs are separated for the two years, with 2016 on the left side and 2017 on the right side. The different stages in 

the study are represented by colors, early: green, mid: yellow and late: blue. The grey area around the mean line is the 

confidence interval. 
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3.6 Reproductive output decreased in 2017 with a higher R. acris abundance in  

           the surroundings 

In 2016 there was a total (all gradients combined) of 8451 flowering R. acris throughout the whole 

flowering season, but in 2017 this number was 3.6 times higher, with 30818 flowering R. acris (Figure 

3.6.1). Average seed:ovule ratio per plant or average seed mass per plant in 2016 could not be 

explained by flower abundance of R. acris plants. However, in 2017 average seed mass per plant 

decreased with an increasing abundance of flowering R. acris in the surroundings (F1, 449 = 11.8, p < 

0.001).  

 

Figure 3.6.1: Flowering abundance for Ranunculus acris was 3.6 times higher in 2017 compared to 2016. Number of 

flowering R. acris on y-axis, and day of the year (doy) on the x-axis. The different stages (early: green, mid: yellow and late: 

blue) in the study are represented by colors. The graphs are separated for the two years, with 2016 on the left side and 2017 

on the right side. The grey area around the mean line is the confidence interval. In mid stage in 2016 and especially in late 

stage in 2016 the standard error was high, this was possible due to bad weather later in the growing season and by sheep 

eating R. acris inside the plots reducing R. acris abundance. Fences were put up earlier in 2017 preventing sheep from 

entering the plots. 
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4 Discussion  

4.1 Reproductive output is affected by both abiotic and biotic factors 

Reproductive output, when quantified as seed:ovule ratio, was not affected by either abiotic (timing of 

snowmelt or temperature) or biotic factors (pollen limitation, plant biomass or flower abundance) in 

2016 (Q1), which was the only year were the ratio could be calculated (Q3). However, when 

reproductive output was quantified as seed mass both abiotic factors (timing of snowmelt in 2016 and 

temperature in 2017) and biotic factors (plant biomass in both years, and flower abundance in 2017) 

had an effect (Q2), and these factors influencing seed mass varies between the two years of the study 

(Q3). 

  Biomass was the biotic factor that had an effect on average seed mass per plant in both years. 

Average biomass per plant had a positive effect on average seed mass per plant, and since average 

biomass per plant did not have an effect on average seed:ovule ratio per plant, the results suggest that 

larger plants produced larger, but not more seeds. In 2016, timing of snowmelt, an abiotic factor, had a 

negative effect on average seed mass per plant, however only significantly in the late stage. The 

average seed mass per plant was therefore lower in the late stage compared to early and mid stage. 

Average seed:ovule ratio per plant did not significantly vary along the gradient, suggesting that plants 

in the late stage produced a lower average seed mass per plant, but not less seeds per plant. For 2017, 

one abiotic and one biotic factor influenced average seed mass produced per plant. Temperature, the 

abiotic factor, had a positive relationship with average seed mass produced per plant, suggesting seed 

mass increased with higher temperatures. Abundance of R. acris in the surroundings, a biotic factor, 

had a negative effect on average seed mass per plant, suggesting that seed mass decreased with an 

increase in abundance of conspecific flowers. Since seed:ovule ratio could not be calculated for 2017 

nothing can be said about the relationship between average seed mass and average number of seeds 

produced per plant. The biotic factor pollen limitation did not have an effect on average seed mass or 

average seed:ovule ratio per plant in either 2016 or 2017, suggesting R. acris is not limited by 

pollinators at Finse. 

