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9.1 Introduction

The importance of nitrogen (N) for plant growth has

been well understood since the pioneering work of von

Liebig (1840), which described the effect of individual

nutrients on crops. Since this work, many studies have

addressed plant nutrients in general and N in particu-

lar, leading to greater understanding of the coupling

between N availability, carbon (C) and N fluxes, and

whole plant growth.

Optimized whole plant growth requires a close

relationship between C and N metabolisms. Although

carbon fixation takes place in the leaves, its rate

depends on leaf N content and thus on root N uptake,

because chemical reactions are catalyzed by enzymes

whose activities are based on the energetic substrate

provided by photosynthetic C. Hence, the chemical

composition of a plant in the different organs must

be maintained in a narrow range, which therefore

implies a balance between (1) N assimilation from

the roots, (2) N allocation to the leaves and (3) C

uptake of the leaves. This coupling is largely depen-

dent on environmental constraints.

In alpine areas, the landscape-scale distribution of

snow (which is closely related to the mesotopography)

is a main driver of plant community composition and

functioning. Through its effect on the length of the

growing season, snow provides a complex ecological

gradient affecting the seasonal course of temperature,

light, wind exposure, soil water content and nitro-

gen availability (Jones et al. 2000). Therefore, all

temperature-dependent processes in alpine ecosystems

are under the ultimate control of snow cover because it

determines growing season length (i.e. the length of

the favourable period), soil temperature and water and

nitrogen availability (see Fig. 9.1). Typically, between

late and early snowmelt locations, the delayed onset

of the growing season can be particularly important,

up to 40 days in the internal French Alps (Fig. 9.1).

Besides, N availability in late snowmelt meadows is

generally greater than in dry meadows, at least at the

time of snowmelt (Baptist and Choler 2008; May and

Webber 1982) and for some locations at all times

of the year (Miller et al. 2009). This difference is

reflected in all inorganic N pools, with gross and net

N mineralization rates being systematically lower

in early snowmelt locations compared to late snow-

melt locations (Fisk et al. 1998; Miller et al. 2009).

Given these constraints, whole plant growth and nutri-

ent acquisition strategies vary greatly over very short

distances within alpine areas.

According to the Intergovernmental Panel on Cli-

mate Change (IPCC 2007) and the European Environ-

ment Agency (EEA 2009), alpine plants will in future

be exposed to enhanced CO2 and temperature

conditions. As described in more detail below,

predicted temperature increases (IPCC 2007) are

expected to have direct impact on plant performance.

However, it should be also considered that temperature

increases will have indirect effects in plants as a conse-

quence of possible modifications of snow cover periods

as well as shortages of N and water availability. In order

to consider the effects of climate change on alpine plant

growth and to identify potential synergistic and
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antagonistic phenomena (Valladares and Pearcy 1997),

it is crucial to fully understand the coupling between N

and C fluxes and pools taking into account variations in

plant metabolism along environmental gradients.

In this chapter, we will begin by reviewing the

coupling of C and N cycles at the whole plant level

along the environmental snow cover gradient with a

functional trait approach, before we move on to a more

detailed understanding of C and N coupling for C/N

uptake and storage in alpine plants. Finally, we will

address the potential effect of climatic change

(changes in air temperature, snow cover and CO2

concentration) on C and N metabolisms and as a

consequence on whole alpine plant growth.

9.2 Relation Between Resource
Availability, Carbon and Nitrogen
Assimilation, Tissue Composition
and Whole Plant Growth

9.2.1 Carbon and Nitrogen Metabolisms
for Resource Acquisition

Plants have several contrasting and complementary

strategies for optimizing C and N uptake. However,

these strategies do not occur randomly across terrestrial

biomes, but partly follow soil N supply. Indeed, a grow-

ing body of theoretical (Grime 1977; Chapin 1980;

Westoby 1998) and empirical work (Reich et al. 1999;

Wright et al. 2004) points to the existence of a funda-

mental trade-off between rapid acquisition of resources

and conservation of resources in plant species along

fertility gradients. Cumulative radiation during the

growing season in the C140 and C180 communities.

The clear sky model is shown for comparison.

Fig. 9.1 (a) Time course of daily mean (� standard error) soil

temperature 5 cm below the ground surface and (b) cumulative

radiation during the growing season in the late (grey) and early

(black) snowmelt communities. In (b), the Clear Sky Model

(CSM) is shown for comparison, and means (� standard error)

were calculated over the period 1999–2004. Data were recorded

at Briançon (1,300 m a.s.l.), 30 km from the study site. The

Clear Sky Model developed in the framework of the European

Solar Radiation Atlas (Rigollier et al. 1999) was used to

model the incoming global irradiance on a horizontal plane

under cloudless sky cumulative degree-days in early and late-

snowmelt locations. (c) Cumulative degree-days in early and

late-snowmelt locations. Data were averaged over the period

1999–2005 and were recorded at two or three different sites,

depending on the year, close to the Galibier pass (France).

