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Abstract 

Background and aims: 
Global climate change is already affecting plant species worldwide. The global rise in 

temperatures and regional changes in precipitation are predicted to continue throughout the 

century. Therefore, studying how climate affects species performance is crucial for 

understanding the implications that future changes may hold for plants. Recently, there have 

been several calls for studies addressing the complexities of climate change impacts, by for 

instance combining and integrating spatial gradient approaches, time-series data, and 

experiments. Another important challenge is to incorporate precipitation change and its 

interaction with temperature increase, since the nature of these interactions (positive, 

negative, additive, non-additive) determines the net effect of the combined change. Moreover, 

climate change affects plants not only directly, through physiological constraints, but also 

indirectly, through changes in biotic interactions. Disentangling these biotic interactions is 

crucial for understanding and predicting climate change impacts. Finally, a need for 

investigating plant population dynamics is needed to gain a better understanding of how and 

why plants respond to climatic changes on the population, species and community level. 

In this thesis I examine the combined effects of changes in temperature and 

precipitation on the population dynamics of sub-dominant forb species. I investigate climate 

control on the study species both along climatic gradients in space and time, and in turf- and 

seed-transplant experiments along climatic gradients. To assess the effect of biotic 

interactions along spatial climatic gradients, I use a removal experiment. 

Study area and species: 
The studies presented in this thesis were performed in the fjord-and-mountain landscape of 

Western Norway. The steep climatic gradients in this area enable the establishment of a 

‘climatic grid’ comprising of 12 sites in three levels of temperature and four levels of 



precipitation. The study species were two alpine / lowland species pairs, Veronica alpina / 

officinalis and Viola biflora / palustris, which were relatively common and representative for 

the forb communities at the study sites. The study area includes the rear altitudinal range edge 

of the two alpine species and the leading altitudinal range edge of the two lowland species. 

Main findings:  
All species were under strong climate control. Warmer temperatures had mainly negative 

effects on both population growth rates ( ) and seedling establishment, while precipitation 

increase had more varying effects with some positive impacts on the Viola species and mainly 

negative effects on the Veronica species. Seedling establishment increased with increasing 

precipitation. The effects of temperature and precipitation change were generally not additive 

in the combined treatment, they either cancelled each other out, or stayed at the level of one of 

the single-factor effects. The biotic interaction experiment revealed a shift from facilitation to 

competition as temperature increases, but no overall pattern for precipitation. This suggests 

that the negative impacts of a warmer and a warmer+wetter climate found in the other studies 

may be related to changes in biotic interactions, whereas the responses to precipitation may 

reflect more direct effects. The results were independent of the species’ alpine or lowland 

habitat affinities, suggesting that also lowland species will and already do face challenges 

under climate change. In fact, the studies in this thesis, when taken together, indicate that 

Veronica officinalis already may be on the move upwards, potentially being pushed out of its 

historic range by increased competition under climatic warming. In conclusion, this thesis 

highlights the benefits of including higher complexity in ecological climate change research 

through ‘integrated studies’ that allow for (1) detecting climate control on species where 

single approaches fail, and (2) revealing underlying mechanisms and time scales for the found 

effects   



Sammendrag 

Bakgrunn og mål: 
Jordens klima er i endring, og dette påvirker allerede plantearter på hele kloden. Den globale 

økningen i temperatur og regionale endringer i nedbør vil fortsette gjennom dette århundret, 

Derfor er det viktig å studere samspillet mellom klima og planter, slik at vi øker kunnskapen 

om hva et fremtidig klima vil bety for planteartene. Gjennom de siste årene har mer 

komplekse tilnærminger i klimaeffekt-forskningen blitt etterlyst. Dette kan være gjennom 

kombinasjon og integrering av ulike tilnærminger som romlige gradienter, tidsserier og 

eksperimenter. Klimaendring er ikke oppvarming alene, og det å inkorporere nedbørendringer 

og deres interaksjon med temperaturøkning er viktig, for å forstå samspillet mellom disse to. 

Videre påvirker klimaendringene plantene både direkte og gjennom endringer i samspillet 

mellom artene, og disse indirekte effektene kan ha stor betydning for utfallet. Endringer på 

plantesamfunnsnivå drives av effekter på ankeltarter, populasjoner og individer, og for å 

forstå hvorfor planter reagerer på klimaendringene er det derfor også viktig å undersøke de 

underliggende populasjonsprosessene.  

I dette arbeidet undersøker jeg effektene av endringer i temperatur og nedbør, både 

hver for seg og kombinert, på plantepopulasjoner av fire sub-dominante urtearter. Dette ble 

gjort både langs gradienter i rom og tid, i to eksperimenter der frø, og til og med hele 

plantesamfunn ble transplantert til lokaliteter med ulikt klima og i et eksperiment der en 

dominant plantegruppe ble fjernet for å studere effekter av samspillet mellom arter. Alle disse 

eksperimentene ble gjentatt langs klimagradienter i temperatur og nedbør.  

Studieregion og plantearter: 
Studiene i detter arbeidet ble hovedsakelig gjennomført i fjord-og-fjell landskapet på 

Vestlandet. Her ble det etablert et klimatisk nettverk som består av 12 lokaliteter fordelt på tre 

temperaturnivåer og fire nedbørsnivåer. Artene som ble undersøkt var to par av alpine / 



lavlandsarter, fjellveronika / legeveronika og fjellfiol / myrfiol, som er representative for 

plantesamfunnet i lokalitetene våre. Hele studieregionen omfatter den nedre 

utbredelsesgrensen til de to alpine artene og den øvre utbredelsesgrensen til lavlandsartene. 

Hovedfunn:  
Alle fire artene var klart begrenset av klima. Populasjonsvekstrater og frøetablering ble 

negativt påvirket av varmere temperaturer i alle artene, mens høyere nedbør hadde noen 

positive effekter på fiolene og negative på veronikaene. Frøetableringen økte under våtere 

klima. Den kombinerte effekten av endring i både temperatur og nedbør var ofte på nivå med 

enkelteffektene eller disse effektene nøytraliserte hverandre. Samspillseksperimentet viste en 

overgang fra fasilitering til konkurranse med økende temperatur, men ingen mønstre for 

nedbør. Dette indikerer at de negative effektene som ble funnet under et varmere og 

varmere+våtere klima kan være relatert til endringer i samspillet mellom artene, mens 

nedbøreffektene kan være mer direkte fysiologiske responser. Stort sett var mønstrene som 

ble funnet i de ulike studiene ikke relatert til artenes affinitet til fjell aller lavland. Dette 

antyder at også lavlandsarter vil påvirkes negativt av klimaendringene. For en art, 

legeveronika, peker resultatene fra studiene i dette arbeidet i retning av at arten allerede er på 

vei oppover, antakelig fordi den blir fortrengt fra sin historiske utbredelse på grunn av økt 

konkurranse. Avslutningsvis kan det sies at dette arbeidet tar et skritt i retning av å forstå 

kompleksiteten i økologiske responser på klimaendringer, for det gjør det mulig å forstå 

komplekse årsakssammenhenger og forhold mellom direkte og indirekte effekter på 

forskjellige stadier i plantenes livssyklus.  