4.2 Abiotic factors influencing reproductive output 

Along the three stages representing the snowmelt gradient in 2016 there is a non-significant trend for 

seed:ovule ratio, with a higher percentage of ovules producing seeds in the early stage compared to the 

late stage, which has the lowest seed:ovule ratio. One reason for plants in the late stage producing ~ 20 

% less seeds, compared to the early and mid stage, could be because plants in the late stage in 2016 

experienced a lower temperature and less growing degree days (GDD). Temperature is an important 
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factor in snow-rich alpine habitats since it effects the timing of snowmelt, the length of the growing 

season and ultimately the time available for the plants to grow and their seeds to mature. Plants that 

grow late in the season (i.e. late stage) have a short time to produce seeds, due to snow melting late in 

the season, possible decreasing the average seed:ovule ratio per plant in the late stage. 

  Average seed mass per plant also varies along the snowmelt gradient, showing the same non-

significant trends as for seed:ovule ratio, with the early stage having the highest average seed mass per 

plant, and the late stage having the lowest. However, in 2016 the late stage also has significantly lower 

seed mass produced per plant. The average seed mass per plant in the early stage in both years is twice 

as high as average seed mass produced per plant in the late stage (0.01 ± 0.006 g in early stage in 2016 

compared to 0.005 ± 0.004 g in late stage in 2016, and 0.008 ± 0.006 g in early stage in 2017 

compared to 0.003 ± 0.004 g in late stage in 2017). The mid stage in 2016 has an average seed mass 

per plant close to the early stage, although with a slightly higher standard deviation (mid stage 2016: 

0.01 ± 0.007 g), and in 2017 average seed mass per plant in mid stage lies in between the average seed 

mass per plant in early and late stage (mid stage 2017:0.005 ± 0.007 g). There is also a variation in 

total average seed mass per plant all stages combined, between the two years of the study, where in 

2016 R. acris has a higher average seed mass per plant than in 2017 (0.009 ± 0.006 g in 2016 

compared to 0.005 ± 0.007 g in 2017). The summer in 2016 was on average 1.3 ℃ warmer than in 

2017 and plants had on average (all stages combined) ~ 2.2 less GDD in 2017. The shorter and 

considerably colder growing season can explain the lower average seed mass per plant in 2017 and 

why temperature was only significantly important in 2017.  

  Seed:ovule ratio and seed mass in R. acris at Finse have previously been shown to be affected 

by temperature (Totland 1999). The unfertilized ovules and the developing green seeds of R. acris are 

photosynthetic, meaning that lower temperatures can slow down seed maturation, causing less seeds to 

develop (Totland and Birks 1996). R. acris has a higher seed potential (number of seeds plus number 

of ovules) in the late stage (25.1 ± 7.5) in 2016, and the lowest seed potential in the mid stage (21.0 ± 

10.1). The fact that the late stage on average have more ovules than the other stages can support the 

hypothesis that there is a bet hedging strategy, with flowers being oversupplied with ovules compared 

to the pollen load received (Burd 1995). This is thought to be an adaptation in environments with an 

unpredictable pollinator community (Ashman et al. 2004), such as the mountains. Producing less seeds 

could also be an outcome of lower temperatures (Totland 1999) toward the end of the growing season. 

A higher average seed mass per plant among the early emerging individuals is often thought to be 

more favored in areas where nutrients are scarce. Larger seeds will have more endosperm, providing 

nutrients to the seedling, increasing survival (Manning et al. 2009, Carmona et al. 2015). In contrast, a 

lower average seed mass per plant has been shown to be related to growing in areas where seed 

survival is higher (Grime 1977, Muller-Landau 2010). In my study, early emerging plants (i.e. early 

stage) had the highest average seed mass per plant and late emerging plants (i.e. late stage) had the 
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lowest average seed mass per plant, suggesting that survival later in the season could be easier and less 

stressful. If this is due to below ground abiotic factors, such as soil nutrients or soil moisture, is not 

possible to detect from this study, since no soil measurements were sampled.  

