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Abstract 

Aims and background: 

Species range shift is among the most well-documented responses to climate change. As a 

result, a growing number of studies model species climatic niches to predict how species 

ranges may displace in space and time (SDM studies). These studies are criticised because 

they do not include reproduction in their predictions. Other studies use empirical data to 

assess climatic control on reproductive life-stages. However, the climatic niche of 

reproductive life-stages may not determine the climatic niche of species, limiting the ability of 

both types of studies to assess the effect of climate change. In this synthesis, I compare the 

results of a SDM study (Paper I) with the results of two empirical studies focussing on 

flowering performance (Paper II) and seedling emergence (Paper III). The research focuses on 

the leading and rear altitudinal edges of lowland and alpine species ranges, respectively, as 

those are the two delimiting fronts that are expected to be specifically vulnerable to climate 

change.  

Reproduction response to climate is a complex process because it involves several 

sub-stages that can be affected by climate in several ways. Therefore, the results included in 

this synthesis integrate several direct and size-dependent climatic effects on flowering 

performance and report on the importance of both the climate conditions occurring at the 

recruitment sites and those experienced by the source populations for seedling emergence. 

Study area and species: 

This thesis makes use of the sub-alpine and alpine landscapes of western Norway to 

investigate climatic control on species occurrence and reproduction. This study area was 

chosen because it includes the leading altitudinal edge of lowland species’ ranges and the rear 

altitudinal edge of alpine species’ ranges. The research uses Viola biflora (alpine), Viola 

palustris (lowland), Veronica alpina (alpine), and Veronica officinalis (lowland) as study 

cases because these species are common in the study area and the study sites, and are 

representative of the alpine and lowland communities occurring at the studied sites. 

Results and discussion: 

The climatic control on flowering performances and seedling emergence did not reflect the 

climatic niches of three out of four species, suggesting ontogenetic niche shift. These 

mismatches challenge the predictive ability of both SDMs and empirical studies focusing on 

reproductive life-stages. 
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Papers II and III highlight the complexity of climatic control on reproduction and 

show species-specific results. Flowering was both climate- and size-dependent for three 

species, but the way size-dependency was expressed differed between species. Seedling 

emergence was less species-specific although one species (Veronica officinalis) was found to 

be affected by the climate experienced by its source populations while the three other species 

were only responding to the climate of their sowing sites. This illustrates the importance of 

accounting for the complexity of reproduction to improve climate-change predictions on plant 

reproduction. 

Finally, Papers I and II suggest a high importance of biotic interactions from the 

lowland flora for the two alpine species, stressing the importance of understanding plant-plant 

interactions to forecast climate-change impacts. 

Further research and conclusions: 

Structured population models can resolve some of the problems reported in this 

synthesis but further methodological developments are necessary to integrate local adaptation 

patterns and to accurately project the outputs of such models in space. Dispersal has been 

largely ignored in climate-change studies. Further research should also aim to improve 

knowledge on dispersal because quantifying dispersal and recruitment rates is required to 

predict accurately climate-change impacts on plant populations and potential range 

displacements. Individualistic responses to climate suggest drastic changes in plant 

communities over the coming years. Given the high importance of biotic interactions, 

increasing knowledge on species interactions will be an important step to better understand 

and predict the potential climate-change impacts. Since the climatic control of a given species 

may not relate to the climatic control of another species, more effort should be given to key 

and/or endangered species that may have specific value for conservation. 
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Introduction 

Species ranges and reproduction by seeds 

Over the last century, temperature has increased by, on average, 0.74ºC, and precipitation has 

increased by 6 to 8% in the northern hemisphere. These climatic trends are expected to 

accelerate in the future (IPCC, 2007). Changes in temperature and precipitation induced by 

global warming are already influencing ecosystems world-wide (Walther et al., 2002, Root et 

al., 2003, IPCC, 2007). Species range shift (Table 1) is among the most well-documented 

responses to past (Huntley, 1991, Pitelka et al., 1997, Muller & Richard, 2001) and present 

(Pitelka et al., 1997, Kelly & Goulden, 2008, Lenoir et al., 2008) climate changes.  