Synopsis 





Introduction 

The global climate is changing. Temperatures have been rising rapidly over the last decades 

and will continue to do so in the decades to come, precipitation patterns are changing, and 

anthropogenic forcing is needed to explain these current climatic trends (IPCC, 2014). 

Temperature and precipitation are key environmental parameters for plants, determining the 

fates of single individuals and populations, as well as regional vegetation patterns (Bresinsky

et al., 2008, Gaston, 2000). Climate can affect plants directly through physiological responses 

or constraints or it can act indirectly through other abiotic and biotic factors (Körner, 2003, 

Larcher, 2003, Taiz &  Zeiger, 2002). Given these well-established links between plants and 

the climates they live in, consequences of climatic change on plant species are expected. 

During the last two decades evidence that climate change is already affecting life on the 

planet has been accumulating (Grabherr et al., 1994, Parmesan, 2006, Parmesan &  Yohe, 

2003, Pauli et al., 2012), calling for the research community to contribute to improve our 

understanding of the consequences and implications of climate change for nature, ecosystems, 

and the services they provide for humankind. 

Setting the stage: Climate-change research in ecology 
Climate-change ecology is a big, and growing, research field. The Web of Science reports a 

total of 79,508 studies with the keywords “climate change” and “ecology”, with 9,143 hits for 

2013 alone (but as all things, this should be seen in perspective: human cancer research, for 

instance, scores 160,429 articles in 2013). There are three main sources of climate variability 

available for empirical studies on climate-change impacts: space, time and experimental 

manipulation. Based on these, three main research approaches have been established for 

studying climate-driven variation in ecological performance: first, studies of temporal climate 

variability; second, studies along spatial gradients in climatic parameters; and third, climate-



change experiments (Elmendorf et al., 2015). Temporal studies document changes in 

biological performance across a period of climatic change and then try to extrapolate the 

observed patterns into the future. Their time frames and resolutions cover everything from a 

few years with seasonal climate signals in screening studies (Crone et al., 2013) to decades 

with long-term comparisons in re-sampling studies (Grabherr et al., 1994, Kapfer et al., 

2012). Spatial gradient studies use spatial differences in climate, such as elevational 

temperature gradients along mountain sides (Körner, 2007), latitudinal temperature gradients 

from South to North (De Frenne et al., 2013) or precipitation gradients from areas with 

continental climate to areas with oceanic climate (Meineri et al., 2014). Climate-change 

experiments test hypotheses by applying a controlled change in one or more climatic variables 

and then comparing the outcome to an untreated control (Aerts et al., 2004, Elmendorf et al., 

2012b, Grime et al., 2008, Wu et al., 2011). All three approaches have strengths and 

weaknesses. Temporal studies bear the potential of identifying real-time responses (including 

plastic responses) to changes in climate parameters and allow for detection of the temporal 

response pattern, including immediate and, if the time frame of the study is sufficiently long, 

lagged responses. However, in temporal studies it is difficult to disentangle climate effects 

from other co-varying factors, as many studies have relatively low spatial replication, 

temporal studies also bear the risk that the patterns detected may simply reflect local 

phenomena (Rustad, 2008). Spatial gradient studies usually overcome the “local 

phenomenon” issue by including a number of geographically dispersed sites, they may cover 

a greater fraction of the climatic ranges that the study species tolerate, and may thus give 

valuable insights into what limits these ranges. However, the patterns found in space today, 

are a result of processes operating over longer or shorter time-spans in the past, and may or 

may not be in equilibrium with the current climate. This usually varies between, for instance, 

elevational vs. latitudinal gradients (Halbritter et al., 2013), and it is hence not straightforward 



to translate differences found along geographical climatic gradients into climate-change 

responses (Dunne et al., 2004, Rustad, 2008). Moreover, any investigated geographical 

gradient must be chosen with great care to avoid potential co-variation in important factors, as 

for instance temperature and precipitation on mountain slopes in various areas of the world 

(Körner, 2007). While such confounding factors probably represent the major challenge when 

setting up spatial gradient studies (cf. Meineri et al., 2014) they are most often easier to avoid 

in climate-change experiments (cf. Aronson &  McNulty, 2009). Testing climate-change 

impacts experimentally allows the researcher not only to choose the treatment intensities, but 

also the treatment complexity by, for instance, testing several factors separately and in concert 

in a multi-factorial experiment (Dunne et al., 2004, Rustad, 2008, Wu et al., 2011). Climate-

change experiments can however fail to uncover time-lagged effects, unless the experiment is 

followed up for a longer time period (Dunne et al., 2004, Rustad, 2008), or show initial 

responses that disappear in the longer run (Olsen &  Klanderud, 2014). Overall it seems that 

the common, major factor for securing high-quality data and robust conclusions in all three 

approaches is careful study design: including at least some spatial replication in temporal 

studies, site selection in spatial gradient studies, experimental design, and ‘enough’ years to 

follow things up. 

Scio me nihil scire? 
What have we learned about climate-change impacts on plants so far from temporal studies, 

spatial gradients and experiments? We know of climate-warming-related range shifts of plant 

species from temporal resampling studies along elevatinal gradients (Felde et al., 2012, 

Klanderud &  Birks, 2003), and along latitudinal gradients (Boisvert-Marsh et al., 2014), but 

also from temporal resampling of mountain summits (Gottfried et al., 2012, Grabherr et al., 

1994, Pauli et al., 2012). Warming experiments have shown that higher temperatures increase 



plant reproduction (Arft et al., 1999), plant cover (Walker et al., 2006), plant height and 

abundance of shrubs and forbs (Elmendorf et al., 2012a, Elmendorf et al., 2012b). A review 

of climate-change experiments by Wu et al. (2011) revealed stimulating effects of increased 

temperatures for net primary production. On the other hand, lichens, mosses and specialists 

among alpine vascular plants have demonstrated reductions in biomass and abundance 

(Cornelissen et al., 2001, De Valpine &  Harte, 2001, Elmendorf et al., 2012a, Harte &  

Shaw, 1995). A Europe-wide pattern of a decline in more cold-adapted species and an 

increase in more warm-adapted species has been described as ‘thermophilization’ (Gottfried

et al., 2012). Moreover, this process has consistently been detected by both warming 

experiments, spatial gradient studies and temporal studies in tundra plant communities 

(Elmendorf et al., 2015). For the impacts of precipitation changes, on the other hand, we 

know a great deal less. Experimental manipulations of available water revealed a general 

positive relationship between productivity and water supply (reviewed in Wu et al., 2011), but 

the vast majority of the studies were performed in arid regions, and only a few in moderately 

humid locations. It remains largely unknown how changes in precipitation will affect plant 

species in relatively wet regions, which are mainly predicted to get more rainfall in the future 

(IPCC 4014). Moreover, Elmendorf et al. (2012a) have shown that warming effects vary 

between different moisture regimes and it seems intuitive that combined effects of 

temperature and precipitation change should be important (Luo et al., 2008). The combined 

effect of changes in temperature and precipitation may be additive, i.e. the single effects of 

temperature and precipitation change may counteract each other or add up to even stronger 

effects, or it might show an effect size similar to the marginal treatments, indicating 

interactions between temperature and precipitation. These outcomes potentially hold very 

different consequences, both in quality and intensity, and hence it appears important to 

consider temperature and precipitation in concert. Nevertheless, the explicit parallel and 



interactive manipulation of temperature and precipitation is rarely investigated in climate-

change experiments (Wu et al., 2011) or gradient studies (but see Meineri et al., 2014). 

