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ABSTRACT 

The rise in atmospheric carbon dioxide concentration ([CO2]) is expected to have 

significant effects on alfalfa and timothy, two forage crops widely grown as a mixture 

throughout Canada. In this study, we designed and built an open-top chamber system that was 

used to study the effects of elevated [CO2] on the yield, nutritive value, fall organic reserve 

accumulation and root degradability of an alfalfa-timothy mixture. After two growing seasons of 

operation, the OTC system proved to be efficient at maintaining an elevated [CO2] with minimal 

alteration of growing conditions. The yield of the alfalfa-timothy mixture increased in response 

to elevated [CO2], particularly during the warmest months of the growing season. The nutritive 

value of the mixture was decreased through a slight reduction in total nitrogen concentration, a 

significant increase in fibre constituents and slightly reduced digestibility. Elevated [CO2] did 

not affect fall organic reserve accumulation measured during cold acclimation. However, root 

degradability was significantly increased in alfalfa, indicating potentially reduced soil carbon 

storage under future conditions. This study validates the use of an OTC system as an effective 

and relatively inexpensive way to study the long-term effects of elevated [CO2] on plants.   
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RÉSUMÉ 

L’augmentation de la concentration en dioxide de carbone (CO2) pourrait affecter la 

croissance de la luzerne et de la fléole, deux plantes fourragères généralement cultivées en 

mélange à travers le Canada. Dans cette étude, un système d’ « open-top chambers » a été mis au 

point afin d’étudier les effets de l’augmentation de la concentration en CO2 sur le rendement, la 

valeur nutritive, l’accumulation des réserves et la dégradabilité des racines d’un mélange pérenne 

composé de luzerne et de fléole des prés. Le système, après avoir été en fonction pendant deux 

saisons de croissance, s’est montré efficace à maintenir une concentration élevée en CO2, tout en 

maintenant des conditions de croissance semblables à celles en champs. Le rendement du 

mélange a augmenté en réponse à l’augmentation du CO2, plus particulièrement durant les mois 

les plus chauds de la saison de croissance. La valeur nutritive du fourrage a été diminuée en 

raison d’une légère baisse du contenu en azote totale, d’une augmentation significative du 

contenu en fibres et d’une légère baisse de la digestibilité. L’augmentation du CO2 n’a toutefois 

pas affecté l’accumulation des réserves à l’automne chez les plantes. Cependant, la dégradabilité 

des racines de luzerne a été augmentée significativement, indiquant une possible diminution du 

carbone du sol sous des conditions climatiques futures. Cette étude valide l’utilisation d’ « open-

top chambers » comme un moyen efficace et relativement peu coûteux pour l’étude à long terme 

des effets du CO2 sur les plantes. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Tame hay ranks third in terms of acreage in Canada, with 19% of the agricultural area 

being devoted to that crop, behind wheat and canola (Statistics Canada 2014b). In Québec, the 

proportion is 38% (ISQ 2014), highlighting the economic importance of dairy and beef 

productions. Indeed, the main output of grasslands is forage fibre, which is a major constituent of 

dairy and beef cattle’s diet. The latter typically ingest a greater proportion of their ration as 

forages, as opposed to lactating dairy cows which have higher energy requirements, generally 

filled from a combination of forages and supplements (Kawas et al. 1991). In Canada, the dairy 

and beef industries account for 5.9 and 6.8 billion dollars in farm cash receipts, respectively 

(Statistics Canada 2014a).  

Climatological models predict that the atmospheric carbon dioxide concentration ([CO2]) 

could reach up to 1000 µmol mol
-1

 by the end of the century, combined with an average annual 

temperature increase of 2.1 to 3.1
o
C over eastern North America (IPCC 2013). Those altered 

environmental conditions will affect plant growth. In fact, Campbell and Stafford Smith (2000) 

report an average grassland yield increase of 17% in ecosystem-based experiments as a result of 

CO2 doubling, although elevated temperature may reduce or cancel out this productivity 

improvement. Doubling the [CO2] may also alter the dynamics of species by favouring legumes, 

and decrease the nutritive value through a lower nitrogen concentration (Campbell and Stafford 

Smith 2000). Feeding lower nutritive value forage might reduce the economic viability of dairy 

and beef productions, by increasing supplementation costs in order to maintain milk or meat 

production per animal. Additionally, the winter survival of forage crops might be decreased by 

warmer climate conditions (Bélanger et al. 2002).  
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Little work has been done studying the effects of climate change on forages under field 

settings despite increasing concerns about climate change and their effects on plants and 

consequently ruminant animals. Several studies on the effects of climate change were done in 

controlled-environment growth chambers, which do not take into account the actual growing 

conditions encountered by field-grown perennial crops. Moreover, these experiments generally 

investigate individual plant species grown in pots and for a short period of time, which do not 

reflect natural growing conditions for perennial forage mixtures. On the other hand, field 

experiments are rare because of the technical difficulties and high costs associated with 

modifying air composition (Kimball et al. 1997).  

1.1 Objectives 

 To design and build an efficient and low-cost open-top chamber system. 

 To assess the effects of elevated [CO2] on yield, nutritive value, fall organic reserve 

accumulation and root degradability of an alfalfa-timothy mixture grown in open-top 

chambers during two growing seasons in Québec City, QC.  