A growing number of studies have been aiming to forecast species climatic niches 

(Table 1) in order to predict potential range displacements in the coming years (e.g. Bakkenes 

et al., 2002, Thomas et al., 2004, Thuiller et al., 2005). This particular branch of spatial 

modelling exercises, known as “Species distribution models”, “Climate envelope modelling” 

or “Ecological niche models” (hereafter, referred to as SDM), correlate observations of 

species occurrence with climatic variables in order to extract species climatic niches. They 

then study how this climatic window may displace in space and time according to climate 

models’ predictions and assuming that the target species will track its climatic niche. These 

studies have been criticised because they disregard the biological processes that determine 

species ranges and which may or may not allow species range displacements (Clark, 2003, 

Higgins et al., 2003, Pearson et al., 2006, Thuiller et al., 2008). For many species, successful 

reproduction by seeds is required to achieve range displacement because it allows for the 

production of the dispersal units. At the same time, seed production may allow for adaptation, 

limiting the need of range displacement. Thus, several studies have used empirical data to 

investigate how reproductive life-stages respond to variation in temperature (e.g. Gimenez-

Benavides, Escudero & Iriondo, 2008, Milbau et al., 2009, Shevtsova et al., 2009, De Frenne 

et al., 2010) and water availability (Shevtsova et al., 2009, Graae et al., 2011). Such an 

approach is interesting to improve the understanding of climatic control on sexual 

reproduction, but can only allow speculating on the potential climate-change impacts on plant 

populations. One of the reasons is that niche shift may occur among plant life development 

stages (i.e. ontogenetic niche shift, Table 1) (Eriksson, 2002, Thompson & Ceriani, 2003, 

Auffret et al., 2010) and thus, climatic control on plant sexual reproduction may not 

necessarily shape species range (e.g. Gilman, 2006).  
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While predictions from SDMs may be biased because they ignore niche processes and 

plant sexual reproduction, predictions from empirical studies focussing on reproduction may 

be biased because their results may not be relevant throughout the species range. This 

paradoxical situation illustrates the necessity of investigating climate-change impact using 

several approaches and calls for comparisons between SDMs and empirical studies focussing 

on reproduction. Such comparisons are however difficult because the two types of study do 

not investigate the same organisms and empirical studies do not often link their results to the 

position of their study sites within the studied species’ climatic niches (but Gimenez-

Benavides, Escudero & Iriondo, 2007a, b, De Frenne et al., 2009). This synthesis compares 

the results from one SDM study (Paper I) with the results of two empirical studies focussing 

on reproductive life-stages (Papers II and III). In all three papers, we used the same species 

and the same habitat allowing for comparison among approaches. 

Comparing species’ responses to climate using different approaches is especially 

important at the leading and rear edges of species ranges (see Table 1 and Hampe & Petit, 

2005 for definition of leading and rear edges). This is because they are the two delimiting 

fronts of species ranges and therefore, the plasticity of the reproductive life-stages to climate 

at the leading and rear edges may be of overwhelming importance for range displacements. 

To shape species range, reproductive life-stages should respond to climate at the leading and 

rear edge according to predictions based on the ‘centre-periphery’ theory. This theory predicts 

less suitable conditions at the boundaries of species ranges (Lawton, 1993). However, while 

the lower species success at the leading edge is thought to be caused by high abiotic stress, 

increasing competition is thought to be of higher importance at the rear edge (Brown, Stevens 

& Kaufman, 1996, Choler, Michalet & Callaway, 2001, Callaway et al., 2002). Although a 

decreasing reproductive success can be expected towards these two margins, the effect of 

rising temperature and precipitation should differ at the leading and rear edges. A temperature 

increase should reduce the abiotic stresses at the leading edge. This effect can be expected to 

improve reproductive success at a species’ leading edge and thus facilitate range extension. In 

contrast, a temperature increase at the rear edge can be expected to decrease reproductive 

success because of increasing biotic interactions, or to have limited effect because of low 

abiotic stress. This would result in species retreat at their rear edge. Furthermore, lower 

reproductive success at the rear edge may also be caused by other abiotic factors. For 

example, several authors have suggested an increasing drought stress on reproduction toward 

the rear altitudinal edge of a species range (e.g. Gimenez-Benavides, Escudero & Iriondo, 

2007a, Gimenez-Benavides, Escudero & Iriondo, 2008), highlighting potential interactions 
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between temperature and water availability. In such a scenario, the potential negative or 

limited effect of temperature increase that can be expected at the rear altitudinal edge may be 

counter-balanced by a positive effect of increasing precipitation.  

In this synthesis, I used the results from Papers II and III to test the predictions stated 

above. These papers make use of the subalpine zone of western Norway to study how 

reproductive life-stages respond to temperature and precipitation. The subalpine zone encloses 

both the leading altitudinal edge of lowland species’ ranges and the rear altitudinal edge of 

alpine species’ ranges, and is therefore suitable for testing such predictions. 

Complex climatic controls on reproductive life-stages  

One of the problems when investigating climatic effects on reproductive life-stages is that 

reproduction is a complex process that includes several sub-stages and each sub-stage can be 

affected by climate in several ways. Without being exhaustive, reproduction includes 

flowering and flower production, seed dormancy, germination and seedling emergence, and 

ultimately, establishment. In this thesis, I focus on flowering probability and flower 

production (Paper II, Table 1), and seedling emergence (Paper III, Table 1) responses to 

temperature and precipitation. The separation between these distinct stages seemed natural as 

it marks the differentiation between the reproductive organ, and the seed and its subsequent 

seedling. Furthermore, these stages were chosen because they can be investigated in the field 

and can therefore reflect the indirect climatic effects affecting reproduction. 