Zooming in: Climate-change impacts on plant populations 
Climatic parameters are often reported to alter diversity, species richness, species composition 

and other broad-scale vegetation parameters. Behind all of this are the varying fates of 

different single species and populations. And likewise, behind changes in cover or abundance 

of single species are the fates of single individuals shaping the observed patterns. The fitness 

of every single individual can be affected in various ways, by altering a set of vital rates, for 

instance survival, individual and clonal growth, reproductive success, and seedling 

establishment. Studies illuminating the population-level responses of these vital rates to 

climate and climate change help us understand the mechanisms acting behind the community-

scale patterns, and this process-level understanding may ultimately contribute to producing 

better climate-change impact predictions.  

Population dynamics of plant species have been shown to be responsive to between-

year variation in temperature (Adler &  HilleRisLambers, 2008, Carlsson &  Callaghan, 1994, 

Dalgleish et al., 2011, Evju et al., 2010, Nicolé et al., 2011, Shryock et al., 2014, Sletvold et 

al., 2013, Souther &  McGraw, 2011) and precipitation (Adler et al., 2013, Buckley et al., 

2003, Dalgleish et al., 2011, Marrero-Gomez et al., 2007, Salguero-Gomez et al., 2012, 

Shryock et al., 2014, Sletvold et al., 2013, Økland, 1997), but spatial gradient or experimental 

approaches have rarely been applied to investigate effects of predicted climate-change 

scenarios on population dynamics of plant species (Ehrlén &  Morris, 2015). Negative effects 

of warming on population growth rates ( ), acting through reduced fecundity, were found by 

Williams et al. (2007) for forbs in steppe vegetation whereas Gornish (2014) reported positive 

effects of warming on , acting through increased fecundity, in an invasive grassland forb. 



Both studies were performed in disturbed vegetation habitats, where reproduction from seed 

naturally plays an important role (Bullock, 2000, Grime et al., 1981, Vandvik, 2004). In 

closed vegetation,  relies more on clonal growth and survival, and hence climate-change 

induced changes in these vital rates could be expected to be of higher importance in such 

habitats. Here, fecundity contributes to expansion or shifts in the distribution of populations 

via colonization of new patches through seedling establishment in occasional gaps. Since the 

vulnerability of seedlings to higher temperatures is well documented (Classen et al., 2010, 

Gimenez-Benavides et al., 2008, Graae et al., 2009, Shevtsova et al., 2009), a future warmer 

climate may penalize the contributions of fecundity to both  and colonization.  

For water addition mainly negative effects on  have been found by Adler et al.

(2013), which is in contrast to the documented general trend of beneficial effects in water 

addition experiments (Wu et al., 2011). Reproduction from seed is closely related to moisture 

availability (Baskin &  Baskin, 1998) and can hence be expected to contribute positively to 

population growth and expansion under wetter future conditions, and vice versa in regions 

with predicted precipitation reductions. The effects of combined changes in temperature and 

precipitation on population dynamics have, to my knowledge, not yet been investigated for 

any species (but see Pfeifer-Meister et al., 2013 for an example of such a study on single 

demographic parameters). 

Apart from direct impacts through physiological constraints, climate also affects plant 

populations through biotic interactions; the stress gradient hypothesis predicts stronger 

competition/weaker facilitation under warmer temperatures and weaker competition/stronger 

facilitation under colder temperatures (Bertness &  Callaway, 1994, He et al., 2013). Under 

climate warming this balance could shift towards more competition/less facilitation (Callaway

et al., 2002, Dunnett &  Grime, 1999, Kardol et al., 2010, Klanderud, 2005, Michalet et al., 

2014, Soliveres &  Maestre, 2014). However, studies that assess the effects of species 



interactions on population dynamics in different climatic contexts are lacking in the scientific 

literature. Non-climate related dominance shifts in plant communities have been shown to 

alter population dynamics of component species of various plant communities (Hamre et al., 

2010, van der Meer et al., 2014, Williams &  Crone, 2006), highlighting the importance of 

considering species interactions in climate-change related population studies as well. 

Getting to the point: Aims of this PhD thesis 
This PhD thesis comprises population studies exploring the effects of climate, climatic 

change, and species interactions on the population dynamics of two alpine/lowland species 

pairs, the forbs Veronica alpina / Veronica officinalis and Viola biflora / Viola palustris. The 

use of alpine specialist species with narrow ecological niches vs. lowland species with wider 

ecological niches allows for assessing contrasts in climate-change responses. This thesis and 

its papers assess climate and climatic-change effects on variation and change in both 

temperature and precipitation, following up the call for studies combining these two major 

climatic parameters (Luo et al., 2008, Wu et al., 2011). Since the population studies presented 

in this thesis were all performed in closed grassland vegetation, changes in fecundity can be 

expected to play a minor role for population growth under differences in climate (see above). 

Therefore climate control on reproduction from seed is assessed in a separate study, 

specifically performed in vegetation gaps. The specific topics investigated in the thesis are: 

1. Climatic control and climate-change impacts on population dynamics 

2. The effects of climate on the outcome of biotic interactions 

3. The role of reproduction from seed in a changing climate 

I present four papers in this thesis to cover these topics. Aim #1 is explored along natural 

spatial and temporal gradients in a population study comparing sites and years with 

differences in temperature and precipitation (Paper I), and experimentally in a population 



study performed within a transplant experiment, where populations of the study species were 

transplanted to warmer, wetter and warmer+wetter climates (Paper II). Aim #2 was 

investigated in a spatially replicated field experiment testing for species interactions by 

removing a dominant plant group and comparing species interaction patterns across spatial 

gradients in temperature and precipitation (Paper III). Aim #3 was investigated in a spatially 

replicated seed-sowing experiment where seeds were sown in gaps in sites warmer, wetter and 

warmer+wetter than the sites of their origin. (Paper IV). 

  



Material and Methods summary 

The SEEDCLIM climate grid 
This PhD thesis was carried out within the SEEDCLIM project, funded by the Norwegian 

Research Council through the NORKLIMA programme. In SEEDCLIM the unique 

Norwegian landscape with its many sources of climatic variation was used to set up a climatic 

grid (hereafter called the SEEDCLIM grid) of four precipitation and three temperature levels 

(Fig. 1). The variation in temperature relies on different elevations and the variation in 

precipitation on an East-West gradient with precipitation increasing from the semi-continental 

East towards the oceanic West. To break the elevational correlation between temperature and 

precipitation the three different elevations within each of the four precipitation regimes were 

selected to lie in different areas (with the exception of two sites which lie on the same 

mountainside). In practice, the selection of the 12 SEEDCLIM sites was based on overlaying 

maps of mean summer temperature (defined as the mean of the four warmest months) and 

annual precipitation, and was specifically targeting grazed intermediate-rich meadows 

(Potentillo-Festucetum ovinae; G8 sensu, Fremstad, 1997) on nutrient-rich phyllitic or 

calcareous bedrock. All sites are situated on south-facing, shallow slopes and were fenced to 

avoid animal disturbance. To mimic past grazing regimes the meadows were mowed in peak 

season every year. 