Temperatures below freezing during the snow free period can cause frost damage to the plants, 

preventing seed production (Totland 1997). Frost damage are observable by the seeds and ovules 

turning brown and withered (Totland 1997). Periods of frost happened early august both years during 

this study. In 2016, seven individuals were suffering from frost damage, and in 2017, 26 were 

damaged. Since frost damage happened later in the growing season there is a risk with flowering in 

both early, mid and late stage. However, the late stage in 2017 had the highest seed damage, with 21 

individuals being damaged, indicating that plants with seeds earlier in their developing phase suffered 

more. Frost damage was also observed in R. acris at Finse in a study done by Totland (1997), with 

seed production being prevented due to periods of frost. In Totland’s study frost damage was higher at 

higher elevations, ~ 1500 m a.s.l., which is approximately the same elevation where all of my 

gradients were situated. Looking into the days needed for seeds to ripen in 2017, there was not a big 

difference in GDD (~1 GDD difference between mid and early stage, and also between mid and late 

stage). In 2016, however, the difference in GDD was higher, with early and mid stage having more 

GDD than late stage (late stage had ~12 less GDD than early and mid stage). In addition, the late stage 

in 2016 had 6 GDD less than the late stage in 2017. Since plants in the late stage in 2016 had less 

GDD and experienced less frost damage, it is possible to think that an adaptation toward developing 

seeds faster would be beneficial. A test if such adaptation could happen was not conducted in this 

study, however, this could have been done with germination tests, comparing GDD used for seed 

germination from plants emerging early, mid and late in the growing season, and also test this between 

years. These results could then be used to determine if late emerging plants in 2017 spend more time 

than normal producing seeds, if late emerging plants in 2016 spend less time than normal producing 

seeds, or if fluctuation in time spend for seed production between years are normal. Finally, even 

though periods of frost have been suggested to be more damaging in earlier emerging plants (Inouye 

2008), and not in the end of the growing season which was observed here, this study still show that 

seed production in R. acris is highly sensitive toward frost. 

4.3  Biotic factors influencing reproductive output 

Extra pollination did not have an effect on average seed mass per plant nor on the average seed:ovule 

ratio per plant in any of the stages along the snowmelt gradient. This suggest that R. acris is not pollen 

limited in this alpine ecosystem. R. acris is pollinated mainly by dipterans (Totland 1993) and have a 

generalist flower morphology where the reproductive parts are easily accessible for flower visitors. R. 

acris is also very abundant throughout the study area, and the stigmas are receptive for a long time 
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(10-13 days), increasing the chances for pollination (Totland 1994b). Several similar studies on R. 

acris have been conducted in the same area as this study. When assessing seed:ovule ratio none found 

pollen limitation (Totland and Birks 1996, Totland 1997), while when assessing seed mass, there are 

contrasting results. Some studies show pollen limitation (Totland 1997, Hegland and Totland 2007), 

while others do not (Totland and Eide 1999, Totland 2001). In theory all, or close to all, ovules of R. 

acris should be supplied with pollen in the supplemental pollination experiment. The fact that there is 

no pollen limitation, and that only ~ 53 % of all supplemented pollinated ovules developed into seeds 

(data for 2016 growing season only) can indicate that something else is restricting fertilization and 

seed production. Totland and Eide (1999) suggested that a lack of pollen limitation found in R. acris 

could be due to environmental constraints. Low temperatures can affect reproductive output (as 

discussed above), with weather preventing the plant from acquiring enough resources through 

photosynthesis (Totland and Eide 1999), therefore preventing the plants from utilizing the 

supplemental pollen (Totland 2004). The bet hedging strategy suggested by Burd (1995), explained 

above, together with selective abortion (Berg 2003), have also been suggested to be a reason for no 

observable pollen limitation (Kozlowski and Stearns 1989).  