Flowering probability and flower production can respond directly to climate or 

indirectly through plant-size. This is because flowering performance is often described as 

size-dependent (Obeso, 2002, Mendez & Karlsson, 2004, Pfeifer, Heinrich & Jetschke, 2006, 

Pfeifer et al., 2006) and plant size is repeatedly shown to vary with climate (De Valpine & 

Harte, 2001, Zavaleta et al., 2003, Bloor et al., 2010, Kardol et al., 2010). Furthermore, size-

dependency for flowering performance plasticity to climate might well express itself in other 

ways, for instance, allocation to reproduction and minimum size for flowering have been 

shown to vary along climatic gradients (Ohlson, 1988, Welham & Setter, 1998, Mendez & 

Karlsson, 2004, Bonser & Aarssen, 2009). 

Similarly, seedling emergence may respond to climatic changes in several different 

ways. First, seedling emergence may respond directly to the climatic conditions at the 

germination site as those may differently fulfil the requirements that are necessary to break 

seed dormancy and to trigger germination (Fenner & Thompson, 2005, see "sowing site 

climate" in Table 1). This reflects a plastic response to climate. Second, seedling emergence 
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may respond to the climate of the source population (see “seed-source climate” in Table 1), 

which can reflect a maternal environmental effect (Schmuths et al., 2006), or a specific 

regeneration strategy such as a bet-hedging effect (Vandvik & Vange, 2003), or, simple 

differences in seed quality across populations experiencing different climate (Graae, Alsos & 

Ejrnaes, 2008). Third, seedling emergence can be adapted to the local climatic conditions via 

local adaptation or pre-conditioning environmental maternal effect (hereafter collectively 

referred to as adaptive seedling emergence, Table 1), depending on whether genetic 

differentiation occurs or not (Roach & Wulff, 1987, Kawecki & Ebert, 2004, Donohue, 2009). 

In Papers II and III, I decomposed these different climatic effects on flowering performance 

and seedling emergence to assess the complexity of climatic control on reproduction. 

Specific aims of this PhD thesis: 

1) Assessing how the responses of reproductive life-stages to climate vary throughout the 

species range, and thus assessing the relationship between SDMs and empirical studies on 

reproductive life-stages.  

2) Exploring the complexity of climate control on the occurrence, flowering, and seedling 

emergence of lowland and alpine species. 

3) Exploring the importance of biotic interactions at the rear altitudinal edge of alpine species’ 

ranges. 

 

Sampling design 

The three studies included in this thesis make use of the heterogeneous landscapes of western 

Norway (ca 4°50' - 8°45' E; 60°20' - 61°50' N). Steep altitudinal gradients are found 

throughout these landscapes, with elevation ranging from sea level on the west coast and 

along the fjords to 2469m a.s.l. at the top of the Jotunheimen mountain range situated in the 

north-eastern part of the area (Figure 1). Because of its oceanic geographical position and 

topography, this area covers a wide range of climatic conditions. Mean annual temperature, 

ranging from -8.22ºC to 7.57ºC, is driven primarily by elevation and continentality and is 

generally lower in the eastern mountains. Annual mean precipitation ranges from 379 mm in 

the east to 3836 mm in the west. Duration of snowcover varies from 0 to 8 months. Grazing 

by domestic and wild herbivores is common throughout the landscape. 
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Table 1: Definitions of the terms commonly used in this synthesis.  

Term Definition 

Species range Physical geographical distribution of a species. 

Climatic niche Climatic window delimiting the species range (i.e. realised niche). 

Ontogenetic niche shift Realised niche shift among life history stages. 

Leading altitudinal edge Upper altitudinal front of the species range. 

Rear altitudinal edge Lower altitudinal front of the species range. 

Flowering probability Probability of flowering for a plant.  

Flower production Number of flowers on a flowering plant. 

Seedling emergence Seedling that germinated and survived at least one growing 

season. 

Sowing-site climate Climate experienced at the sowing site (i.e. experienced during 

seed dormancy, seed germination, and seedling first summer.  

Seed-source climate Climate occurring at site of seed collection (i.e. experienced by the 

source population, during seed maturation and by the mother 

plant). 

Adaptive seedling 

emergence 

Local adaptation or maternal environmental effect known as “pre-

conditioning” depending on whether genetic differentiation 

occurs.  