 All climate data in this PhD thesis were provided by the Norwegian Meteorological 

Institute (met.no). The SEEDCLIM grid is based on interpolated temperature and 

precipitation data from the normal period 1961-1990 with a resolution of 100m (see Tveito et 

al., 2000, Tveito et al., 2001, Tveito et al., 2005 for method description) where temperature is 

represented by summer temperature, i.e. the mean of the four warmest months June-

September, and precipitation is represented by annual precipitation. The analyses in Paper I 

are based on daily interpolated data on temperature and precipitation for every site and year 



during the project period with a resolution of 1000m. A comparison of the normal values and 

the annual values for summer temperatures and annual precipitation during the study period is 

given in Fig. 2. 

Fig. 1. Geographical location of the study area and the study sites in south-western Norway 

(top). The climatic context of the SEEDCLIM climate grid (bottom). Symbol coding:  = 

alpine sites,  = sub-alpine sites,  = boreal sites. Increasing blue-intensities from white to 

dark blue indicate increasing precipitation.  



Fig. 2. Long-term average climate data from the normal period 1961-90 (small symbols, same 

in all panels) and annual data from the study period 2009-13 (large symbols). Symbol coding: 

 = alpine sites,  = sub-alpine sites,  = boreal sites. Increasing blue-intensities from 

white to dark blue indicate increasing precipitation. Horizontal and vertical lines in panel “all 

years” indicate two standard errors for temperatures and one standard error for precioitation.



Study species 
Two pairs of forb species were selected as the focal species in the SEEDCLIM project. Each 

pair consists of one lowland species with a wide ecological niche and one alpine specialist 

species with a narrow ecological niche of the same genus: Viola palustris L. - Viola biflora L. 

and Veronica officinalis L. - Veronica alpina L (Fig. 3). These species were chosen so that the 

climate grid would cover the lower-elevation (rear) edge of the two alpine species and the 

upper-elevation (leading) edge of the two lowland species (Meineri et al., 2012). These four 

species were also chosen because they were common across the 12 sites and were judged as 

good representatives of the forbs in the target communities of the SEEDCLIM sites. All study 

species are perennial, clonal and produce long lateral rhizomes, each with multiple flowering 

ramets, on the same genet. Working with species pairs with similar branching structures was 

chosen to allow for easier comparison between alpine and lowland species. Viola biflora is 

common in moist and relatively nutrient rich mountain habitats and is found in snowbeds and 

leesides, grazed upland pastures, stream banks, and birch forests. Viola palustris grows on 

moist soils and is common in moist pastures, meadows, and forests, mires, and stream banks. 

Veronica alpina is found in a wide range of upland habitats and is common in snowbeds, 

upland forests, grasslands, and stream banks. Veronica officinalis is often found on shallow 

well-drained soils within pastures and meadows, along road verges, and in grazed forests and 

uplands (Lid &  Lid, 2005, Mossberg &  Stenberg, 2007). 



Fig. 3. The four study species, Veronica alpina (A), Viola biflora (B), Veronica officinalis (C, 

with flower inset), and Viola palustris. Photos: Siri Lie Olsen. 

  



  



Experimental and analytical approaches 

Paper I 

This paper assesses whether or not the focal species’ population dynamics are under climatic 

control and if any observed patterns arise from climatic variations in either space or time, i.e. 

between sites or years. We applied size structured integral projection models (IPMs) 

(Easterling et al., 2000, Merow et al., 2014, Metcalf et al., 2013) to five annual transitions of 

demographic data. The underlying vital rates regressions of the IPMs were performed with 

generalized linear mixed effects models with a random effects structure of site-within-

transition, which allowed us to build IPMs for every site in every transition. We analysed the 

resulting population growth rates ( ) in two sets of linear mixed effects models using different 

random effects structures for testing whether or not  was related to climatic differences in 

space or time, respectively. The random structure of a mixed effects model is useful for 

describing the structure of the data and the right contrast for the regression. A random effect 

of site was hence used to estimate the relationship between  and transition climate as well as 

a random effect of transition to estimate the relationship between  and site climate. Finally, 

we performed two-way life table response experiments (LTREs) (Caswell, 2001) on the 

population models to uncover the contributions of the underlying vital rates to climate-driven 

changes in .  

  



Paper II 

This study investigates the impacts of predicted changes in temperature and precipitation on 

the study species in a transplant experiment. We transplanted whole turfs of vegetation (29 × 

29 cm) to sites one step warmer, one step wetter and one step warmer+wetter, as well as at 

home (control) within the SEEDCLIM grid (Fig. 4). We constructed size structured integral 

projection models (IPMs) (Easterling et al., 2000, Merow et al., 2014, Metcalf et al., 2013) on 

demographic data for three annual transitions. The underlying vital rates regressions of the 

IPMs were performed with generalized linear mixed effects models with a random effects 

structure accounting for differences between transitions and sites separately. We then built 

IPMs for the overall treatments across all sites and for every site separately. By non-

parametric bootstrapping of the original demographic data sets we created a set of 2000 IPMs 

and their respective  values for every treatment and every site per species to be able to 

statistically compare both controls with treatments, and also transplant effects across the sites 

of the SEEDCLIM grid. One-way life table response experiments (LTREs) (Caswell, 2001) 

on the population models were performed to uncover the contributions of the underlying vital 

rates to climate transplant-driven changes in . 



Fig. 4. The transplant experiment. Transplants were cut out of the soil ca. 10cm deep (A, 

featuring Olav Skarpaas), stored in herbarium boxes (B), carried to the car (C), and planted 

into excavation holes at the target sites. Panel ‘D’ shows a block in the site SUB2, with four 

transplant plots (a-d) and one untreated plot (bottom left). SUB2 received all three climate 

transplants, i.e. from sites colder (a), drier (b), and colder+drier (c) and a locally transplanted 

control plot (d). The untreated plot was used in Paper I. Panel ‘E’ shows the transplanting 

directions within the SEEDCLIM climate grid. Symbol coding:  = alpine sites,  = sub-

alpine sites,  = boreal sites. Increasing blue-intensities from white to dark blue indicate 

increasing precipitation. Photos by Kari Klanderud.



Paper III 

This paper describes species-interactions within the SEEDCLIM grid. We compared 

performance of the focal species in plots, where all above-ground plant biomass of graminoid 

species, the dominant group in the 12 sites, was removed (Fig. 5A), to untreated plots. We 

constructed size structured integral projection models (IPMs) (Easterling et al., 2000, Merow

et al., 2014, Metcalf et al., 2013) to two annual transitions of demographic data. The 

underlying vital rates regressions of the IPMs were performed with generalized linear mixed 

effects models with a random effects structure accounting for differences between transitions 

and sites separately. We then built IPMs for the overall treatments across all sites and for 

every site separately. One-way life table response experiments (LTREs) (Caswell, 2001) on 

the population models were performed to uncover the contributions of the underlying vital 

rates to climate transplant driven changes in . Finally both differences in  between 

graminoid removal plots and control plots, as well as the LTRE contributions were regressed 

with temperature and precipitation in generalized linear mixed models across all species to 

examine whether the overall effect of dominant graminoid removal varied with climate within 

the SEEDCLIM grid. Hereafter I express climate effects that increase competition effects and 

reduce facilitation effects as negative effects on species interactions, and climate effects that 

reduce competition effects and increase facilitation effects as positive effects on species 

interactions. 