1.2 Hypotheses 

Elevated atmospheric [CO2]: 

 Increases the yield of alfalfa-timothy mixtures while decreasing their nutritive value.  

 Increases organic reserve accumulation during cold acclimation. 

 Increases the potential for carbon sequestration of alfalfa-timothy mixtures.    
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Climate Change 

Extensive burning of fossil fuels and deforestation since the beginning of the industrial 

era have released considerable amounts of greenhouse gases in the atmosphere, mainly CO2, CH4 

and NO2. Carbon dioxide is the most abundant atmospheric greenhouse gas. Its atmospheric 

concentration has increased from 280 µmol mol
-1

 at pre-industrial levels (Neftel et al. 1988; 

Raynaud and Barnola 1985) to 400 µmol mol
-1

 in 2013 (Monastersky 2013). Current projections 

for future atmospheric [CO2] range between 400 to 1000 µmol mol
-1

 in eastern North America 

by the end of the century (IPCC 2013). Some plant species may respond to elevated [CO2] by 

increasing photosynthetic rate (Xu et al., 2014) and decreasing stomatal conductance (Bunce 

2004), leading to increased biomass production and water use efficiency. 

Furthermore, greenhouse gases absorb and re-emit infrared radiations back to the Earth, 

causing a global warming of the planet (IPCC 2013). Consequently, the Intergovernmental Panel 

on Climate Change predicts that the average annual air temperature could increase by 2.1 to 

3.1
o
C by 2100 in eastern North America (IPCC 2013). Increased temperature is generally 

negatively correlated with yield and nutritive value of forages, particularly cool-season grasses 

such as timothy (Bertrand et al. 2008). 

Precipitations could also increase slightly throughout the year in eastern North America, 

but in the western part of the continent the increase could be limited to the winter (IPCC 2013). 

A warmer winter climate coupled with more precipitations in the form of rain could increase 

alfalfa mortality through a lack of snow cover, soil heaving and ice encasement (Bélanger et al. 

2002).  
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Another major effect of climate change is that climate extremes, such as heat waves and 

flash rains, are expected to become more frequent (IPCC 2013), which could periodically affect 

forage growth during the summer (Jing et al. 2013).  

2.2 Field Studies 

 Many controlled-environment studies in growth chambers have investigated the effects of 

elevated [CO2] on forage crops recently (Aranjuelo et al. 2009; Bertrand et al. 2007b; Piva et al. 

2013; Xu et al. 2014; Yu et al. 2012). Lawlor and Mitchell (1991) reports that there is generally a 

larger number of controlled-environment studies compared to the number of field experiments 

and that they are usually concentrated on a few crops, especially soybean. This can be explained 

by the fact that controlled-environment studies provide precise, stable conditions and even allow 

combining temperature and CO2 treatments. Clear differences between treatments are generally 

obtained, but those results cannot be directly extrapolated to an open field due to the natural 

fluctuating conditions encountered (temperature, light, moisture, nutrients, pests, etc.). 

Furthermore, controlled-environment studies generally focus on individual species grown in pots 

during a relatively short time span, while assessing the effects of climate change on plants 

requires no restriction on the rooting zone volume (Ainsworth et al. 2002) and, for perennials, 

multiple years.  

Although field studies have looked at the effects of gas pollutants such as hydrogen 

fluoride (Mandl et al. 1973), sulfur dioxide (Weigel et al. 1990), nitrogen dioxide (Adaros et al. 

1991), nitrous acid gas (Sakugawa and Cape 2007), ozone (Heagle et al. 1979) and carbon 

dioxide (Drake 2014) on plants, reliably and effectively modifying the air composition in open 

air still represents a technical challenge. Many systems have been designed to serve that purpose, 

but open-top chambers (OTCs) and free-air carbon dioxide enrichment (FACE) are the two 
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systems mostly used. Open-top chambers consist in small chambers with an inside volume 

restricted to a few cubic meters, generally equipped with a fan that blows air mixed with CO2. On 

the other hand, FACE experiments generally involve a large unrestricted area (over 10 meters in 

diameter) where CO2 is injected from the sides right above canopy level (Long et al. 2006).  

The main advantage of FACE studies resides in the absence of a chamber effect. 

However, their wide unprotected area requires continuous injection of large quantities of CO2, 

which greatly increases the cost of the project. On the other hand, OTCs are low-cost structures 

(Ashenden et al. 1992), portable (Drake et al. 1989), adaptable to most plants and even trees 

(Barton et al. 2010) and allow controlling air temperature inside the chamber much more easily 

than FACE experiments (Kimball et al. 1997). Nonetheless, OTCs do alter the growing 

environment in several ways, although these alterations vary depending on the conception of the 

chamber, as well as on the materials used for the frame and cover (D’Andrea and Rinaldi 2010). 

First, chamber intercept rainfall and light, and plant watering may be necessary (Cheesman and 

Winter 2013). The cover’s attenuation of solar radiation typically ranges between -30 to -10% 

compared to the outside. Second, air temperature inside the OTC is usually 0.5 to 2.5
o
C higher 

than outside (Kimball et al. 1997). Maintaining strong ventilation within the OTC may result in 

smaller temperature differences (Leadley and Drake 1993), although a continuous air flow 

produced by the fan renders air flow constant compared to what is found outside (Drake et al. 