 

In Paper I, the strong climatic gradients found in western Norway are used to capture 

extensive parts of the target species’ ranges. For the purpose of Papers II and III, and other 

research within the SEEDCLIM project, we used that landscape to set up 12 calcareous 

grassland experimental sites in a “climate grid” design enabling us to decouple the effects of 

temperature and precipitation. The climate grid was designed to cover an approximately 6-

degree gradient in mean annual temperature across the boreal to low-alpine zone transition. 

Mean summer temperature, defined in this synthesis and the related papers as the mean of the 

four warmest months, and annual precipitation were used to design and set up the climate grid 

(hereafter referred to as the SEEDCLIM grid). The SEEDCLIM grid combines four levels of 

annual precipitation (ca 600 (level 1), 1200 (level 2), 2000 (level 3) and 2700 (level 4) 

millimetres) with three levels of mean summer temperatures (ca 6.5 (ALP), 8.5 (INT), and 

10.5°C (LOW) (see Figure 1 for geographic position of each site). The sites were selected to 

keep other factors such as grazing regime and history, bedrock, and vegetation structure in  
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Figure 1: Geographical location of the study area within Norway (top), SEEDCLIM 

experimental sites and topography of the study area (bottom). Experimental sites: White: 

alpine sites, grey: intermediate sites, black: lowland sites; ▼: dry sites, ■: mid-dry sites, ●: 

mid-wet sites, ▲: wet sites. 

 

 



 

 13 

 
Figure 2: Position of each site within the SEEDCLIM climate grid. Altitude is the main 

driver for changes in mean summer temperature and continentality is the main driver for 

changes in annual precipitation within the grid, but there are interactions between the two and 

sites are therefore positioned in geographical space so as to decouple the two gradients as far 

as possible 

 

terms of local scale species richness, and slope and exposure, as constant as possible across 

sites. Specifically, we targeted grazed intermediate-rich meadows (Potentillo-Festucetum 

ovinae; G8 sensu, Fremstad, 1997) with relatively rich bedrock in term of nutrient 

availability, preferably phyllitic or calcareous, and occurring on south-facing, shallow slopes 

(5-20º) (see Papers II and III for details on site selection). Hereafter, I refer to the 12 selected 

grassland sites as LOW1, INT1, ALP1, LOW2, INT2, ALP2, LOW3, INT3, ALP3, LOW4, 

INT4, ALP4 to reflect their temperature (lowland, intermediate, alpine) and precipitation 

(1=low to 4=high) levels within the grid (see Figure 2 for site position within the SEEDCLIM 

grid). The SEEDCLIM grid was set-up during the summer 2008. All sites were fenced in 

spring 2009 to prevent animal disturbance. The vegetation was cut yearly at ca 10cm above 

the ground from the summer season 2009 as a standardised grazing/mowing treatment across 

sites. 

At each site, five blocks of approximately 5 m² were selected within a grassland area 

of approximately 30 m². Blocks were chosen to be as similar as possible in terms of 

vegetation structure, slope, and exposure. Within each block, we established the study plots 



 

 14 

that were used to study flowering performance and seedling emergence in Papers II and III, 

respectively (see Papers II and III for specific plot design within the blocks).  

Interpolated temperature and precipitation data from the normal period 1961-1990 

with a resolution of 100m (met.no, 2009) (see Tveito et al., 2000, Tveito et al., 2001, Tveito 

et al., 2005 for method description) were used to aid site selection and for statistical analyses. 

The interpolated mean summer temperatures for the normal period were highly correlated 

(Pearson correlation 0.98, n=12) with local mean summer temperatures in 2009 (data for 

subsequent years are not available yet) calculated from on-site temperature measurements 

(hourly temperature at two metres high monitored with UTL-3 Scientific Dataloggers, 

GEOTEST/SLF, www.utl.ch). Precipitation measurements were also set up locally, but the 

recordings contained too many measurement errors to be used within this PhD.  

 

Studied species 

Two alpine-lowland species pairs, Viola biflora-Viola palustris and Veronica alpina-Veronica 

officinalis, were chosen for the three studies. These species were chosen so that the climate 

grid would cover the rear altitudinal edge of the two alpine species and the leading altitudinal 

edge of the two lowland species as confirmed by the models developed in Paper I (Figure 3, 

Paper I). These four species were also chosen because they were common in the 12 sites and 

were judged as good representatives of the targeted communities of the SEEDCLIM sites. 