  



Paper IV 

This paper investigates how seedling emergence is affected by the climate conditions 

occurring at the sowing sites and experienced by the seed-source populations. We 

transplanted mature seeds from each site within the SEEDCLIM grid to sites one step warmer, 

one step wetter and one step warmer+wetter, as well as at home. The original experiment was 

carried out in both closed vegetation and gaps. In Papers I, II and III the results from the 

closed vegetation plots are used for population models of the undisturbed vegetation, whereas 

Paper IV is based on the data from the gaps (Fig. 5B). The analysis of the emergence data 

includes both an experimental (the transplanted vs. the control seeds) and a gradient (the 

transplanted seeds along the gradients) approach. In the experimental approach, we used log-

linear mixed models where we adapted the random structure to the hypothesis tested. The 

random structure of a mixed model is normally used to describe the structure of the data and 

so the contrast between control and treatment groups. Hence, we used models nested on 

source site to compare the emergence of seeds sown at home versus the emergence of seeds 

sown away, and in contrast, models nested on sowing site to compare the emergence of 

foreign seeds versus the emergence of seeds of the local populations. In the gradient 

approach, log-linear mixed effects models were used to analyse how seedling emergence 

responds along the extended temperature and precipitation gradients of the SEEDCLIM grid. 

The effect of the sowing-site climate and the effect of the seed-source climate could be 

studied separately by excluding the emergence scores of the seeds in the control group which 

experienced similar sowing-site and seed-source climate. Using both experimental and 

gradient approaches allowed us to not only compare local responses to gradient-wide patterns 

but also to identify signs of adaptive seedling emergence (local adaptation or pre-conditioning 

maternal environmental effect). In the experimental approach, adaptive seedling emergence 

was indicated by higher seedling emergence for the seeds sown at home compared to seeds 



sown away (home vs. away criterion in Kawecki &  Ebert, 2004) and higher emergence for 

the local seeds of a sowing site compared to the foreign seeds (local vs. foreign criterion in 

Kawecki &  Ebert, 2004). However, the gradient approach was necessary to confirm that this 

effect was not caused by potential negative effects of the sowing-site climate since the 

transplants were only made in a single direction. NB: in this study the three different 

elevations within the SEEDCLIM grid are called alpine, intermediate and lowland. For Papers 

I, II and III, we decided on an ecologically more descriptive nomenclature and the levels are 

hence called alpine, sub-alpine and boreal. 

Fig. 5. Panel ‘A’ shows a ‘clipped’ plot 

from Paper III where all above-ground 

graminoid biomass was removed. Panel 

‘B’ shows a seed sowing block with 

disturbed vegetation (Paper IV) and intact 

vegetation (used for seedling establishment 

constants in Papers I, II & III). Photos by 

Siri Lie Olsen (A) and Kari Klanderud (B). 



Results and Discussion 

All species investigated in this thesis were affected by climate, both from spatial and/or 

temporal climatic variation, in the climate-change experiments, and through changes in biotic 

interactions. Overall, temperature increases showed consistent negative effects on all species, 

whereas increased precipitation showed varying effects, both between species and between 

experiments within species (Box 1 and Table 1). In the following chapters, I first compare the 

patterns of climate control from Paper I and the climate-change impacts revealed in Paper II 

separately for every species, then draw the lines to the biotic interaction patterns shown in 

Paper III, and subsequently discuss the effects of climate change on reproduction from seed in 

disturbed vegetation.  

Climatic control and climate-change impacts on population dynamics 
The patterns of climatic control along the climate gradients (Paper I) and in the transplant 

experiment (Paper II) were mainly in agreement, although not all effects were reflected in 

both studies (Table 1). In one case - the response of Viola palustris to higher precipitation - 

the two studies yielded contradictory results. However, in general, warmer temperatures had a 

negative effect on  both in the alpine species and the lowland species, whereas higher 

precipitation largely affected  in the Veronicas negatively and in the Violas positively.  

In Veronica alpina the lower  in sites with warmer springs (Paper I) was reflected by 

a decrease in  under warmer temperatures in the transplant experiment (Paper II). Such a 

pattern can be expected in a sub-dominant alpine forb species (De Valpine &  Harte, 2001, 

Harte &  Shaw, 1995, Klanderud &  Birks, 2003). This pattern could be attributed to 

increased competition in Paper II since overall vegetation height increased in the warmer 

transplants. However, in Paper I this appears unlikely since Veronica alpina has been shown



Warmer temperatures had 
negative effects on  in 
Veronica alpina
along the spatial climatic 
gradient (Paper I) and in 
the warmer transplants 
(Paper II).  

Increased precipitation reduced  in the wetter 
transplants, though less than in the warmer 
transplants. The combined increase of temperature 
and precipitation also reduced , and reflected the 
effect magnitude from the wetter transplants, 
which indicates that the two negative single 
effects were not additive (Paper II). Temperature 
had a positive effect on species interactions by 
increasing facilitation in the sub-alpine sites as 
compared to the alpine sites and also increased 
precipitation had a tendency of increasing 
facilitation (Paper III). Seedling establishment 
decreased with higher sowing site temperature and 
increased with higher sowing site precipitation 
(Paper IV).

In Viola biflora
temporal episodes of high 
precipitation (Paper I) and 
increased precipitation in 
the wetter transplants 
(Paper II) affected 
positively. 

Warmer temperatures decreased  in the 
transplant experiment and these two single 
effects canceled each other out in the combined 
treatment (Paper II). Increased temperatures 
affected species interactions negatively by 
leading to a switch from facilitation in alpine 
sites to competition in sub-alpine sites and 
facilitation was highest in the driest site (Paper 
III). Seedling establishment decreased with 
higher sowing site temperatures and increased 
with higher sowing site precipitation (Paper IV).

In Veronica officinalis  was lower in sites 
with warmer summer temperatures and sites with 
higher precipitation (Paper I). Increased 
temperature in the warmer transplants had no 
effect on  but increased precipitation reduced  in 
the wetter transplants. This reduction, including 
the effect size, was also reflected in the 
warmer+wetter transplants (Paper II). Competitive 
interactions were stronger in the warmer boreal 
sites than in the sub-alpine sites but also had a 
tendency to be lower where precipitation was 
higher in the boreal sites (Paper III). 

Seedling establishment 
was affected positively 
by a warmer maternal 
environment and an 
adaptive seedling 
emergence was 
indicated for this species 
(Paper IV).

Viola palustris
showed negative effects 
of higher temperatures 
on  in warmer years 
while increased 
precipitation had 
positive effects on 
both with spatial and 
temporal variation in 
precipitation (Paper I).  

In the transplant experiment  was reduced in all 
treatments, but the reduction was strongest in the 
warm transplants, whereas the warmer+wetter 
transplants reflected the effect magnitude from 
the wetter transplants, which indicates that the 
two negative single effects were not additive 
(Paper II). Increasing temperatures led to a shift 
from facilitation to competition and there was a 
tendency of stronger facilitation and weaker 
competition with increasing precipitation in the 
alpine and boreal sites (Paper III). Seedling 
establishment decreased with higher sowing site 
temperatures and increased with higher sowing 
site precipitation (Paper IV). 