1989). In addition, walls provide a physical barrier against wind and thus modify the movement 

of air inside the chamber. They also produce an enclosed environment which limits the 

movement and favors the proliferation and of insect populations and diseases (Long et al. 2006).   

 Open-top chambers of various designs, shapes, sizes and materials have been built, but 

they are most commonly cylindrical or hexagonal, between 0.8 to 4.5 meters in diameter and 
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with varying heights depending on the plant species under study. The frame is generally built out 

of aluminum, steel or wood and covered with transparent PVC, plexiglas, polyester film or 

plastic (D’Andrea and Rinaldi 2010; Kimball et al. 1997; Leadley and Drake 1993). Wind 

incursions can cause a reduction and more variability in the [CO2] within the chamber (Ashenden 

et al. 1992). Since all OTCs aim to maintain a fairly stable [CO2] for the plants, it is very 

common to add a frustum, which consists in a piece of cover material angled at 45
o
 at the top of 

the chamber. Although it further alters the growing conditions by intercepting light and rainfall 

as well as increasing air temperature within the chamber (Kimball et al. 1997), it does help 

maintaining [CO2] closer to target during windy days (Drake et al. 1989). The height of the 

chamber also helps maintaining adequate [CO2] near canopy level (Ashenden et al. 1992).  

2.3 Forage Mixtures 

Alfalfa (Medicago sativa L.) and timothy (Phleum pratense L.) are two forage species 

widely grown throughout Canada. In Québec, they represent two out of three of the most sold 

forage species across the province (Allard et al. 1998). Also named “Queen of Forages”, alfalfa 

is widely recognized for its ability to produce high yields and excellent forage quality. It also 

benefits from a symbiosis with nitrogen-fixing Sinorhizobium bacteria and from a deep taproot, 

conferring an advantage over other species to reach deeper soil moisture reserves (Michaud et al. 

1988). On the other hand, timothy is a bunchgrass sensitive to drought and hot weather, but 

benefits from good winter hardiness, making it most productive in northern areas where cool and 

moist conditions prevail (Berg et al. 1996).  

In order to benefit from the advantages of both species, alfalfa and timothy are often 

grown as mixtures rather than pure stands. Forage mixtures are very common throughout 

Canada. Bélanger et al. (2014) reported that they provide greater yields, optimized nutritive 
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value and reduced weed proportions in the forage mixture as compared to individual species. 

Grass-legume mixtures can yield more nitrogen than legume pure stands due to natural 

stimulation of nitrogen uptake from symbiotic and non-symbiotic sources (Nyfeler et al. 2011). 

Nitrogen fertilizer savings can reach up to 100 kg N ha
-1

 compared to a pure grass stand (Malhi 

et al. 2002).  

2.4 Forage Growth 

 Cattle-raising operations require high forage yields in order to maximize milk or meat 

production per unit area. Since growing conditions will be altered by climate change, it is 

important to examine how it could affect the photosynthesis and yield of alfalfa-timothy 

mixtures and of their individual components.  

2.4.1 Photosynthesis 

 Plants use atmospheric CO2 for photosynthesis, a reaction catalyzed by the enzyme 

Rubisco. Under current atmospheric [CO2], Rubisco is not saturated in C3 plants, and the 

oxygenation reaction leading to photorespiration is favoured. Thus, the predicted rise in 

atmospheric [CO2] will increase the [CO2] within chloroplasts as well as the rate of 

carboxylation, which will stimulate photosynthesis (Williams et al. 1995). Nevertheless, 

temperatures above the optimum may inhibit carboxylation and promote the oxygenation 

reaction and photorespiration (Tingey et al. 2003). On the other hand, C4 species have structures 

that increase the internal [CO2] up to several times that of the ambient, which prevents a direct 

stimulation of photosynthesis and renders C4 plants less responsive to atmospheric [CO2] 

increase (Long et al. 2006). 
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2.4.1.1 Mixtures 

 There are very few experiments examining the net photosynthesis of forage mixtures. 

One of the difficulties comes from the fact that estimating the photosynthesis of a canopy has to 

account for lit and shaded leaves (Long 1991). In an OTC experiment examining the growth of 

natural plant communities, the net ecosystem CO2 exchange per unit of green biomass was 

estimated to an average of +48% under elevated [CO2] (Drake and Leadley 1991). Although it 

gives an idea of the performance of the mixture as a whole, individual responses of each species 

of the mixture remain unknown. 

2.4.1.2 Alfalfa  

As a C3 legume, alfalfa has a greater photosynthetic response than C3 grasses (Poorter 

1993). In a controlled-environment experiment, photosynthesis was stimulated up to 50% as a 

result of [CO2] doubling (Erice et al. 2006a). In that experiment, it was also observed that the 

greatest stimulation of photosynthesis happens after cutting, in response to a high root:shoot ratio 

and respiration, a situation that creates a strong sink for photosynthates. This effect was, 

however, not permanent. Alfalfa generally acclimates to elevated [CO2] by the end of the 

vegetative growth period, as shown by a reduction of photosynthesis stimulation (Ainsworth et 

al. 2004). Elevated temperatures have been shown to further decrease alfalfa photosynthetic rate 

by reducing nitrogen fixation (Sanz-Sáez et al. 2013). 