For average biomass per plant the trend along the gradient is different between the two years of this 

study. Average seed mass per plant is significantly explained by average biomass per plant in both 

years, however average seed:ovule ratio per plant in 2016 is not. In 2106, the mid stage has the highest 

average biomass per plant, and in 2017 the early stage has the highest average biomass per plant. In 

both years late stage have the lowest average biomass per plant. Average biomass per plant in 2016 

has, for all stages combined, a 3.1 times higher average biomass per plant than in 2017. In the 2017 

growing season there is also a lower overall GDD for the plants, which can also explain why average 

seed mass per plant was low this year. Winter length and temperature after snowmelt is important for 

plant growth (Jonas et al. 2008). Higher temperatures can increase photosynthesis and therefore 

increase allocation of energy toward seed production (DeMalach and Kadmon 2018). Temperature 

after snowmelt can therefore explain the variation in average biomass per plant and average seed mass 

per plant between stages both years. Late stage had lower temperatures, a lower average biomass per 

plant and a lower average seed mass per plant, compared to early and mid stage, who had higher 

temperatures, higher average biomass per plant and higher average seed mass per plant. 

  Average biomass per plant have been shown to correlate well with seed mass in previous 

studies, were larger plants produce heavier seeds (Totland and Birks 1996, Vandelook et al. 2018). 

Climatic conditions from previous years affect biomass production (Walker et al. 1994), combined 

with the plants ability to compete for light and soil moisture in the current growing season (Walker et 

al. 1994, Vandelook et al. 2018) to gain energy to use for reproduction (Coleman et al. 1994). This 

does not, however, mean that the plant produce more seeds (DeMalach and Kadmon 2018) as also 

seen from my results on average seed:ovule ratio per plant, with plants in the late stage having a lower 
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average seed:ovule ratio, although not significant. Totland and Birks (1996) have suggested that it 

could be due to resource availability and resource acquisition capacity in R. acris. Abiotic factors can 

therefore have an effect on reproductive output indirectly through plant biomass since average seed 

mass per plant increases with a higher biomass production. 

Early stage, in both years, have an overall higher abundance of flowering R. acris individuals in the 

surroundings, but it is only for the 2017 growing season that this factor significantly explains average 

seed mass produced per plant. Higher R. acris abundance in the surroundings is related to lower 

average seed mass produced per plant. The higher R. acris abundance in the early stage can be because 

weather conditions gets more severe as the season progresses and a selection toward earlier emergence 

occurs (Totland 1997). There is also, in all stages combined, an average of 3.6 times higher R. acris 

abundance in 2017 compared to 2016. This is not an expected result, as the year with the highest R. 

acris abundance, has the lowest average temperature and number of GDD and the lowest average seed 

mass per plant and average biomass per plant. The reason for a higher R. acris abundance resulting in 

lower average biomass produced per plant in 2017 could be a result of abiotic conditions from 

previous years, with less energy stored below ground over winter for biomass production (Walker et 

al. 1994). Intraspecific competition for light could also explain the results. Were a lower average 

biomass produced per plant could be the outcome of more R. acris individuals in the surroundings 

competing for light in the current growing season, and therefore also producing a lower average seed 

mass per plant. Larger plants (i.e. more biomass) have a competitive advantage when it comes to light 

(Vandelook et al. 2018), and an increased seed mass has been shown to correlate with a taller plant 

(Totland and Birks 1996). If an intraspecific competition could be the reason for a lower seed mass, 

interspecific competition could also be happening. This cannot be tested as no other species in the 

surrounding vegetation were accounted for in this study. Finally, R. acris was not pollen limited 

during the growing season in 2017, suggesting that facilitation could also be happening, and that more 

species in the surroundings does not necessarily have to be negative.  

  It should also be mentioned, as a source of error, that before fences were put up grazing by 

sheep destroyed some of the flowering R. acris individuals in mid and late stage in 2016, possible 

resulting in a lower abundance of the focal species. However, sheep did not destroy so many plants 

that the 2016 season would come close the high abundance of R. acris present in the 2017 season.  