BOX 1. Main results from Papers I-IV 



to be facilitated by neighbours both elsewhere and in our sites in particular (Schoeb et al., 

2010,  Paper III). While neither spatial nor temporal variation in precipitation affected 

systematically (Paper I), transplantation to both a wetter and a warmer+wetter climate led to 

lower population growth (Paper II). This disparity indicates a) that the Veronica alpina

populations might be adapted to the precipitation regime at their home sites, and b) that 

annual fluctuations in seasonal precipitation may not be sufficient to trigger a response, 

whereas a more consistent change in precipitation, as in the transplant experiment, is. 

Together these results forecast negative prospects for Veronica alpina under a warmer and 

wetter future climate. 

In Viola biflora neither spatial nor temporal variation in temperature had any effect on 

. Within the SEEDCLIM grid this species is present in three alpine and only one sub-alpine 

site, which limits natural temperature variability and hence the detectability of any 

temperature effect on  along the gradients (Paper I). In another study performed in Southern 

Norway, population growth of Viola biflora populations was shown to be negatively related to 

warmer temperatures (Evju et al., 2010), and so we would expect a negative temperature 

effect on this sub-dominant alpine forb. This expectation was confirmed in the transplant 

experiment where  was reduced under a warmer climate. Temporal variation in precipitation 

affected  in Viola biflora via increased re-sprouting after vegetative dormancy (Paper I), a 

process that has been linked to remobilization of stored resources (Gremer et al., 2010). Since 

the effect was only present in the two driest sites of Viola biflora’s occurrence in the 

SEEDCLIM grid, it appears that dormancy patterns might be linked to precipitation in this 

species and that a high precipitation pulse may be necessary for re-sprouting in drier sites. 

Also in the wetter transplants Viola biflora showed an increase in , but here the pattern was 

related to increased survival and did not vary systematically between the sites (Paper II). This 

indicates that the positive precipitation effects on  in Viola biflora found in papers I and II  



Table 1. Effects of increasing temperature and precipitation on population growth rate ( ) in 

population models and on seedling emergence according to the papers in this thesis. Positive 

effects are indicated by black color, negative effects by red color. For the population models, 

the vital rate contributing most to changes in  is indicated. For seedling emergence, effects of 

source and sowing site is indicated. Significance level: p < 0.05. Parentheses indicate p < 0.1. 

  

Veronica 
alpina 

Veronica  
officinalis 

Viola  
biflora 

Viola 
palustris 

Population models 

Temperature increase 
  Spatial gradient effect clonality survival 
  Temporal gradient effect (survival)
  Climate transplant effect survival clonality survival 
  Species interaction effect survival clonality survival 

Precipitation increase 
  Spatial gradient effect clonality survival 
  Temporal gradient effect clonality survival 
  Climate transplant effect clonality survival survival clonality 
  Species interaction effect 
Temperature & precipitation 
increase 
  Climate transplant effect clonality survival clonality 

Seedling emergence 

Temperature increase 
  Transplant effect Sowing Source/Sowing Sowing Sowing

  Gradient effect Sowing Source Sowing Sowing

Precipitation increase

  Transplant effect (Sowing) Source/Sowing Sowing Sowing
  Gradient effect Sowing Sowing



are caused by two different underlying mechanisms. Still, a general positive response 

to higher precipitation may be expected in this species based on its affinity to moist 

environments (see S1 in Lenoir et al., 2010). Since the effect of the two marginal transplant 

treatments cancelled each other out in the combined warmer+wetter transplants, the prospects 

for Viola biflora under a future warmer and wetter climate do not appear negative. Especially 

in microsites characterized by high moisture this species will likely have a high chance of 

persisting. However, apart from the response to temporal precipitation variation, Viola biflora

also showed a substantial variation in  in Paper I, which could not be attributed to the climate 

parameters. This indicates that, in the climatic context of this study, some other unknown 

factor has influence, which adds uncertainty to future predictions about the species’ 

performance. Moreover, high variability in  itself increases the risk of local extinction 

(Morris &  Doak, 2002). 

Veronica officinalis was negatively affected by spatial variation in both temperature 

and precipitation but not by temporal climatic variation (Paper I). In the transplant experiment 

however, there was no effect of warmer temperatures (Paper II). This disparity may be 

attributed to the different time scales operating behind these two effects, since differences 

between sites reflect long-term effects and differences between treatments constitute short-

term effects (Elmendorf et al., 2015, Rustad, 2008). A negative effect of temperature is 

generally unexpected for Veronica officinalis, a typical lowland generalist. The occurrences of 

this species in our sub-alpine sites approximately represent its local upper elevational 

distribution border in Norway (Meineri et al., 2012), and better population performance could 

hence have been expected in the warmer boreal sites than in the colder sub-alpine ones. The 

fact that the sub-alpine populations instead perform better could indicate that Veronica 

officinalis is not in equilibrium with present-day climate and might be moving upwards (Paper 

I). This is not unrealistic given the climatic change the study region has already undergone 



during the last decades (Fig. 2). In the transplant study, a comparison of control plots from 

sub-alpine and boreal sites and warmer transplants to boreal sites reveals lower population 

growth in the warmer boreal controls (J. Töpper et al., unpublished data) whereas the plots 

transplanted to the warmer boreal sites were not affected (Paper II). Together with the lack of 

negative effects of temporal temperature variations (Paper I) this indicates that short-term 

changes in temperature are not sufficient to trigger a response corresponding to the observed 

site differences. Veronica officinalis showed reduced  in sites with higher precipitation 

(Paper I) and in plots transplanted to a wetter and warmer+wetter climate (Paper II), which is 

in line with the species’ low Ellenberg values for moisture affinity (Hill et al., 1999). The fact 

that these effects appear both between sites (long term) and in the transplants (a consistent 

short-term climatic change) indicates a plastic response. The lack of a short-term effect of 

temporal precipitation variability suggests that a change in moisture has to be more consistent 

than a seasonal pulse in order to affect the species. Moreover, the  reductions in the wetter 

and warmer+wetter transplants were mediated through reduced survival, and the effect sizes 

were large: in both treatments  was reduced by ~0.4 in comparison to the controls (Paper II), 

which together indicate that Veronica officinalis is physiologically constrained by high 

moisture. 

In Viola palustris negative effects of temperature on  were found both in the warmer 

transplants (Paper II) and with temporal variation, but not with spatial variation, in 

temperature (Paper I). This indicates that Viola palustris is susceptible to short-term changes 

in temperature, potentially due to higher competition for light (Jensen &  Meyer, 2001) from 

taller neighbour species (Paper II). Long-term establishment of Viola palustris in microsites 

with a suitable environment, both with respect to climate (the species is a temperature 

generalist but a wet site indicator, see Hill et al., 1999) and species interactions (Jensen &  

Meyer, 2001), might obscure any related temperature effects along spatial temperature 



variation (Paper I). Regarding precipitation, Papers I and II do not agree on a common 

pattern, since there were positive effects on  with both spatial and temporal variation in 

precipitation (Paper I) while transplanting to a wetter climate had negative effects (Paper II). 