Modified from Baptist and Choler (2008)
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Fast-growing species from fertile habitats maxi-

mize resource acquisition, whereas slow-growing spe-

cies in infertile habitats maximize resource

conservation. A series of quantitative traits have been

associated with this fundamental trade-off in plant

function (Reich et al. 1992; Grime 1997; Garnier

et al. 1999). Fast-growing species usually have a com-

bination of high Specific Leaf Area (SLA), high tissue

N concentration, low tissue density, high rates of C

and nutrient uptake, and short-lived leaves. These

traits are basically associated with (1) higher rates of

maximum photosynthesis because the large amount of

leaf organic N is mostly allocated to the photosyn-

thetic machinery (Evans and Seemann 1989) and (2)

with short-lived leaves due to low C/N ratios and

physically soft foliage. The opposite traits characterize

species from nutrient-poor habitats in which the mean

residence time of nutrients tends to be maximized

through greater organ longevity (in particular leaves)

and/or higher resorption of nutrients from senescing

organs. Because these traits are easy to measure for a

large number of species and sites, they can be consid-

ered as precious tools to understand whole plant func-

tioning and to relate it to ecosystem processes.

Within alpine regions, recent studies have

demonstrated that consistent shifts in specific richness

(e.g. Komarkova and Webber 1978; Kudo and Ito

1992; Theurillat et al. 1994) and in plant functional

diversity occur along mesotopographical gradients

(Kudo et al. 1999; Choler 2005). A greater Leaf Nitro-

gen Content (LNC), a higher SLA and a predominance

of horizontal leaves (i.e. trait values generally

associated with a high capacity for resource acquisi-

tion) are common features of species from late snow-

melt sites (Choler 2005). These traits ensure efficient

carbon fixation at the leaf and canopy levels and are

generally associated with higher root respiration rates

and higher N uptake (Craine et al. 2002, 2005;

Tjoelker et al. 2005). Typically, Bliss (1956) reported

at the community level that values of above-ground

net primary productivity varied from 0.4 g m�2 d�1 on

a dry windy ridge to 1.9 g m�2 d�1 in a wet meadow,

while above-ground production totalled 280 g m�2 in

dry meadows, 410 g m�2 in moist meadows and

600 g m�2 in wet meadows (Fisk et al. 1998). These

results underlie a clear reduction of above-ground

production from early to late snowmelt locations. In

parallel, below-ground productivity (g m�2 d�1) and

total N uptake in semi-controlled conditions was more

than twice as high for the late snowmelt species com-

pared to the early snowmelt species (Baptist et al.

2009a). Total N accumulation for production averaged

3.9 g m�2 in dry meadows, 5.4 g m�2 in moist

meadows, and 6.8 g m�2 in wet meadows (Fisk et al.

1998) suggesting a higher total N uptake in late snow-

melt locations. This tight coupling of C fixation and N

uptake in late snowmelt locations allows plants to

counterbalance the snow-induced reduction in the car-

bon uptake period and thus to complete their vegeta-

tive life cycle quickly.

Conversely, species from early snowmelt sites are

characterized by upright and thick leaves and low

SLA, i.e. trait values generally associated with nutrient

conservation strategies (Wright et al. 2004). Increased

leaf thickness along with reduced surfaces of alpine

plants might protect tissues from being abraded by

wind-transported particles and ensure structural

photoprotection against photoinhibition (Valladares

and Pugnaire 1999; Germino and Smith 2000).

Overall, these studies demonstrate the existence of

a fundamental trade-off between rapid acquisition of

resources and conservation of resources in plant spe-

cies along snow cover alpine gradients that are

regarded as adaptations for overcoming nutrient

limitations and other environmental constraints (espe-

cially soil water content and fertility). Typically, they

reveal a shift from energy-limited plants (i.e. light,

because of short growing season) to nutrient and

water-limited-plants.