4.4 No trade-off in seed number and seed mass 

Reproductive output in this study is measured both by average seed mass per plant and by the average 

seed:ovule ratio per plant. Both measurements are often used as they can be influenced by different 

factors (Totland and Eide 1999). I did not include seed number as a measure for reproductive output in 

this study because of the strong correlation between seed number and seed mass (only data from 2016; 
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R2 = 0.7). This correlation is in line with a previous study done by Totland and Birks (1996) on R. 

acris in the same area at Finse. However, a correlation between seed number and seed mass is not a 

general trend across species. Some studies show a trade-off between average seed mass per plant and 

seed number, with individuals having a higher average seed mass per plant produce fewer seeds 

(Coomes and Grubb 2003, Manning et al. 2009). While large number of studies show the same pattern 

as in this study, with plants producing larger seeds also produce more seeds (Falster et al. 2008, 

Venable and Rees 2009, DeMalach and Kadmon 2018). Plants who produce many seeds have been 

suggested to invest more in their offspring than plants with fewer seeds (Totland 1997), this trait could 

be important in the unstable alpine environments. 

4.5 Climate change affect abiotic factors which could again affect   

           biotic factors 

The drivers for plants reproductive output are closely linked to seasonal changes and variation in 

climate (Forrest and Miller-Rushing 2010). Both timing of snowmelt (general non-significant trend 

both years, however only significant for late stage in 2016) and temperature (in 2017 only) are 

important factors for reproductive output in this study. Even though there is no evidence that R. acris 

at Finse is pollen limited at present, it does not mean that this will continue to be the case. Increases in 

temperatures are expected to result in changes in snow cover and spring snow melt date ultimately 

affecting when plants can flower (Inouye 2008). Earlier snowmelt due to warmer climate can cause a 

shift in species composition, favoring faster growing and taller plants (Jonas et al. 2008). Totland 

(1997) suggested that there is already an observable selection toward earlier emergence of R. acris at 

Finse due to stronger increase in pollen limitation later in the season. An earlier snowmelt with no 

change in the frost dates can also be problematic for early flowering plants (Inouye 2008), and my 

study have detected the vulnerability of R. acris towards periods of frost. In addition to early emerging 

plants shifting their flowering period in a warmer world, late emerging plants have been shown to be 

even more temperature sensitive (Prevey et al. 2019). This could lead to late emerging plants 

advancing their flowering period more than early emerging plants, resulting in an overall shorter 

flowering period (Prevey et al. 2019). 
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5 Conclusion 

In conclusion, both abiotic and biotic factors are important when studying variations in reproductive 

output in plants. Abiotic factors are important because it affect plants reproductive output directly, but 

also indirectly through biotic factors. Both abiotic factors tested influenced seed mass. Timing of 

snowmelt resulted in a lower average seed mass in the late stage in 2016, compared to early and mid 

stage. And an increase in temperature significantly increased seed mass in 2017. These results show 

that if timing of snowmelt and temperature changes in the future due to climate change, seed mass will 

also be affected. The biotic factor biomass did also significantly affect seed mass. Since previous 

studies show that biomass is affected by abiotic factors above and below ground, the results from this 

study suggest that abiotic factors can affect seed mass indirectly through the plants biomass. Another 

biotic factor, increasing abundance of R. acris in the surroundings, had a decreasing effect on seed 

mass. Since R. acris individuals with a lower seed mass also had a lower biomass production, 

intraspecific competition for light is suggested as a possible reason. No data was collected for other 

surrounding flowers, although, it is also a possibility that a interspecific competition could be 

happening. With a range shift due to climate change an increase in species in the alpine community 

will happen, and a higher competition between plant species is therefore suggested to be the outcome. 

This can cause plants to produce less biomass and smaller seeds. Smaller seeds, with less endosperm, 

have been shown to have a lower survival in more stressful environments (Manning et al. 2009). The 

last biotic factor tested, pollen limitation, did not influence reproductive output, suggesting no pollen 

limitation for R. acris plants at Finse. However, this could also change with range shift. Since Muscoid 

flies, the main pollinator for R. acris, are known to only fertilize 18 % of the ovules in one visit to a R. 

acris flower, several visits are crucial to get fully pollinated (Totland 1994b). With an increase in 

competition due to a higher species composition being present in the future, a lower visitation rate 

could be the outcome, reducing reproductive output for R. acris. 