This was unexpected, and especially the result in Paper II was counter-intuitive, given the 

species’ high affinity to moisture (Hill et al., 1999). In the course of transplanting great care 

was given to the selection of target microsites so that wetter transplants would actually end up 

in wetter microsites. While it cannot be excluded that some wetter transplants might have 

ended up in drier microsites (due to local variations in soil moisture) it appears unlikely that 

this would have happened consistently. Also in the warmer+wetter transplants,  of Viola 

palustris was affected negatively, but less than expected from an additive model of the two 

marginal treatments. These contradictive results for precipitation make predictions for 

population performance under a predicted warmer and wetter future climate in the study 

region difficult. Yet, for warming alone, negative prospects can be predicted, for instance 

through drying of currently suitable microsites and changes in the neighbouring plant 

community and its productivity. 

Experiments on the effects of combined changes in temperature and precipitation are 

still rather seldom (Wu et al., 2011) even though they are important, since they inform on the 

actual net effect of climatic change. Herein lies the particular strength of the transplant 

experiment in Paper II, which assesses the effects of changes in temperature and precipitation 

both separately and in concert. Viola biflora and Veronica officinalis showed additive effects 

of the marginal treatments, with two opposing marginal effects cancelling each other out in 

Viola biflora, and a single significant marginal effect being reflected in the combined 

treatment in Veronica officinalis. In Veronica alpina and Viola palustris the combined 

treatment had a lower effect size than expected from the two marginal treatments, indicating a 

negative interaction between temperature and precipitation. Hence no positive enforcing 



additive effects were found in any of the species. This corroborates the findings of the few 

previous climate-change experiments that have addressed combined changes in temperature 

and precipitation; they have generally found responses to combined changes in temperature 

and precipitation to be smaller than expected from an addition of the single-factor responses 

(Wu et al., 2011). In Veronica alpina and Viola palustris, but also in Veronica officinalis, the 

net outcome of this combined change response appears to be largely modified by precipitation 

change, which is in accordance with previous modelling assessments of interactive effects of 

temperature and precipitation (Luo et al., 2008). 

 Survival and clonality were the most important vital rates contributing to changes in 

(Table 1). The lowland species, Veronica officinalis and Viola palustris, were mainly affected 

through changes in survival, whereas the alpine species, Veronica alpina and Viola biflora, 

were mainly affected through changes in clonality. Population size in all four study species 

depends on the balance between the rates of survival and clonality. Changes in these vital 

rates directly affect population size and by that also local population persistence, since 

population size is linked to the risk of stochastic local extinction (Morris &  Doak, 2002). 

Growth contributed positively to changes in  of Veronica officinalis in the warmer and 

warmer+wetter transplants, which could be expected for a lowland generalist (Wu et al., 

2011). However, these positive contributions were outweighed by the negative contributions 

of survival, leading to no net effect in the warmer transplants and to a strong  decline in the 

warmer+wetter transplants. Fecundity did not contribute to changes in  at all. 

Biotic interactions and climate change 
Differences and changes in climatic parameters may affect plant species either directly 

through species-specific physiological constraints or indirectly by changing other 

environmental aspects, such as species interactions. Especially for sub-dominant forbs, as our 



study species, changes in species interactions may be of crucial importance under climate 

change. Accordingly, Paper III shows an overall shift from facilitation to competition as 

temperature increases in both alpine and lowland species. This is in line with the stress 

gradient hypothesis (Bertness &  Callaway, 1994, He et al., 2013) and has been documented 

both along climate gradients (Anthelme et al., 2014, Callaway et al., 2002, Kikvidze et al., 

2005) and in climate-change experiments (Alatalo &  Totland, 1997, Dunnett &  Grime, 1999, 

Klanderud, 2005, Olsen &  Klanderud, 2014). These patterns also contribute to explaining our 

results along the gradients (Paper I) and in the transplant experiment (Paper II). 

The negative effects of temperature on  in Viola palustris (Papers I & II), Viola 

biflora (Paper II) and Veronica officinalis (Paper I) may well be attributed to increased 

competition, which is also supported by an overall increase in vegetation height in both the 

warmer and warmer+wetter transplants (Paper II). For Veronica officinalis the stronger 

negative competition effect in the boreal sites (Paper III) supports our interpretation that the 

species is ‘on the move’ (Paper I). However, the lack of an overall temperature effect in the 

warmer transplants in Paper II indicates that this species is able to cope with increased 

competition in the short term. Veronica alpina showed a contrasting pattern with a trend of 

higher facilitation in the warmer sub-alpine sites as compared to the alpine sites (see also 

Schoeb et al., 2010). The negative effect of warmer temperatures on  in the warmer 

transplants (Paper II) may still be related to increased competition, since four of the six 

populations have been transplanted to ‘new’ sites with different communities where Veronica 

alpina does not naturally occur. However, the negative effect of temperature along the spatial 

gradient indicated in Paper I appears less likely to be caused by competitive interactions in the 

light of higher facilitation in the sub-alpine sites for this species. 

Precipitation influenced the strength of the temperature effects on biotic interactions 

rather than directly affecting the outcome of biotic interactions. Increasing precipitation had a 



tendency to decrease high temperature-driven competition and increase low temperature-

driven facilitation, although not all temperature levels or species followed that pattern (Paper 

III). In arid areas, competition was shown to increase with increasing precipitation (Armas et 

al., 2011, Holzapfel et al., 2006, Pugnaire &  Luque, 2001) due to a release from water deficit 

and an increase in productivity. On the other hand, overly wet conditions, as can be 

experienced in the wetter half of the SEEDCLIM grid, may be detrimental to plants (Schuur, 

2003). Such negative effects of high moisture on other species may benefit species with a 

high moisture affinity such as Viola biflora (Papers I & II) and Viola palustris (Paper I) 

through reduced competition. Accordingly, a species like Veronica alpina that seems to rely 

on facilitative neighbour effects (Paper III, see also Schoeb et al., 2010), could be negatively 

affected by precipitation increase (see Paper II) due to reductions in neighbouring species. 

Reproduction from seed in a changing climate 
Fecundity did not contribute to differences or changes in  in any of the studies on population 

dynamics in this thesis (Papers I, II and III). This is due to low elasticities of  to changes in 

fecundity, which in turn is mainly due to low probabilities of seedling establishment (Papers I, 

II and III) and low survival probabilities of seedlings (i.e. the smallest sizes in the IPMs) 

beyond the first growing season in closed vegetation (see for instance APP 2 in Paper II). 

However, from a related study within the SEEDCLIM project we know that flowering and 

reproductive effort relate to climatic conditions (Meineri et al., 2014), indicating that sexual 

reproduction might have another function than contributing to  in our study populations. 

While clonal reproduction is a main contributor to  and small-scale persistence in the study 

species, sexual reproduction may contribute to species persistence on a larger spatial scale. 