9.2.2 Whole Plant Distribution of
N-related Function and Compounds
in Relation to Root/Shoot C Balance

Although still relatively unknown (Garnier 1991;

Osone et al. 2008), growth and carbon allocation

patterns are largely affected by the distribution of

N-related functions and compounds in plants. Several

mechanisms exist including various patterns of bio-

mass allocation and differences in the uptake, assimi-

lation and/or storage of N mineral forms (NO3
�/NH4

+)

and organic forms (amino acids) as well as the effi-

ciency of using the assimilated nitrogen to produce

new biomass. In order to be assimilated into organic

nitrogen, NO3
� must be reduced by nitrate reductase

(NR) to NO2
� and then by nitrite reductase (NiR)

into NH4
+. Both reactions require electrons from

9 Interaction of Carbon and Nitrogen Metabolisms in Alpine Plants 123



photosynthetic electron transport. At the leaf level,

NH3 is converted into amino acids by the GS/

GOGAT enzyme reaction and carbon skeletons

provided by the organic acids derived from the tricar-

boxylic acid cycle in the mitochondria. These C-

skeletons used for amino acid biosynthesis are derived

from glycolysis, photosynthetic carbon reduction, the

oxidative pentose phosphate pathway and the citric

acid cycle, and ATP for the GS/GOGAT reaction is

generated by photosynthesis and respiration (Lawlor

2002). Accordingly, the site of NO3
� reduction (roots

and shoots) may have a substantial impact on the C

demand for NO3
� assimilation. For example, species

that reduce NO3
� predominantly in their shoots may

have the advantage of being able to use the excess

reductant produced in photosynthesis (Pate 1983). By

contrast, species that reduce NO3
� mainly in the roots

must obtain their reductants from glycolysis and the

oxidative pentose phosphate pathway (Oaks and Hirel

1986). Depending on the plant species and growing

conditions, nitrate reduction may be predominantly in

the shoot or the root, or there may be some intermedi-

ate strategy (Pate 1983; Andrews 1986).

According to Scheurwater et al. (2002) and

Andrews (1986), under optimum nutrient availability

conditions, shoots are the main site of whole plant

NO3
� reduction in both fast- and slow-growing

grasses. However, the mechanisms underlying such a

shoot versus root pattern of N reduction may display

large interspecific variability in non-optimal environ-

mental conditions. For example, a recent study

conducted by Baptist et al. (2009a) with fast (Carex

foetidea) and slow (Kobresia myosuroides) growing

alpine plants showed that fast-growing species

displayed improved photosynthetic capacity and

decreased N reduction capacity in leaves, which was

compensated by the preferential C allocation to root

growth and/or storage. These plants increased the

translocation of reduced N to above-ground organs

so as to compensate for the lower N assimilation

capacity. The high C flux allocated to the below-

ground compartment in C. foetida promoted signifi-

cant levels of NO3
– reduction in the roots (Pate 1980).

Hence, although these results cannot be generalized,

they suggest that an allocation-based balance between

root N reduction and leaf CO2 assimilation is involved

in growth strategies of alpine species growing under

short, energy-limited vegetation periods. This cou-

pling between C and N fluxes was less apparent in

the case of slow growing species that experienced

higher N reduction in the leaves.

Depending on nutrient acquisition strategies, pref-

erential N uptake (mineral, organic) might be expected

in order to adapt to N form availability and to optimize

uptake and reduction costs especially in the alpine

areas. Indeed, approximately 81% of the energy

required to synthesize protein with nitrate as the

source of nitrogen is used in reducing nitrate and

synthesizing amino acids, however when nitrogen is

supplied as ammonium, only 2% of the energy

involved in protein synthesis is required to synthesize

the constituent amino acids. Hence, the conversion of

nitrate into amino acids in the cell is a process that

consumes large amounts of energy and carbon. Plant

roots also display high-affinity uptake systems for

amino acids and therefore amino acids can be readily

catabolized or used without additional costs.

Numerous studies have addressed the functional

significance of the uptake of various forms of N by

alpine plants and have generally indicated that all

species were capable of taking up organic nitrogen

(Chapin et al. 1993; Kielland 1994; Raab et al. 1999;

Miller and Bowman 2003), some even equalling or

exceeding inorganic N uptake (Raab et al. 1999; Xu

et al. 2006). However, relative concentrations of N at

the sites of plant sampling did not correspond to

patterns of N uptake among species. Instead, species

from the same community varied widely in their

capacity to take up NH4
+, NO3

� and glycine,

suggesting the potential for differentiation among spe-

cies in resource (N) use and also during the growing

season. For example, while Festuca eskia mainly used

NH4
+ early and NO3

– late in the growing season, the

reverse was observed for Nardus stricta (Pornon et al.

2007). Besides, according to Miller and Bowman

(2003), soils from late snowmelt locations and from

mid-gradient locations characterized by high amino

acid concentration do not support species that exhibit

a high capacity for glycine uptake. By contrast, Baptist

et al. (2009a) indicated that Carex foetida, which

grows in late snowmelt locations, displayed higher

amino acid uptake compared to species from early

snowmelt locations (i.e. Kobresia myosuroides).