Photosynthesis of alfalfa generally increases with temperature under ambient [CO2]. In an 

experiment, the highest rate of photosynthesis was attained at 30
o
C, with an optimum between 25 

and 30
o
C (Brown and Radcliffe 1986), which corresponds to the optimum growing temperature 

of alfalfa reported in Greenfield and Smith (1973). However, under elevated [CO2], 

photosynthesis of alfalfa was significantly increased at 15 and 20
o
C, but not at higher 
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temperatures of 25 and 30
o
C, showing a strong interaction between these two factors (Ziska and 

Bunce 1994).  

2.4.1.3 Timothy 

In an eleven-year FACE experiment examining the response of 13 plants species to 

elevated [CO2], five C3 grasses maintained a 9% increase in leaf photosynthesis (Lee et al. 2011). 

A higher stimulation of leaf photosynthesis by elevated [CO2] was observed under controlled 

conditions in timothy with 18% and 28% at first and second harvest, respectively (Piva et al. 

2013). However, it was observed in a recent meta-analysis that the increase in biomass and grain 

yield of C3 crops as a response to elevated [CO2] is generally lower than the stimulation of 

photosynthesis (Bishop et al. 2014), which was also observed by Piva et al. (2013).  

The photosynthetic response of crops exposed to elevated temperatures depends on the 

species. According to Murata and Iyama (1963), among twelve crops under study, crops 

belonging to the “northern type” generally had an optimum temperature for photosynthesis 

between 10 and 15
o
C and the photosynthetic rate decreased rapidly above that range. In fact, 

higher temperatures generally raise the optimum temperature for photosynthesis of C3 plants, but 

also induce photorespiration, which results in a decline in CO2 exchange rate (Salvucci and 

Crafts‐Brandner 2004). However, this does not seem to always be the case since photosynthesis 

of timothy was found to be higher when grown under 25/15
o
C than 22/10

o
C day/night 

temperature (Piva et al. 2013). Furthermore, elevated [CO2] combined with a temperature of 15, 

20 and 25
o
C did not increase the photosynthetic rate of orchardgrass (Dactylis glomerata L.), but 

a lower photosynthetic rate was observed at 30
o
C compared to the other temperature treatments 

(Ziska and Bunce 1994). Similar results were also observed in a meta-analysis examining the 
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effects of elevated [CO2] at normal, elevated and heat stress temperatures on other grass species 

(Wang et al. 2012).  

2.4.2 Forage Yield 

 Forage yield is an important factor affecting net farm income, since it determines the 

number of animals that can be fed from a unit area. Since alfalfa-timothy mixtures represent a 

predominant source of forage and an essential part of cattle’s diet, it is important to examine 

their response to climate change conditions.  

2.4.2.1 Mixtures 

Elevated [CO2] concentrations are generally considered to stimulate aboveground growth 

of grasslands by 17% on average, as outlined in two reviews (Ainsworth and Long 2005; 

Campbell and Stafford Smith 2000). However, C3 grasses and C3 legumes do not respond the 

same way to elevated [CO2]. In fact, C3 nitrogen-fixing species generally respond more to 

elevated [CO2] than other C3 species because of their large sink strength (Ainsworth and Long 

2005; Poorter 1993). This has been shown to alter mixture composition by significantly 

increasing the percentage of legumes (Hebeisen et al. 1997; Ross et al. 2004; Teyssonneyre et al. 

2002). On the other hand, in response to elevated temperature, the biomass yield of perennial 

ryegrass (lolium perenne L.) was shown to increase in the spring and fall while it decreased 

during summer (Casella et al. 1996).    

2.4.2.2 Alfalfa 

Alfalfa usually shows a strong yield improvement when exposed to elevated [CO2]. For 

instance, alfalfa yield increased by 50% at 600 µmol mol
-1

 compared to 350 µmol mol
-1

 in a 

FACE experiment in Switzerland (Lüscher et al. 2000). Similar yield increases were obtained 

under elevated [CO2] and temperatures ranging from 15 to 30
o
C in a controlled-environment 
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experiment (Ziska and Bunce 1994). However, Vough and Marten (1971) observed that alfalfa 

reached maturity earlier at 27/21
o
C day/night temperatures compared to 16/10

o
C, thereby 

reducing the cutting interval and decreasing yields. Also, the maximum growth rate of alfalfa is 

attained under day/night temperatures not exceeding 27/18°C (Greenfield and Smith 1973), 

above which a yield decrease generally results.  

2.4.2.3 Timothy 

C3 grasses, like timothy, do not usually respond markedly to elevated [CO2]. In fact, in a 

growth chamber experiment, timothy grown under an elevated [CO2] of 600 µmol mol
-1

 had the 

same yield during two cuts than under an ambient [CO2] of 400 µmol mol
-1

 (Piva et al. 2013). In 

another experiment, elevated [CO2] reduced the growth of timothy in two out of three cuts (Sæbø 

and Mortensen 1995). The absence of biomass response from elevated [CO2] in timothy is not an 

isolated case among C3 grasses, since no yield stimulation was obtained from five out of seven 

grass species (Sæbø and Mortensen 1996). However, as a cool-season grass, timothy is very 

sensitive to day/night temperatures above 17/5
o
C, which significantly decrease its yield 

(Bertrand et al. 2008). This could render timothy susceptible to predicted temperature increases. 