This species choice also allowed us to maximise the number of sites where the species 

occurred individually, and the number of sites where both species of a pair occurred 

simultaneously. 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) 
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Figure 3: Maps showing a) summer temperature, b) annual precipitation, and c-f) modelled 

species distribution (according to their climatic niche) of the four studied species within the 

study area (Paper I). The locations of the experimental sites are plotted on each map. The site 

LOW1 is not represented as it is outside the study area of Paper I. 
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Experimental and analytical approaches 

Paper I: 

This paper explores how climate controls species occurrence in western Norway. In this 

study, logistic models were used to predict the climatic niches of the four target species. For 

the two alpine species, these models were designed to account for both climate and biotic 

interactions with the lowland flora. For each alpine species, the lowland flora was represented 

by their respective lowland species congener. By doing such, we did not intend to include the 

effect of the two interacting species per se but rather the influence from the lowland 

communities in which these lowland species are dominant. The inclusion of competing 

organisms in SDMs may reflect important abiotic parameters for the modelled species that are 

already accounted for by the other variables (Guisan & Thuiller, 2005, Elith & Graham, 

2009). Interactions with competing organisms are thus partly included, and adding 

competitors’ occurrences or abundances can lead to numerical problems caused by 

collinearity between abiotic and biotic predictors. Such collinearity is likely to have a strong 

effect in the case of alpine-lowland species interactions since the strength of the interaction is 

linked to altitude and thus to temperature. I therefore developed an alternative method where 

the potential competing species effect is estimated in an independent set of models that are 

used to re-predict the landscape parts where the alpine and lowland target species are 

predicted to co-occur by a SDM based on climatic parameters only. 

Paper II: 

This study is a gradient analysis using plant size and reproductive measurement of individuals 

occurring within the 12 sites of the SEEDCLIM grid to decompose direct and size-dependent 

climate effects on flowering performance. In this study, we used a sequence of logistic and 

log-linear mixed effect models to study flowering probability and flower production 

respectively. In these models, direct climate effects were indicated by a statistical effect of 

temperature or precipitation on the flowering rates studied. An indirect climate effect through 

plant size was indicated by a statistical effect of plant size in logistic and/or log-linear models 

describing flowering probability and flowering performance respectively, in addition to a 

significant effect of climate on plant size in another set of linear models. A change in 

minimum size for reproduction was indicated by additive effects of size and climate in the 

logistic models. This is because a statistical effect of climate induces variation in the X-

intercept in the logistic curve describing flowering probability response to size. Variation in 
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reproductive investment (allocation to reproduction) was indicated by an interaction between 

size and climate in log-linear and/or logistic models as such interactions induce variation in 

the slope describing the relationship between plant size and flowering performance. 

Paper III: 

This study is a seed-sowing experiment that includes both gradient and experimental 

approaches to investigate how seedling emergence is affected by the climate conditions 

occurring at the sowing sites and experienced by the seed-source populations. For this study, 

we transplanted mature seeds from site to site within the SEEDCLIM grid. Hence, seeds from 

each source population were sown in situ in their site of origin as well as ex situ in three 

different sites where the climate was 1) one step warmer, 2) wetter, and 3) warmer and wetter 

relative to the seed-source site. 

In the experimental approach, we used nested ANOVAs 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 data and so the contrast between control and treatment groups. In this 

study, we modified the random structure of these models to change control and treatment 

groups according to the hypothesis tested. Hence, models nested on source site were used to 

compare the emergence of seeds sown at home versus the emergence of seeds sown away. In 

contrast, models nested on sowing site were used to compare the emergence of foreign seeds 

versus the emergence of seeds of the local populations. This allowed the separation of the 

effect of the sowing-site climate from the effect of the seed-source climate.  

In the gradient approach, log-linear regressions 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 sown at 

home, thus experiencing 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 
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potential negative effects of the sowing-site climate since the transplants were only made in a 

single direction. 

  

Results and discussion 

Reproductive life-stages and species climatic niche 

This thesis shows an overwhelming climate control on the four studied organisms. Climate 

affected species occurrence, flowering performance, and seedling emergence of the two 

Veronica species and Viola biflora and affected the occurrence and the seedling emergence of 

Viola palustris (Papers I, II, and III). However, the results tended to be species-specific within 

the three papers and the climatic control on flowering performance and seedling emergence 

only partially reflected the position of the sites within the climatic niches of the four study 

species (rear vs. leading edge) (see Table 2). Hereafter, I first detail the results per species and 

later discuss the implications of these results. 

Viola biflora flowering performance was not affected by changes in temperature but 

increased slightly with higher precipitation at its rear altitudinal edge (Table 2, Paper II). In 

contrast, increasing temperature reduced the species seedling emergence while increasing 

precipitation increased it (Table 2, Paper III). These results suggest an overall negative effect 

of increasing temperature, in contrast to an overall positive effect of increasing precipitation. 