  Trying to figure out which factors influence reproductive output in plants are hard due to the 

many factors involved. There is no common answer for this, as plants have evolved and keep evolving 

to adapt to their habitat in the best way (Benton 2009).  
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7 Appendices 

7.1 Appendix A – Site information  

Overview of the sites (E: early stage, M: mid stage, L: late stage) in each gradients (1-10) used in 2016 

and 2017, the size of the different sites (m2), the sites height above sea level (m a.s.l.), and the value 

subtracted from the temperature data taken from the weather station at 1200 m a.s.l. to fit the adiabatic 

lapse rate of a decrease in -0.6 ℃ per 100 m elevation. 

Sites 2016 Sites 2017 Site size (m2) m a.s.l. Value subtracted from temperature to fit 

the adiabatic lapse rate 

Not used E01 15.8 1458 1.548 

Not used E02 10.0 1459 1.554 

Not used E03 15.0 1453 1.518 

Not used E04 10.0 1452 1.512 

Not used E05 15.0 1450 1.500 

Not used E06 13.5 1467 1.602 

Not used E07 8.0 1429 1.374 

Not used E08 18.0 1428 1.368 

E01 M01 22.5 1448 1.488 

E02 M02 29.8 1448 1.488 

E03 M03 24.0 1468 1.608 

E04 M04 17.5 1475 1.650 

E05 M05 15.0 1476 1.656 

E06 M06 30.0 1489 1.734 

E07 M07 24.0 1481 1.686 

E08 M08 22.5 1456 1.536 

E09 M09 23.0 1433 1.398 

E10 M10 21.0 1434 1.404 

M01 L01 28.0 1435 1.410 

M02 L02 73.5 1436 1.416 

M03 L03 18.0 1459 1.554 

M04 L04 18.0 1460 1.560 

M05 L05 26.3 1468 1.608 

M06 L06 110.5 1481 1.686 

M07 L07 24.0 1467 1.602 

M08 L08 28.0 1447 1.482 

M09 L09 59.5 1419 1.314 

M10 L10 88.0 1428 1.368 

L01 Not used 60.0 1428 1.368 

L02 Not used 35.0 1427 1.362 

L03 Not used 45.0 1431 1.386 

L04 Not used 21.0 1443 1.458 
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L05 Not used 38.5 1470 1.620 

L06 Not used 23.0 1462 1.572 

L07 Not used 16.3 1458 1.548 

L08 Not used 32.0 1442 1.452 

L09 Not used 22.5 1411 1.266 

L10 Not used 48.0 1412 1.272 
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7.2 Appendix B – Results from model averaging 

Results from the model average approach for what factors are determining seed:ovule ratio (the 

number of developing seeds divided by the initial number of ovules in one flower) and seed mass 

(seed weight in gram), with parameter estimates, confidence interval, Z value and significant P values 

(*P < 0.01, **P < 0.001, ***P < 0.0001). These results are from the average weighted Akaike value 

(wi). Factors presented are Intercept (stage: early, and pollination treatment: control), cumulative 

temperature (CT), biomass (B), flower abundance (FA), stage: mid (S: mid), stage: late (S: late) and 

pollination treatment: supplemental pollination (PT: supplemental pollination) 