Combined increases in temperature and [CO2] had no effect on timothy yield, showing that the 

adverse effect of temperature was compensated by elevated [CO2] (Piva et al. (2013). 

2.5 Nutritive Value 

 Forage nutritive value is the corner stone of dairy and beef productions, as it is essential 

to sustain high milk production and body weight gain. By increasing photosynthesis of C3 forage 

crops, elevated [CO2] will likely affect the concentrations of non-structural carbohydrates, 

nitrogen and fibre, as well as the digestibility of the forage.  
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2.5.1 Non-Structural Carbohydrates 

Non-structural carbohydrates (NSC) are highly digestible and contribute to increase the 

nutritive value of the forage. The main NSC are starch, sucrose and fructans, which are all 

storage molecules (Moore and Hatfield 1994). Starch is the main storage molecule in a wide 

range of plants including legumes, whereas sucrose plays a leading role in carbohydrate transport 

and storage and is also involved in starch synthesis. Fructans are mainly found in temperate 

grasses and cereals as a storage molecule (Pollock 1986). In the rumen, NSC are quickly 

degraded to simple sugars and transformed into volatile fatty acids, which serve as an energy 

source for the cows (Moore and Hatfield 1994). A high NSC concentration in forages promotes 

feed intake, milk production and nitrogen-use efficiency in dairy cattle (Brito et al. 2008).  

2.5.1.1 Mixtures 

 Very few experiments, if any, have measured the carbohydrates concentration of forage 

mixtures in response to elevated [CO2] or temperature, but it could be expected that each species 

will contribute differently to the total NSC concentration of the mixture.  

2.5.1.2 Alfalfa 

 Elevated [CO2] typically induces an accumulation of starch (Erice et al. 2006b) and total 

soluble sugars and starch (Sanz-Sáez et al. 2010) in alfalfa. It has been suggested that increased 

plant carbohydrates concentration stimulates the symbiosis with nitrogen-fixing rhizobium, as 

commonly observed under elevated [CO2], which creates a new carbon sink and prevents 

photosynthesis acclimation (Irigoyen et al. 2014). However, this response could depend on the 

rhizobial strain in association with alfalfa as has been shown in Bertrand et al. (2007a) and  

Sanz-Sáez et al. (2012b). Also, Smith (1969) observed that alfalfa grown under 18/10
o
C 
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day/night temperature had significantly higher sugar, starch and NSC concentrations compared 

to 32/24
o
C.  

2.5.1.3 Timothy 

 Grasses exposed to elevated [CO2] tend to accumulate NSC. As a matter of fact, fructans 

concentration in grasses grown under elevated [CO2] was found to reach several times that of 

ambient [CO2] (Casella and Soussana 1997; Piva et al. 2013; Read et al. 1997). The 

accumulation of fructans originates from the conversion of sucrose molecules into storage 

molecules under elevated [CO2] (Read et al. 1997).   

Piva et al. (2013) observed that soluble sugars, fructans and starch were decreased with 

elevated temperature, but only at the second cut. Similarly, Smith (1968) grew timothy under 

29.5/21
o
C and 18.5/10

o
C day/night temperature and reported a higher concentration of NSC 

under cooler temperature, which was mainly the result of increased fructans concentration. An 

opposite trend was observed in Bertrand et al. (2008) as timothy grown at 28/15
o
C day/night 

temperature had a higher sugar concentration compared to 22/10
o
C and 17/5

o
C, which was 

explained as a response to temperature stress inducing growth cessation.  

2.5.2 Nitrogen Concentration 

Protein is one of the most important nutrient for milk, muscle and wool production 

(Minson 1990). It is generally expressed in terms of crude protein (CP), which is the sum of true 

protein and non-protein nitrogen. Crude protein concentration is positively affected by nitrogen 

fertilization (Buxton 1996) and is closely linked with N concentration in forages. Legumes 

contain substantially more CP than grasses (Minson, 1990). However, CP concentration 

decreases with plant maturity irrespective of the species (Buxton 1996).   
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2.5.2.1 Mixtures 

It is generally recognized that elevated [CO2] decreases plant nitrogen concentration. In a 

meta-analysis examining 75 scientific articles, Cotrufo et al. (1998) observed that the reduction 

in nitrogen concentration is lower in legumes and C4 plants (7%) compared to C3 plants (16%). 

In fact, in an OTC experiment evaluating the growth of white clover and perennial ryegrass 

mixtures grown in pots, Schenk et al. (1997) reported a significant decrease in the nitrogen 

concentration of the grass component in response to elevated [CO2], whereas the clover and the 

mixture did not experience any significant change.   

2.5.2.2 Alfalfa 

Elevated [CO2] has been shown to reduce the plant nitrogen concentration in alfalfa 

(Bertrand et al. 2007b; Erice et al. 2006b; Sanz-Sáez et al. 2012b; Sanz-Sáez et al. 2010; Ziska 

and Bunce 1994). This response is attributed to the translocation of nitrogen from the stems to 

the increased rooting system rather than to a dilution effect (Cotrufo et al. 1998; Sanz-Sáez et al. 