If both temperature and precipitation increase, as suggested by the climate predictions for this 

study system (Hanssen-Bauer et al., 2009), global warming may have a limited impact on the 

reproduction of Viola bilfora in its rear altitudinal edge as the two effects may cancel each 

other out. On the one hand, these results are in line with the predictions from the center-

periphery theory that forecast a negative or limited effect of increasing temperature and 

precipitation at species rear edge. On the other hand, these results do not completely match 

with the results from Paper I, as the SDM predicted Viola biflora occurrence to decrease with 

increasing precipitation in western Norway, while results on reproductive life-stages suggest 

the opposite pattern (Table 2). This suggests that the responses of reproductive life stages to 

climate only partially shape the species’ range. 

Although we found similar results regarding the seedling emergence of Veronica 

alpina (Table 2, Paper III), the flowering response to climate differed between the two alpine 

species (Table 2, Paper II). Veronica alpina flowering performance was predicted to increase 

with higher temperature at its rear edge (Table1, Paper II). Veronica alpina reproduction may 
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thus be improved in a warmer and wetter climate if the negative effect of temperature and the 

positive effect of precipitation on seedling emergence cancel each other out. These results 

corroborate neither the predictions based on the center-periphery theory nor the results 

obtained in Paper I since both suggest a negative effect of increasing temperature at the 

species’ rear edge. This indicates that a potential species retreat in the coming years at the 

species’ rear edge may not be caused by reproductive plasticity to climate. 

The results from the leading edge of the two lowland species were also mixed. 

Veronica officinalis was predicted to increase both flower production (Table 2, Paper II) and 

seedling emergence (Table 2, Paper III) with increasing temperature. These results are in line 

with predictions based on the center-periphery theory and reflect the results of Paper I. 

However, the species seedling emergence was not affected by the climatic conditions at the 

sowing sites as was found for the other three species, but by the climatic conditions 

experienced by the source populations and was always higher in similar climatic conditions to 

the one experienced by the source populations. If such effects are not maternal effects but are 

adaptive (see Roach & Wulff, 1987, Donohue et al., 2010 for discussion on maternal effects 

and adaptation), the benefit of increasing temperature may be limited if the species cannot 

adapt fast enough (Paper III). 

In contrast, the flowering performance of Viola palustris was not affected by climate 

(Table 2, Paper II) while its seedling emergence was found to decrease with higher 

temperature and increase with higher precipitation, as was observed for the two alpine plants 

(Table 2, Paper III). This suggests a limited impact of global warming on reproduction as the 

effect of temperature and precipitation on seedling emergence may cancel each other out. The 

predicted increase in reproductive performance at the species’ leading edge caused by 

increasing temperature was therefore not confirmed. Viola palustris seems to have a slightly 

more cold-tolerant temperature range than Veronica officinalis (Paper I, Figure 3). Indeed, the 

species occurred in plots of two of our alpine sites (ALP 3 and ALP 4) and could be found in 

nearby surroundings of the other alpine sites. It is therefore possible that our intermediate and 

lowland sites are too close to the centre of the species’ climatic niche to detect a temperature 

effect. 
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Table 2: Effect of increasing temperature and precipitation at lowland species leading and 

alpine species rear altitudinal edge according to the three papers included in this synthesis. +: 

positive effect, - negative effect, +- unimodal relationship, 0: no effect (not significant or 

effects cancelling out each other). For flowering performance, the effects are calculated for 

the warmest driest site of the SEEDCLIM grid for alpine species and for the coldest wettest 

site for the lowland species.  

 
 Alpine species Lowland species 

Temperature increase 
Viola 

biflora 

Veronica 

alpina 

Viola 

palustris 

Veronica 

officinalis 

Species occurrence - - + + 

Flowering performance     

Direct effects 0 + 0 + 

Indirect effects 0 0 0 + 

Minimum size for reproduction 0 0 0 0 

Reproductive investment 0 - 0 0 

Total 0 + 0 + 

Seedling emergence     

Sowing-site climate - - - 0 

Seed-source climate 0 0 0 + 

Total - - - + 

Precipitation increase     

Species occurrence - 0 + 0 

Flowering performance     

Direct effects + - 0 0 + 

Indirect effects 0 0 0 0 

Minimum size for reproduction - 0 0 0 

Reproductive investment + 0 0 - 

Total + 0 0 0 

Seedling emergence     

Sowing-site climate + + + 0 

Seed-source climate 0 0 0 0 

Total + + + 0 
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The climatic control on flowering performance and seedling emergence did not reflect 

the climatic niches of three out of four species (see Table 2). This suggests an ontogenetic 

niche shift. Earlier studies have shown differences between recruitment and adult niche 

(Eriksson, 2002, Thompson & Ceriani, 2003, Gilman, 2006, Auffret et al., 2010). In this 

thesis, I find similar patterns, but also a mismatch between flowering performance and 

seedling emergence responses to climate as well as between flowering performance and adult 

occurrence. Such mismatches in species response to climate across life stages challenge the 

predictive ability of both SDMs and empirical studies focusing on reproduction. Indeed, 

predictions in time from SDMs are likely to be biased if species ranges are not determined by 

the reproductive life-stages’ response to climate. This is because species range displacement 

most often requires seed production and seedling emergence. Similarly, the ability of 

empirical studies focusing on reproductive life-stages to investigate climate-change impact or 

at least net consequences of climate change for population dynamics and persistence may be 

limited if reproduction plasticity to climate does not affect species ranges. 