Response variable Variables Estimate Confidence interval Z value 

Seed:ovule ratio 2016 Intercept 0.45 -0.10 – 1.01 1.60 

 B 1.94 -4.93 – 8.82 0.55 

 CT 0.38 -0.16 – 0.91 1.37 

 FA 0.10 -0.19 – 0.40 0.69 

 S: mid -0.12 -0.66 – 0.42 0.44 

 S: late -0.54 -1.91 – 0.83 0.77 

 PT: supplemental pollination -0.01 -0.25 – 0.23 0.09 

Seed mass 2016 Intercept -5.09 -5.31 – -4.88  46.27*** 

 B 5.61 2.58 – 8.65 3.61*** 

 CT 0.03 -0.10 – 0.15 0.44 

 FA -0.01 -0.08 – 0.06  0.33 

 S: mid -0.17 -0.42 – 0.07 1.37 

 S: late -0.77 -1.14 – -0.41 4.17*** 

 PT: supplemental pollination -0.03 -0.16 – 0.11 0.40 

Seed mass 2017 Intercept -5.96 -6.16 – -5.75  56.49*** 

 B 20.00 12.31 – 27.68 5.09*** 

 CT 0.21 0.10 – 0.32 3.80*** 

 FA -0.22 -0.34 – -0.10  3.46** 

 S: mid 0.01 -0.13 – 0.15 0.12 

 S: late -0.05 -0.30 – 0.19 0.43 

 PT: supplemental pollination -0.01 -0.09 – 0.07 0.25 

 

 

 

 

 

 



36 

 

7.3 Appendix C – Results from the 95 % confidence set of models 

Results from the 95 % confidence set of models from the model averaging approach to test which 

factors affect seed:ovule ratio (the number of developing seeds divided by the initial number of ovules 

in one flower) and seed mass (seed weight in gram). In each model all the factors tested are present in 

different combinations: pollination treatment (PT), stage (S), flower abundance (FA), cumulative 

temperature (CT), biomass (B), intercept (I) (intercept being the early stage and control pollination 

treatment). Values for degrees of freedom (df), delta of AICc values (Δi), R2 and Akaike weight (wi) 

are shown for each model. 

Response variable Model df Δi R2 wi 

Seed potential 2016 I+CT 3 0.000 0.084 0.113 

 I+CT+FA 4 0.257 0.090 0.099 

 I+B+CT 4 0.534 0.089 0.086 

 I+B+CT+FA 5 0.920 0.094 0.071 

 I+FA+S 5 1.384 0.093 0.057 

 I+CT+FA+S 6 1.515 0.099 0.053 

 I+S 4 1.609 0.085 0.051 

 I+CT+S 5 1.727 0.092 0.048 

 I+B+CT+FA+S 7 1.847 0.105 0.045 

 I+B+FA+S 6 1.922 0.098 0.043 

 I+CT+PT 4 1.996 0.084 0.042 

 I+CT+FA 5 2.281 0.090 0.036 

 I+B+CT+S 6 2.328 0.096 0.035 

 I+B+S 5 2.374 0.090 0.034 

 I+B+CT+PT 5 2.550 0.089 0.032 

 I+B+CT+FA+PT 6 2.961 0.094 0.026 

 I+FA+S+PT 6 3.461 0.093 0.020 

 I+CT+FA+S+PT 7 3.597 0.099 0.019 

 I+S+PT 5 3.669 0.085 0.018 

 I+CT+S+PT 6 3.791 0.092 0.017 

 

Response variable Model df Δi R2 wi 

Seed mass 2016 I+B+S 6 0.000 0.163 0.286 

 I+B+CT+S 7 1.177 0.166 0.159 

 I+B+S+PT 7 1.342 0.165 0.146 

 I+B+FA+S 7 1.573 0.165 0.721 

 I+B+CT+S+PT 8 2.482 0.168 0.083 

 I+B+CT+S 8 2.781 0.167 0.071 

 I+B+FA+S+PT 8 2.921 0.167 0.066 
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Response variable Model df Δi R2 wi 

Seed mass 2017 I+B+CT+FA 6 0.000 0.202 0.450 

 I+B+CT+FA+S 8 1.383 0.207 0.226 

 I+B+CT+FA+PT 7 1.686 0.203 0.194 

 

 

 

 