Hence, along snow cover gradients, contrasting and

complementary strategies exist for increasing N

uptake efficiency, and/or for broadening the options

of N uptake from resources of different chemical

composition. Although soil N fertility plays an

124 F. Baptist and I. Aranjuelo



important role in species’ distribution and abundance,

it is therefore a relatively poor predictor of plant N

preferences. Rather, these patterns may favour the

potential for species coexistence in a given habitat

and might allow plants to adapt to N-form seasonal

variations.

9.3 Carbon and Nitrogen Storage
in Alpine Plants

The acquisition and the allocation of resources are

dependent on the build-up of stored carbohydrate and

nutrients. This function is particularly important in

mountain environments characterized by harsh and

constraining conditions (i.e. long, cold winters and

short growing seasons) as it gives plants: (1) the sup-

port of vegetative regrowth following dormancy

(Menke and Trlica 1981), (2) the ability to bridge

temporal gaps that exist between resource availability

and resource demand (Chapin et al. 1990), (3) the

support for sexual or vegetative reproduction during

the absence of photosynthesis and (4) the ability to

survive calamities such as defoliation, shading or

frost. Moreover, the mobilization of stored nitrogen

and carbon reserves facilitates competing sinks and

permits successful completion of reproduction before

the onset of the winter season. Finally, the occurrence

of a large concentration of soluble proteins may be

important in the low temperature conditions of alpine

regions (Öncel et al. 2004). It was typically the case of

the leguminous alpine herb, Oxytropis sericera, or of

members of the Caryophyllaceae that vegetative and

reproductive growth was partly supported from stored

reserves at least in its earlier stages (Wyka 1999).

Although starch and sucrose are considered as

the major storage compounds for cereals and grasses

(grains filled with starch) other carbohydrate stores can

be metabolized, e.g. fructans in F. paniculata, a subal-

pine species, or cyclitol in some Caryophyllaceae.

While B. bistortoides relies almost entirely on

glucose, fructose and sucrose, Castilleja puberula

produces high concentrations of mannitol, and Trifo-
lium nanum contains high concentrations of cyclitols.

According to Monson et al. (2006), in alpine fellfields

two groups emerged: the first constituted by Trifolium
sp. and Artemisa scopulorum, which maintain a major-

ity of the soluble carbohydrate as cyclitols, whereas the

monocots Carex and Luzula exhibited little cyclitol

and maintained a majority of soluble carbohydrate as

sucrose. The selective advantage of fructan or cyclitol

as storage carbohydrates is commonly based on the

idea that the utilization of the vacuole as a storage

compartment would allow plants to exploit

constraining environments where periods of positive

carbon balance are short and net mobilization of

reserves is required to sustain growth (Pollock and

Cairns 1991; Monson et al. 2006). Indeed, by

maintaining supplies of fructose and sucrose and

other ready-to-use C-compounds in vacuoles, these

species obviate the need for transport of carbohydrate

over distance as in starch storing species (Bloom et al.

1985; Hendry 1987). Besides, in subalpine and alpine

ecosystems, plant growth starts, depending on species,

either 10 days before and after snowmelt, which largely

sensitizes plants to freezing events leading to the loss

of tissue (K€orner 1999; Inouye 2000, 2008). The pres-
ence of such C stores in the stem base and leaf vacuole

might offset possible damaging effects associated with

frost events (Bloom et al. 1985).

Several studies in controlled environments and

field conditions have demonstrated that the availabil-

ity of N reserves, and particularly the concentration in

vegetative storage proteins, is closely related to shoot

growth potential (Avice et al. 1996; Justes et al. 2002;

Meuriot et al. 2005). However, to our knowledge, no

studies have identified patterns of N storage along

alpine gradients. The species that possess the highest

protein concentration and level of vegetative storage

protein (VSP) accumulation consequently exhibit the

fastest bud growth, the greatest rate of expansion in

leaf area index and the highest shoot production in

spring (Justes et al. 2002). This increase in N reserves

in perennial organs (taproot), especially in the form of

VSPs, can be an important adaptive trait towards tol-

erance to unpredictable events in alpine environments,

to sustain growth at the beginning of the growing

season or to withstand processes of cold hardening,

which is fundamental in alpine habitats. For example,

Eriophorum vaginatum reached its maximum growth

rate early in the season supported entirely by N stored

in the stem at a time when the roots were still frozen in

the soil (Shaver et al. 1986). By contrast, according to

Jaeger and Monson (1992) and Lipson et al. (1996),

rather than using N stores to start its growth earlier in

the season, Bistorta bistortoides used them to support

the high demand for resources encountered during the

growing season when leaves competed for substrate
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that could not be supplied adequately by soil