 An interesting approach to circumvent the problems caused by ontogenetic niche shift 

is the use of structured population models (e.g. population matrix model, internal projection 

model, see Tuljapurkar & Caswell, 1997). Such models assess how each of the life stages 

contributes to the growth rate of populations and indicate whether a population is growing or 

shrinking in a given site. At the moment, structured population models studies covering entire 

species ranges or part of them, and questioning how climate affects growth rate along species 

climatic niches are still scarce (but see Stokes, Bullock & Watkinson, 2004, Souther & 

McGraw, 2011). The results of this thesis suggest that such models may be one of the most 

appropriate approaches to predict climate-change impacts on plant populations because they 

allow the assessment of how climate affects each life stage and how each life stage affects 

population growth rate in the different parts of species climatic niches. 

The complexity of climate control 

The results of Papers II and III show how complex are reproductive responses to climate. The 

results of Paper II show that flowering performance was size- and climate-dependent for three 

out of the four species. However, the way climate and size affected flowering differed among 

species. For instance, indirect climate effects mediated through plant size were detected for 

Veronica officinalis only, climatically driven variation in minimum size for reproduction was 
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detected for Viola bilfora only, and variations in reproductive investment with temperature 

was detected for Veronica alpina only (see Table 2, Paper II).  

Seedling emergence responses to climate were more consistent across species (Paper 

III). However, while plastic responses to the sowing-site temperature and precipitation were 

detected for the two Viola species and Veronica alpina, Veronica officinalis seedling 

emergence was found to rank according to the temperature experienced by the seed-source 

populations, and to be pre-conditioned, or locally adapted, to the local climatic conditions 

(Table 2, Paper III).  

The importance of these different climate effects on flowering performance (Mendez 

& Karlsson, 2004, Bonser & Aarssen, 2009) and seedling emergence (Roach & Wulff, 1987, 

Donohue et al., 2010) are well known. Nevertheless, studies investigating climate effect on 

flowering while controlling for plant size are still scarce (but see Mendez & Karlsson, 2004, 

Pfeifer, Heinrich & Jetschke, 2006, Gimenez-Benavides, Escudero & Iriondo, 2007b, Milla et 

al., 2009); and germination or seedling-emergence studies integrating the effects of both the 

climate of the the sowing sites and the seed-source populations are most often carried out in a 

controlled environment (e.g Schmuths et al., 2006, Blodner et al., 2007) (but see Gimenez-

Benavides, Escudero & Iriondo, 2007a). This thesis stresses the importance of integrating a 

higher level of complexity in field studies assessing climate effects on reproductive life-stages 

because it shows that not accounting for plant size for flowering, or not accounting for the 

climatic conditions of the seed-source populations for seedling emergence, may lead to a 

biased or incomplete assessment of climate effects on reproduction.  

Biotic interactions at the rear edge of alpine species 

The results of Paper I point to the high importance of biotic interactions for alpine species at 

their rear altitudinal edge. Accounting for potential interactions with the lowland flora 

improved the predictions of the landscape-scale distribution of both alpine species, although 

this was significant for Viola biflora only (Paper I). This is in line with earlier descriptive 

(ordination approach; Heegaard, 2002, Heegaard & Vandvik, 2004) and experimental 

(removal approach; Choler, Michalet & Callaway, 2001, Olofsson, 2004) studies and suggests 

that competition with lowland flora is an important factor partly shaping the rear altitudinal 

edge of alpine plants distributions. Furthermore, the importance of biotic interactions for 

alpine plants seems to be reflected in some of the results from Paper II. In particular, 

reproductive investment (allocation to reproduction) was found to decrease towards the 

warmest sites for Veronica alpina and towards the wettest sites for Viola biflora. Reducing 
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allocation to reproduction and thus increasing vegetative growth at these sites may allow the 

two species to increase their competitive abilities. For both species, these patterns fit the 

hypothesis of an increasing importance of biotic pressure as abiotic stress decreases: 

temperature for Veronica alpina and drought for Viola biflora (see Paper I).     