2012b). In fact, plants modify nitrogen allocation to optimize their energy costs, which increases 

their nitrogen use efficiency under elevated [CO2] (Xu et al. 2013).  

On the other hand, elevated temperatures generally increase CP concentration, which was 

found to be higher in alfalfa grown under 32/24
o
C than 18/10

o
C day/night temperature (Smith 

1969). Smith (1970) observed that the day/night temperature at which protein concentration is 

maximized in alfalfa is 27/21
o
C, and suggested that temperatures too far from this optimum do 

not favour protein accumulation. The combination of elevated [CO2] and temperature had an 

opposite effect and significantly decreased total leaf soluble protein during vegetative growth of 

alfalfa (Erice et al. 2006b).  
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2.5.2.3 Timothy 

In an OTC experiment in a shortgrass steppe in Colorado, two C3 grasses showed a clear 

reduction in CP concentration, which was not compensated for by the increase in protein yield 

under elevated [CO2] (Milchunas et al. 2005b). Also, as a cool-season grass, timothy exhibits a 

clear decrease in nitrogen concentration and, as such, in CP concentration, with temperature 

increase (Bertrand et al. 2008). However, it was observed in other grass species that a small 

temperature increase of +3
o
C coupled with elevated [CO2] could lead to a nitrogen concentration 

close to what is obtained under ambient [CO2] and temperature (Seligman and Sinclair 1995; 

Soussana et al. 1996).  

2.5.3 Fibre Concentration and Digestibility 

The production of meat and milk from ruminant animals is heavily dependent on the 

amount of feed they consume, which is related to the concentration of cell wall material (Buxton 

1996). Structural carbohydrates refer to plant cell wall constituents, such as cellulose, 

hemicellulose and lignin (Moore and Hatfield 1994), which are responsible for a plant’s ability 

to stand in an upright position and withstand elements (Wilson 1994). Those three components 

are also known as neutral detergent fibre (NDF), while acid detergent fibre (ADF) is only 

composed of cellulose and lignin (Van Soest et al. 1991). Among structural carbohydrates, 

hemicellulose has the highest digestibility, followed by cellulose and lignin (Moore and Hatfield 

1994), which is resistant to digestive enzymes (Van Soest et al. 1991). Also, as plants get mature, 

lignin, cellulose and hemicellulose increase while proteins and NSC concentrations decrease 

(Waite 1963), thus reducing the nutritive value and potential intake by animals.  
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2.5.3.1 Mixtures 

Studies examining the effects of elevated [CO2] on fibre concentration and digestibility of 

grass-legume mixtures are very few. In an experiment where perennial ryegrass and white clover 

were grown in a 75:25 mixture under doubled [CO2], Schenk et al. (1997) observed a decreased 

crude fibre concentration throughout the season for both years of the study. More importantly, it 

fell below the minimal requirements for ruminant animals during some harvests, which could 

negatively affect animal health.   

2.5.3.2 Alfalfa 

 A wide range of variation in the fibre constituents and digestibility of alfalfa grown under 

elevated [CO2] was observed in controlled-environment experiments, which highlights the 

importance to conduct more studies in that area. Some of the resulting differences may come 

from the rhizobium strains in symbiosis with alfalfa, which could affect photosynthetic 

stimulation under elevated [CO2] (Bertrand et al. 2007b; Sanz-Sáez et al. 2012b). However, no 

studies were undertaken to verify this effect under field conditions.  

 Smith (1969) observed that alfalfa grown under 18/10
o
C day/night temperature had a 

higher digestibility but similar fibre concentration compared to 32/24
o
C. Similarly, Vough and 

Marten (1971) reported higher digestibility and lower ADF and acid detergent lignin (ADL) in 

alfalfa grown at 16/10
o
C compared to 27/21

o
C day/night. 

2.5.3.3 Timothy 

 Elevated [CO2] seems to have a limited effect on fibre constituents in grasses. Barbehenn 

et al. (2004) reported an increase in NDF concentration in only two out of five grasses studied 

under elevated [CO2]. In OTC experiments, Newman et al. (2003) and Milchunas et al. (2005b) 

reported a small decrease in the lignin concentration of tall fescue and three shortgrass steppe 
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species, respectively. On the other hand, the digestibility of grasses grown under elevated [CO2] 

seems to be species specific. In an experiment where perennial ryegrass was grown at twice 

ambient [CO2] in OTCs, no effect on digestibility was observed (Jones et al. 1996). In contrast, 

in another OTC experiment where shortgrass steppe was grown under doubled [CO2], Milchunas 

et al. (2005b) observed a 14% and 10% reduction in digestibility during summer and fall, 

respectively. 

As a cool-season grass, the digestibility of timothy is negatively affected by increasing 

temperature, although fibre constituents may or may not be affected (Bertrand et al. 2008; 

Thorvaldsson et al. 2007). 