uptake alone. Hence, although the storage organ of

B. bistortoides accommodates luxury uptake of N,

the major function of the rhizome seems to retain a

pool of mobile nitrogenous compounds to accommo-

date predictable seasonal variation in N supply and

demand rather than to capitalize on unpredictable

events. Similarly, Kleijn et al. (2005) demonstrated

that reserves allow Veratrum album to complete the

above-ground growing cycle as fast as possible and

thus reduce the exposure to stochastic events such

as frosts. Hence, higher nutrient concentrations and

important N stores permit the refilling of carbohydrate

stores used to promote growth during the growing

season, and to support maintenance metabolism dur-

ing the winter season. However, according to the liter-

ature, most of the studied plants rely primarily on soil

N-resources for their seasonal growth rather than on

N stores. Hence, a reduction in soil N availability due

to lower snow precipitations may result in a reduction

of C stores and therefore (1) decreased allocation to

growth and reproduction and (2) a lower ability to

cope with hazardous events.

9.4 Effect of Climatic Changes
on Carbon–Nitrogen Interactions
in Alpine Plants

9.4.1 Global Climate Change in Alpine
Areas

The EUWhite Paper on Adaptation (EEA 2009) names

the Alps as among the areas most vulnerable to climate

change in Europe, although much uncertainty still

exists as to the possible effects of such changes on

vegetation communities and ecosystem properties

(Theurillat and Guisan 2001). After the industrial rev-

olution, as a consequence of human activity, atmo-

spheric [CO2] has steadily increased from an

estimated 280–379 mmol mol�1 in 2005 with a current

average increase of 1.9 mmol mol�1 per year (Alley

et al. 2007). According to the predictions of the IPCC

(2007), at the end of the present century this concentra-

tion may be around 700 mmol mol�1, i.e. 2.5 times the

preindustrial value. As a consequence, the global mean

surface temperature has risen by 0.74ºC � 0.18ºC over

the last 100 years (1906–2005), and Europe has

become warmer than the global average especially in

the south-west, the north-east and mountain areas

(IPCC 2007). Besides, according to Dye and Tucker

(2003), between 1972 and 2000 the duration of the

snow-free period in northern hemisphere land areas

increased by 5–6 days per decade, and earlier snow

cover disappearance in spring has been observed to

have increased by 3–5 days per decade. Moderate

future climate scenarios predict a temperature rise of

3.9ºC up to the end of the twenty-first century for the

Alps, with stronger warming during the second half of

the century (European Environment Agency 2009;

Beniston 2003; Noguès-Bravo et al. 2007) associated

with an alpine-wide decline of snow-covered days (see

Stewart 2009 for a review). As a consequence, the

observed and projected impacts include changes in

the hydrological cycle of mountain regions and chang-

ing water availability in elevated and surrounding

regions, a decline in glacier cover, and a reduction in

permafrost, increasing hazards and damage to high-

mountain infrastructure and northward and uphill dis-

tribution shifts of many European plant species (60%

ofmountain plant species may face extinction by 2100)

(Auer et al. 2007; Beniston 2003; Noguès-Bravo et al.

2007). As a result of the changing precipitation

patterns, there will also be a change in the incidence

of dry periods. The enhancement of temperature will

lead to increased rainfall, less snowfall during the

winter, and consequently water availability limitation

during the growing season (EEA 2009).

9.4.2 Effect of Increasing Temperature
and Decreasing Snow Cover
Duration on Plant Performance

As mentioned above, warmer conditions and

decreased snow cover are expected in the Alps

(IPCC 2007, Figs. 9.2 and 9.3), which has the potential

to alter individual plant performance by influencing

the growing season length and soil microclimate.

Warmer conditions are very likely to increase produc-

tivity and the biomass of alpine plant communities

(Theurillat and Guisan 2001), however, this question

has mainly been addressed through modelling

approaches. Typically, Riedo et al. (1997) showed

that a seasonally uniform temperature increase by

2�C raised net primary production by 50% in an alpine

landscape by modelling the productivity of managed

grasslands in the Swiss Alps. Similarly, Baptist and
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Choler (2008) demonstrated that the snow-induced

changes in the length of the growing season might

have a great impact on the seasonal gross primary

productivity of alpine plant communities.

However, in real field conditions, one might predict

a small impact on carbon uptake if plant communities

are dominated by periodic species, i.e. species with a

fixed, genetically controlled growing period (Sørensen

1941). Conversely, the short-term consequences for

ecosystem productivity would be stronger if aperiodic

species, i.e. species able to extend their vegetative

growth, were dominant. Besides, there is a realistic

possibility of an increased frequency of freezing

events during periods when plants are active in moun-

tain environments, because a warmer climate might

advance phenology in many alpine plants with a cur-

rent risk of freezing temperatures (Inouye 2000, 2008).