In Paper I, the lowland species were chosen from among the dominant ones in 

grassland lowland habitats so that they would be representative of the lowland communities of 

the specific system. Here, we did not project the model in time because such predictions may 

be biased if species-specific responses to climate change result in a disruption of these 

lowland plant communities (e.g. Walther et al., 2002, Williams & Jackson, 2007, Lenoir et 

al., 2008). However, increasing competition between alpine and lowland species can be 

expected in the coming years. This is because climatically suitable areas for alpine species’ 

range expansion may not be found at the upper altitudinal limits of species ranges (i.e. hard 

boundary). Thus, alpine species can be expected to concentrate towards the lower altitudinal 

limits of their range, where interactions with lowland species occur. The negative effect of 

competition from lowland species on alpine species’ rear edge is therefore likely to be 

exacerbated in the coming years. This prediction stresses the importance of understanding 

plant-plant interactions to better forecast climate-change impacts. To do so, it is necessary to 

have empirical data describing which specific lowland species are problematic for target 

alpine plants (e.g. Choler, Michalet & Callaway, 2001, Pellissier et al., 2010), what life 

history stages are more vulnerable to such competition processes, and what resources are 

alpine and lowland plants competing for.  

In Paper I, I developed a method where abiotic and biotic models were combined to 

predict the two alpine species’ ranges (abiotc + biotic model). This approach was designed to 

solve numerical issues caused by collineratity between climatic and biotic parameters. In 

addition, models were run using a more conventional approach. These models included both 

climatic and biotic parameters as covariates (covariate model). For the two alpine species, the 

best results were obtained with the combined modelling approach, while the covariate 

approach had worse accuracy than models including only climatic parameters for Veronica 

alpina and failed for Viola biflora. This methodological comparison shows that the abiotic + 

biotic modelling approach is robust and can be used to control for biotic interactions in other 

study cases. With empirical data, the method will also be able to project species range in time 

while accounting for biotic interactions. This may give us important information on the 

strength of species interactions in the coming years and thus allow for better climate change 

assessments and predictions. 
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Further work and concluding remarks 

The results of the papers included in this thesis highlight the complexity of climatic 

control on plants. Earlier in this synthesis, I suggested the structured population models as 

important tools that can incorporate greater complexity to better predict climate-change 

impacts on populations growth and spread (e.g. Jongejans, 2011). These tools can resolve 

problems caused by ontogenetic niche shifts, can include plant-size dependency for flowering, 

and can include reproduction responses to climate (see Childs et al., 2004, Ellner & Rees, 

2006). Still, two problems remain. First, such an approach may not be able to accurately 

predict in time the growth rate for locally adapted populations under changing climate. This is 

an important limitation because our results and earlier studies suggest that local adaptation 

may be an important driver of a species response to climate (Paper III, see Donohue et al., 

2010 for review). This issue could be resolved by transplanting locally adapted populations 

and assessing whether the populations can adapt fast enough to the new conditions. Second, 

collecting the data that are necessary to feed such models is excessively time consuming and 

can only be done for a limited number of populations during a single growing season 

(personal field observations). To be able to spatialise the output of such model, one would 

need a considerable number of populations experiencing a large range of climatic conditions. 

This is an important limitation because it questions the feasibility of the method. In my 

opinion, those aspects should not be ignored because they may constitute the next challenges 

for assessing climate impact on plant populations. 

Dispersal is required for species range displacements. However, information on 

dispersal capacity are only available for a few species (see Walck et al., 2011 for examples) 

and so far, most SDM-based studies assume unlimited dispersal capacity (but Engler et al., 

2009). Assessing seed production and seedling emergence plasticity to climate at the leading 

and rear edges of species ranges is a first step as it gives valuable information on species 

persistence and invasive ability at the rear and leading edge, respectively. Nevertheless, such 

information is of limited use if the dispersal capacity of the studied organisms does not allow 

the species to track their climate niches. I suggest that increasing knowledge on seed dispersal 

together with quantifying dispersal and recruitment rates is required to predict accurately 

climate change impacts on plant populations and potential range displacements. 

 The results of the three papers included in this thesis show species-specific responses 

to climate. The four studied species were not affected by the same climate variables, were not 

affected by the same biological possesses, and the responses to climate were also found to 

differ among the life stages of a single species. Such individualistic responses to climate 
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suggest drastic changes in plant communities in the coming years. Given the high importance 

of biotic interactions, increasing knowledge on species interactions and their effects will be an 

important step to understand and predict accurately the potential climate-change impacts. This 

is especially required for alpine species for which the lower altitudinal limit seems to be 

highly dependent on the presence and abundance of lowland competitors. 

 Individualistic species responses to climate also question our ability to generalise the 

effects of global warming on plant populations. Since the climatic controls of a given species 

may not relate to the climatic controls of another species, more effort should be given to key 

and/or endangered species that may have specific values for conservation. 
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