2.6 Organic Reserve Accumulation and Winter Survival 

The predicted rise in temperatures and precipitations during winter under climate change 

could become problematic for forage survival. Decreased fall hardening, snow cover and cold 

hardiness could increase population losses due to winterkill (Bélanger et al. 2002). Those 

changes may have a negative effect on alfalfa persistence and may alter the composition of 

alfalfa-based mixtures over time under future climate change conditions. In fact, increased 

variability in weather events during the winter could favor species more resistant to ice 

encasement, such as timothy, over alfalfa (Gudleifsson 2010). Moreover, elevated atmospheric 

[CO2] concentrations were found to decrease the freezing tolerance of native temperate grassland 

(Obrist et al. 2001), alfalfa (Bertrand et al. 2007a) and meadow fescue (Jurczyk et al. 2013), 

which could shorten the lifespan of forage mixtures.  

2.6.1 Carbohydrates Reserves 

 Poorter et al. (1997) found that the most important biochemical change in plants grown 

under elevated [CO2] is the increase in NSC concentration, which could increase the freezing 
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tolerance of perennial plants. For instance, during the cold acclimation period in the fall, starch is 

converted to sucrose and other soluble sugars that accumulate in roots and crowns. This has 

crucial implications for perennial plants, since some soluble sugars, such as sucrose, stachyose 

and raffinose play a protective role against freezing at the cell level (Castonguay et al. 1995). 

Furthermore, their accumulation is linked to freezing tolerance in perennial forages (Castonguay 

et al. 1995).  

2.6.1.1 Alfalfa  

Bertrand et al. (2007a) did not observe a difference in sugar accumulation in crowns of 

alfalfa grown under elevated and ambient [CO2]. It was concluded that alfalfa grown under 

elevated [CO2] did not have a higher potential of winter survival through the accumulation of 

carbohydrate reserves. In fact, it was observed that elevated [CO2] increased the metabolic rate 

of alfalfa acclimated at 2
o
C, resulting in postponed cold acclimation and reduced cold tolerance. 

A similar observation was made in black spruce seedlings exposed to 1000 µmol mol
-1

 CO2 

(Margolis and Vézina 1990).  

2.6.1.2 Timothy 

 Leaf freezing tolerance decreased in five native grasses exposed to six years of CO2 

enrichment at 600 µmol mol
-1

, despite the fact that the concentration of soluble sugars, starch 

and NSC increased significantly (Obrist et al. 2001). Thus, the link between sugar accumulation 

and freezing tolerance may be more complex than initially thought, and elevated [CO2] may in 

fact increase freezing damage to plants. However, elevated [CO2] did not affect the freezing 

tolerance of winter wheat grown in OTCs, while elevated temperature (+2.5
o
C) decreased the 

concentration of total sugars as well as freezing tolerance (Hanslin and Mortensen 2010). On the 
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other hand, the NSC concentration of grasses grown in OTCs in an alpine meadow of the Tibetan 

Plateau was not affected by warming (+0.83
o
C) (Shi et al. 2015). 

2.6.2 Nitrogen Reserves 

 Nitrogen reserves such as soluble proteins and total free amino acids, including proline, 

arginine and asparagine, accumulate in alfalfa taproots during the cold acclimation process 

(Dhont et al. 2003) and decline as they are used up for shoot growth in the spring (Dhont et al. 

2006). Consequently, alfalfa plants with low concentrations of nitrogen reserves grow slower in 

the spring and generally do not withstand competition from other plants (Volenec et al. 1996). 

Few studies report the effect of atmospheric [CO2] on the accumulation of amino acids in 

perennials. Bertrand et al. (2007a) reported a lower accumulation of total free amino acids and of 

proline, an amino acid linked with the acquisition of freezing tolerance, in alfalfa grown under 

elevated than ambient [CO2]. It was concluded that this lower accumulation of nitrogen reserve 

could have a negative impact on freezing tolerance.  

2.7 Root C:N ratio and Decomposition Rate 

 Perennial forages have the capacity to sequester carbon in their long-lived rooting 

systems. Alfalfa is widely known for its deep taproot, whereas timothy has a fibrous rooting 

system. Elevated [CO2] has been shown to increase the C:N ratio in roots of perennials (Luo et 

al. 2006) and, as such, to decrease their decomposition rate (Silver and Miya, 2001). By this 

mechanism, elevated [CO2] could affect the carbon sequestration potential of perennial forages.  

2.6.1 Alfalfa 

In an experiment using a root ingrowth bag technique, Jongen et al. (1995) observed that 

there was no difference in the C:N ratio of white clover root material grown under elevated than 

under ambient [CO2]. However, the relative decomposition of that material was 1.8 to 3.6 times 
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lower under elevated [CO2], depending on the nitrogen fertilization regime. Those results 

highlight legumes potential to store carbon in the soil through decreased root turnover, and may 

suggest that changes in lignin chemistry take place under elevated [CO2] (Bertrand et al. 2006; 

Talbot et al. 2012). 

2.7.2 Timothy 

 In an experiment examining the growth of timothy under elevated [CO2] in controlled-

environment chambers, Bertrand et al. (2014) observed a decrease in the nitrogen concentration 

of timothy roots as well as an increase in the C:N ratio, which translated into a lower root 

degradability assessed by IVTD. Similar results were observed in shortgrass steppe by 

Milchunas et al. (2005c) and in perennial ryegrass by Jongen et al. (1995), although root 

decomposition rate was slightly increased in the latter. 