Indeed, during winter, plants are usually protected

from low temperature by snow cover or by specific

features (e.g. higher concentration of sugars or

supercooling, see previous section). The situation is

different once snow disappears because plants gener-

ally display rapid dehardening. Hence, if snowmelt is

advanced, the plants will be exposed to freezing

Fig. 9.2 Seasonal changes in precipitation and temperature up to the end of the twenty-first century, according to CLM scenario

A1B. Figure adapted from the European Environment Agency, Regional Climate Change and Adaptation (2009)

Fig. 9.3 Run-off and snow cover change up until the end of the twenty-first century in the winter, according to the CLM A1B

scenario. Figure adapted from European Environment Agency, Regional Climate Change and adaptation (2009)
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temperatures making them much more sensitive to

frosts (K€orner 1999; Baptist et al. 2009b; Sierra-

Almeida and Cavieres 2010).

Besides, since microbiota-derived N represents an

important source of N for alpine plants (Schmidt et al.

2007), the temperature effect on bacterial activity will

strongly condition plant growth. Studies on plant-

microbe interactions in the alpine N cycle have

revealed a seasonal separation of N use, with plants

absorbing N primarily during the summer months and

microbes immobilizing N primarily during the autumn

months (Jaeger et al. 1999; Lipson et al. 1999;

Schmidt et al. 2007). The peak of nutrients at snow-

melt, coupled with the mineral release from snowmelt

water, is crucial as it partly supports seasonal plant

growth, representing up to 7–12% of total N uptake

during the growing season (Bilbrough et al. 2000).

Unlike early snowmelt species, late snowmelt alpine

species strongly rely on this flush of mineral nitrogen

(e.g. Kleijn et al. 2005; Monson et al. 2006), which

allows rapid expansion of photosynthetic tissues and

ensures efficient light capture and carbon fixation

(Bryant et al. 1998; Baptist et al. 2010). In the context

of global climate change we can expect that, despite

a potential plant growth-stimulating increase in tem-

perature, reduced snow cover and advanced snowmelt

might dramatically impact the growth of species

from late snowmelt locations (Bj€ork and Molau

2007). This might occur due to (1) the growth period

not matching the period with large soil N availability

and (2) because the soil may dry out to a great degree

during summer. Further studies addressing climate

change effects and the overlap between environmental

conditions advantageous for plant growth and N

release from microorganism collapse will be crucial

in order to understand the response of alpine plants

to future climate conditions and their redistribution

within alpine environments.

9.4.3 Elevated CO2 Effect on C and N
Interactions in Alpine Plants

Changes in C and N metabolism, implying changes to

overall plant growth, cannot be dissociated from the

‘fertilization effect’ of increasing atmospheric CO2.

Understanding how plants will respond to the rapid

CO2 increase and developing knowledge about their

capacity to adapt is an essential initial step in

understanding the full impact that global climate

change will have on terrestrial ecosystems (Leakey

et al. 2009). During recent decades, several CO2

enrichment experiments have been conducted in

plants, and the results have shown that elevated CO2

can have significant effects on the growth and physiol-

ogy of plants (Saxe et al. 1998; Ainsworth and Long

2005; K€orner et al. 2005; Hovenden et al. 2008;

Aranjuelo et al. 2008). Primary effects of CO2

enhancement on plants are well documented (Nowak

et al. 2004; Long et al. 2004; Aranjuelo et al. 2009) and

include increased plant biomass and leaf net photosyn-

thetic rates (Long et al. 2004; Nowak et al. 2004;

Ainsworth and Long 2005). However, photosynthetic

and growth responses will depend on their genetically

determined potential (Long et al. 2004; Nowak et al.

2004; Aranjuelo et al. 2009). Although most of the

research on climate change effects in plants has been

conducted in fast-growing plants, it should be consid-

ered that slow-growing plants account for a large pro-

portion of species. Because these plants usually grow

in extreme environmental conditions, such as alpine

environments, it is not clear to what extent their growth

rate and, consequently, their responsiveness to ele-

vated CO2 is going to be conditioned by their own

metabolic limitations. In this context, Poorter and

Pérez-Soba (2001) stated that slow-growing plants

would be less responsive to elevated CO2 as a conse-

quence of their metabolism and the construction costs.