Successful germination and survival of seedlings depends to a large extent on the seeds’ 

access to bare ground and the seedlings’ access to light, and hence disturbance is crucial for 



seedling establishment (Bullock, 2000, Grime et al., 1981, Vandvik, 2004). By germinating 

and establishing in disturbed patches where and when they arise, seeds may quickly colonize 

new areas since they travel faster than stolons. All study species maintain a seedbank 

(Vandvik et. al, unpublished data), thus the seeds may already be there, waiting and ready for 

when a spot is disturbed. Paper IV addresses the effects of climatic change on seedling 

establishment in disturbed vegetation and reveals generally negative sowing-site effects of 

warmer temperatures on seedling emergence in all four species (Table 1). Negative effects of 

temperature on seedling emergence is a well-documented pattern (Classen et al., 2010, 

Gimenez-Benavides et al., 2008, Graae et al., 2009, Shevtsova et al., 2009) and has been 

related to soil-drying (Classen et al., 2010, Gimenez-Benavides et al., 2007, Gimenez-

Benavides et al., 2008, Walck et al., 2011). Veronica officinalis was the only species to show 

a positive effect of temperature; more precisely a positive relationship between seedling 

establishment and seed source temperature (Paper IV). Together with the absence of any 

effects along the recruitment site climate gradients, this indicates an adaptive seedling 

emergence pattern, which can be either due to pre-conditioning effects of the maternal 

environment (Blödner et al., 2007, Galloway &  Etterson, 2007, Johnsen et al., 2005a, 

Johnsen et al., 2005b) or local adaptation (Gimenez-Benavides et al., 2007). Susceptibility of 

seedlings to low temperatures at a species’ upper elevational limit, a bet-hedging strategy or 

local temperature-pH relations may be potential drivers for such an adaptive pattern (Paper 

IV). Higher precipitation showed positive sowing-site effects on seedling emergence in Viola 

biflora and Viola palustris (Table 1), which is in line with ecological theory that generally 

predicts positive effects on seedling establishment (Baskin &  Baskin, 1998). In Veronica 

officinalis both a warmer and a wetter recruitment site climate reduced seedling 

establishment, but also here the response to a combined change in temperature and 

precipitation was weaker than expected from adding the two single factor responses (cf. Paper 



II and Wu et al., 2011). The net outcome of the responses to a combined change in 

temperature and precipitation was negative for all species, indicating that even in disturbed 

vegetation, reproduction from seed will contribute less to population growth and persistence 

under future climatic conditions than under present-day climate. 

Zooming out: finding a place in the bigger picture 
Climate-change impacts are complex. A growing number of records on patterns of plant 

performance along climatic gradients, climatic changes over time, and effects of 

experimentally imposed climate change have not just increased our knowledge on how 

climate and plants interact but also our understanding of how the different approaches vary in 

the underlying mechanisms shaping the species responses. Consequently, ‘integrated 

approaches’, as for instance climate-change experiments along gradients, have been called for 

during the last decade (Dunne et al., 2004, Ehrlén &  Morris, 2015, Rustad, 2008) rather than 

further single approach studies, in order to overcome “the current situation where we 

resemble the proverbial blind men examining different parts of an elephant” (Ehrlén &  

Morris, 2015, see appendix). 

This thesis is such an integrated study (though we are still far from getting near to 

seeing the entire elephant), assessing both effects of climatic variation in space and time and 

performing experiments along climate gradients. The presented results support the recent 

finding that the different approaches yield consistent results (Elmendorf et al., 2015). For 

instance, four of the six spatial and/or temporal climate effects found in Paper I are confirmed 

in the climate-change experiment in Paper II. However, the study also demonstrated the 

strength of combining different approaches. Additional experiments on climate related 

processes relevant for plant performance, like the species interactions experiment in Paper III, 

add important information that helps understand the mechanisms behind any climate or 



climate-change related effect, as here in Papers I and II. Moreover, even the absence of effects 

contribute to understanding and predicting climate-change impacts, as highlighted in Paper I, 

and its comparison to Paper II (see above). Despite all these benefits of integrating various 

studies, increasing complexity in the study design is also to ‘ask for trouble’, since combining 

approaches also increases the chance of finding contradictory results (for example the 

precipitation effects on  in Viola palustris in Papers I & II). While perhaps unsatisfying for 

the researcher in each individual case, detection of such inconsistent responses are important 

as they may yield information about strength and consistency of relationships as well as 

underlying processes. This thesis shows that the benefits clearly outweigh the costs. 

Combining different approaches enabled us to (1) detect climatic control on species where 

single approaches would have failed to do so (see also Dunne et al., 2004, Rustad, 2008), (2) 

reveal underlying mechanisms and time scales for the found effects, and (3) detect indications 

of an ongoing elevational range shift in Veronica officinalis.  

The focal species in the papers of this thesis, and generally in the SEEDCLIM project, 

shared some common characteristics such as life cycle and architecture within the species 

pairs, but were otherwise intentionally chosen to be different in their affinities to climate since 

the literature predicts alpine specialists to decrease (De Valpine &  Harte, 2001, Harte &  

Shaw, 1995, Klanderud &  Birks, 2003) in the course of climate warming and lowland 

generalists to increase (Klanderud &  Birks, 2003, Walker et al., 2006). In this thesis, all 

species were negatively affected by temperature, not just the alpine specialists (Papers I, II 

and IV). Increased competition appears to limit the two lowland species, and obviously 

‘pushes’ one of them (Veronica officinalis) out of its current elevational distribution range 

(Papers I and II). The reduced population growth of Veronica alpina in the sub-alpine sites 

(Paper I) is, however, probably not related to competition, since Paper III shows increased 

facilitative benefit with higher temperatures. Again, these results highlight the importance of 



integrated studies which, despite the troubles they entail, permit the identification of complex 

patterns and increase the chance of finding unexpected results. 

Further work and concluding remarks  
The demography data behind the papers presented in this thesis allow for further questions to 

be addressed. While Paper II assesses the differences between transplants and controls at the 

source sites, further work will include the comparison of the transplanted populations to the 

populations at the target sites. This might give more insight on, for example, local adaptation 

patterns and range shifts. Another topic to investigate is the transplant effect per se and its 

dependence on climatic context, which can be assessed by comparing the transplant control 

plots from Paper II to the plots used in Paper I. The vastness of demographic data in general, 

appears to give rise to many topics to explore and hypotheses to test. One of them would be to 

modify the population models in order to include the seedling-establishment patterns with 

climate in gaps from Paper IV. For this, seedlings would need to get their own “survival in 

gaps” vital rate assigned so that some seedlings actually survive in the IPM. From such an 

approach I expect we could obtain better insights on fecundity dynamics in disturbed habitats 

under climate change (cf. Stokes et al., 2004). As mentioned above, population studies in 

climate-change experiments as in Paper II are rare, and hence there is a need for more such 

studies on more species, both sub-dominant and dominant ones. Three of the four study 

species in this thesis show vegetative dormancy, which despite being an intriguing feature in 

plants in my opinion, has only been studied by a very limited number of researchers. The role 

and implications of vegetative dormancy in a future climate are not well understood and 

further research on that topic appears necessary. 

This thesis and its papers show that temperature increase largely holds negative 

consequences for grassland forbs like our focal species, while responses to precipitation 



increase may be highly species specific and potentially counteract the temperature responses. 

Species interactions are suggested to be a main driving force behind the negative temperature 

effects, whereas increased precipitation appears to affect the species rather directly through 

physiological constraints. The fact that not just the alpine species were affected by climate-

driven changes in species interactions but also the alleged temperature generalists stresses the 

importance of considering biotic interactions in climate-change studies.  
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Appendix 

“The blind men and the elephant” (1872) by John Godfrey Saxe: 
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