However, based on photosynthetic models, Lloyd and

Farquhar (2000) suggested that slow-growing plants

would be more responsive to enhanced CO2 than fast-

growing plants. In a first report, K€orner and Diemer

(1987) compared the CO2 response curves of 12 plants,

later extended to 20 species (K€orner and Pelaez

Menendez-Riedl 1989) grown at different altitudes

and CO2 levels and observed that high altitude plants

with lower ambient CO2 increased their efficiency of

CO2 utilization. In a later study conducted by K€orner
et al. (1997), where alpine plants were exposed to

elevated CO2 conditions (355 versus 680 mmol mol�1)

in open top chambers (OTC), the authors observed

that plant biomass was not affected by the CO2

level. The study also indicated that ecosystem gas

exchange was increased in plants grown under

elevated CO2 conditions. This increase in CO2 con-

centration may enhance the potential net photosyn-

thesis for C3 plants, because ribulose-1,5-bisphophate

carboxylase/oxygenase (rubisco) is not CO2 saturated
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at the current concentration (Drake et al.,1997). This

enzyme catalyses the photosynthesis and photorespira-

tion reactions, but the current atmospheric CO2 concen-

tration is insufficient to saturate Rubisco in C3 plants.

Thus, an increase in ambient CO2 increases the leaf

internal CO2 concentration and the CO2/O2 ratio at the

Rubisco site, which favours carboxylation rather than

oxygenation of ribulose-1,5-bisphosphate (RuBP)

(Andrews and Lorimer 1987). In this context, a study

conducted in alpine plants exposed to CO2 conditions

by K€orner et al. (1997) revealed that although photo-

synthetic activity increased under elevated CO2

conditions, no statistical differences were observed in

biomass production. The excess C associated with the

enhanced CO2 fixation in these plants was accumulated

in the leaves (K€orner et al. 1997). This study suggested

that with some exceptions, total non-structural

carbohydrates (TNC) increased (mainly due to sucrose,

glucose and fructose enhancement) under elevated CO2

conditions. As observed by the authors, these results are

in agreement with previous studies (Sakai and Larcher

1987; Guy 1990) which support the idea that plants

from cold habitats accumulate soluble sugars so as to

maintain a high degree of frost resistance throughout

the vegetation period (see above).

Many studies have shown that photosynthesis

acclimates to elevated CO2 over long-term

experiments, a process often referred to as ‘down-regu-

lation’ (Long et al. 2004). A study conducted on alpine

plants described that although exposure to elevated

CO2 conditions increased CO2 utilization efficiency,

depending upon the extent and duration of CO2

enhancement, a tendency to downward adjustment of

photosynthesis was observed (K€orner and Diemer

1994; K€orner et al. 1997). Reduced or acclimated stim-

ulation of photosynthesis is attributed to stomatal

(Naumburg et al. 2004) and non-stomatal limitations

(Aranjuelo et al. 2009). Non-stomatal limitations

reduce photosynthesis due to reduced light capture

(Aranjuelo et al. 2008) or decreased Rubisco carboxyl-

ation of RuBP (Stitt and Krapp 1999; Long et al. 2004;

Aranjuelo et al. 2005). There are two basic mechanisms

by which Rubisco down-regulation occurs. The first

mechanism hypothesizes that the reduction in Rubisco

content occurs as a consequence of the leaf C build-up

(Moore et al. 1999; Aranjuelo et al. 2009). According to

the second mechanism, decreases in Rubisco content

may reflect a general decrease in leaf N availability

(Ainsworth and Rogers 2007).

Based on the C build-up theory, enhancement of

leaf carbon content caused by the greater photosyn-

thetic rates of plants exposed to elevated CO2 induces

suppression of gene encoding for proteins belonging to

the photosynthetic apparatus, resulting in decreased

photosynthetic capacity (Moore et al. 1999; Jifon

and Wolfe 2002). When plants exposed to elevated

CO2 are limited in their ability to increase C sink

strength, they decrease their photosynthetic activity

to balance C source activity and sink capacity (Thomas

and Strain 1991). Although the C source capacity

increases as a consequence of photosynthesis and

carbohydrate synthesis during the early stages of ele-

vated CO2 exposure (Drake et al. 1997), the capacity to

make use of such an increased C supply will condition

responsiveness of the photosynthetic apparatus in the

long term (Aranjuelo et al. 2009). The ability to “use”

such an increase in C depends on the capacity of the

actual sinks or development of new sinks (Stitt and

Krapp 1999; Lewis et al. 2002; Aranjuelo et al. 2009).

As explained by K€orner et al. (1997), there are four

pathways through which excess C could be diverted:

(1) respiratory losses during the dormant season,

(2) C accumulation in soil microorganisms, (3) accre-

tion of soil organic matter, and (4) export from the

system in the form of dissolved organic matter. In the

case of alpine plants, the previously mentioned study

conducted by K€orner et al. (1997) did not detect signi-

ficant differences in respiratory losses. Likewise, ele-

vated CO2 had no effect on soil respiration, microbial

biomass or on soil C and N. These results suggest that

the inability of such plants to “use” the extra C caused

the carbohydrate build-up that led to adjustments in

photosynthetic activity in alpine plants exposed to

elevated CO2 conditions. Furthermore, it should be

considered that, since N availability is a key factor con-

ditioning responsiveness of the photosynthetic appara-

tus, there is evidence that the carbohydrate-mediated

repression of photosynthetic genes is more severe in

nitrogen-deficient plants than in nitrogen-depleted

plants (Stitt and Krapp 1999).

The second hypothesis states that Rubisco activity

decreases due to the relocation of N within the plant.

Recent studies indicated that, under elevated CO2

conditions, plants increased their N use efficiency

(NUE) through the redistribution of the excess

N invested in Rubisco (Ainsworth and Rogers 2007).

Low leaf N could lead to either a proportional (Geiger

et al. 1999) or a selective (Reviere-Rolland et al. 1996)
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reduction in Rubisco. This hypothesis suggests that

there is N limitation where N uptake from soils fails

to keep pace with photosynthesis and C acquisition.

According to the description of K€orner et al. (1997),

in alpine plants, the exposure to elevated CO2 has no

measurable effect on sugar and amino acids exuded by

the roots into the soil. This study also showed that, at

elevated CO2 concentration, a low soil N supply could

limit photosynthesis, leading to diminished plant N

availability in the long term. Limited C supply to soil

microbiota together with the low soil N availability of

those plants might have limited N availability. N avail-

ability is a critical factor, limiting plant growth and

increasing the response to elevated CO2 conditions.

Since low N availability often strongly limits biomass

production in alpine plants (Bowman et al. 1993;

Haselwandter et al. 1983), changes in plant N availabil-

ity induced by exposure to elevated CO2 could modify

rates of N cycling and cause shifts in plant species

dominance. However, according to the observations of

Arnone (1997, 1999) on different high-elevation native

Swiss alpine plants, elevated CO2 does not modify soil

N content.

These studies highlighted the fact that the CO2

effect on photosynthetic activity and consequently on

plant growth will be strongly mediated by N availabi-

lity. Although little is known about the CO2�N effect

in alpine plants, studies conducted on other plants

suggest that the role of N availability will be a key

factor conditioning the capacity of such plants to

develop or increase C sink strength. More research

is therefore needed on this topic.

9.5 Conclusions and Perspectives

In alpine areas, the productivity of most communities

and species is constrained by the supply of N, but also

by the length of the growing season and water avail-

ability. These constraints are distributed along topo-

graphical gradients and vary from energy-limited

species to nutrient- and water-limited plants from

late to early snowmelt locations. As a result the acquis-

itive nutrient strategies of alpine plants shift towards

conservative nutrient strategies. Little information is

available concerning the coupling between C and N

fluxes within the alpine plants as well as the residence

time of C and N in different organs. In fertile habitats,

species experienced high C fixation coupled with higher

root N uptake, although most species reduce nitrogen in

the leaves rather than in the roots. By contrast, alpine

species do not display a correlation between nutrient

acquisition strategies and preferential N-form uptake.

This process appears to be highly idiosyncratic and can

by be interpreted as an adaptation to seasonal variations

inN-form and away tomaintain plant coexistence in the

ecosystem.Alpine plants store large amounts of C andN

in the different storage organs (roots, bulb etc.). How-

ever, even though C stores appear to be crucial for the

start of growth at the beginning of the growing season, N

reserves seem to support the high demand for resources

during the growing season when soil uptake alone can-

not provide adequate supplies for whole plant demand.

As discussed above, although very few studies have

considered the predicted climate change effect on the

performance of alpine plants, it is crucial to improve

our knowledge of this topic, because plant growth and

species distribution will be strongly affected in the

near future. Lengthened growing seasons might lead

to an increase in net primary productivity depending

on the phenological and frost tolerance features of

alpine plants. Also, for the correct performance of

alpine plants it will be crucial that the growth period

matches the period of large soil N availability, namely

at snowmelt. Accordingly, the species growing in late

snowmelt locations might be the most sensitive to

climatic change, as they generally display a low capac-

ity to recover from frost events and depend greatly on

the pulse of nitrogen at snowmelt.

Furthermore, due to synergistic and antagonistic

phenomena, future studies should consider the inter-

action of the elevated CO2 effect and other predicted

growth-limiting conditions, such as temperature, and

N and water availability. The very few studies

conducted up to this point on this topic show that the

CO2 effect will be mediated by N and temperature.

However, very little is known about the key processes

involved in these responses. Knowledge of these

topics is imperative to further understand how alpine

plants (at the individual and community level) will

cope with climatic change in the following decades.
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