 On the other hand, a day/night temperature of 25/15
o
C compared to 22/10

o
C increased 

the root nitrogen concentration and decreased the C:N ratio in the second harvest of timothy, 

with a negative effect on root degradability (Bertrand et al. 2014). Higher nitrogen concentration 

was also observed in an experiment with perennial ryegrass grown under elevated temperature 

(+3
o
C) (Soussana et al. 1996). 
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CONNECTING TEXT FOR CHAPTER 3 

Rising greenhouse gases concentrations will affect growing conditions for plants. Despite 

increasing preoccupations about predicted climate change and the key importance of forages in 

ruminant nutrition, few studies have examined the effects of elevated [CO2] and climate on 

forage crops in field settings. The main difficulty comes from the inherent difficulty to modify 

air composition and temperature in open air. In order to expand research in this area, it is 

important that the experimental systems designed to study plant response in the field are 

relatively inexpensive to build and operate, while achieving a stable [CO2]. The following 

chapter was published in Agronomy Journal (Messerli et al. 2015) and describes the construction 

and performance of the open-top chamber system that was used to study the growth of an alfalfa-

timothy mixture under elevated [CO2].  
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CHAPTER 3 

PERFORMANCE OF LOW-COST OPEN-TOP CHAMBERS TO STUDY LONG-TERM 

EFFECTS OF CARBON DIOXIDE AND CLIMATE UNDER FIELD CONDITIONS 

 

3.1 ABSTRACT 

 The increase in atmospheric carbon dioxide concentration ([CO2]) and consequent 

increase in air temperature is expected to have significant effects on plant growth and nutritive 

value. Studies examining the effects of elevated [CO2] on plants under field conditions have been 

limited by the inherent difficulty to modify air composition in open air. Here we describe an 

efficient and inexpensive open-top chamber (OTC) system designed to study the effects of 

elevated atmospheric [CO2] and temperature on perennial alfalfa-timothy mixture. The design 

and construction of these OTCs are described in detail, along with cost estimation for each 

component. Eight OTCs, each with 1.2 m
2
 of ground area (four with elevated [CO2] and four 

with ambient [CO2]) were fabricated and four control plots of the same dimension were 

established to assess the chamber effects on plant responses to CO2. The [CO2] in elevated-CO2 

chambers fell 93% of the time within ± 20% of the targeted 600 µmol mol
-1

 CO2, based on 10 

minute averages. The CO2 consumption in elevated-CO2 chambers averaged 3.0 kg CO2 m
-2 

day
-

1
. To ensure that the environment within OTCs was similar to the surrounding field, growing 

conditions were determined in all chambers and control plots. Adequate light transmission was 

observed compared to control plots (93%) and the temperature increase was 0.7
o
C on average. 

After two growing seasons of continued use, this system has proven its effectiveness for studying 

the effects of CO2 and climate change in the field at low cost.  
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3.2 INTRODUCTION 

Human activities are increasing the [CO2], which could reach between 400 to 1000 µmol 

mol
-1

 by the end of the century and lead to an annual temperature increase between 2.1 to 3.1
o
C 

across Eastern North America (IPCC 2013).  Some plant species may respond to elevated [CO2] 

by increasing photosynthetic rate, leading to increased biomass production in the absence of 

other climatic constraints, such as drought or other extreme events (Xu et al. 2014). However, in 

the long term, plants may acclimate to elevated atmospheric [CO2] and undergo photosynthesis 

down-regulation (Bloom et al. 2010). Moreover, in a meta-analysis examining the effects of 

elevated [CO2] and temperature, Wang et al. (2012) observed that plant response varies 

according to functional type (legume vs non-legume) and growth form (herbaceous vs woody). 

Thus, changes in climatic conditions will likely affect species dynamics and ecosystems with 

repercussions on agricultural production, underscoring the need for studies examining plant 

response to elevated [CO2] and climate effects.  

Some experiments have looked at plant response to elevated [CO2] and temperature in 

growth chambers (Piva et al. 2013). However, most growth chamber studies are designed to 

assess the impact of simulated conditions on individual plant species grown in pots and during a 

relatively short time span. Even though these experiments effectively assess plant responses, they 

need to be validated under field conditions without restricting the rooting zone volume 

(Ainsworth et al. 2002) and, for perennials, over multiple years. Growing plants under modified 

air composition by the addition of a gas, without further altering growing conditions, represents a 

challenge. Many systems have been designed to study the impact of gaseous pollutants and 

greenhouse gases, such as temperature-gradient tunnels and solar domes/glasshouses, but open-

top chambers (OTCs) and free-air carbon dioxide enrichment (FACE) are the two systems that 
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provide a growing environment closest to field conditions. An OTC usually covers a small 

ground area (generally 1 – 15 m
2
) and includes a fan that blows air mixed with CO2, whereas 

FACE experiments involve a large open area (generally 100 - 3000 m
2
) where CO2 is 

continuously injected from the sides at canopy level. The main advantage of FACE over other 

systems is that they have a limited impact on growing conditions (Long et al. 2006) but the cost 

of CO2 and of the control system make the FACE system prohibitive (Kimball et al. 1997). Mini-

FACE facilities covering smaller area have also been used, but they have a similar constraint of 

high CO2 consumption (Petersen et al. 2001). The OTCs, for their part, are low-cost structures 

(Ashenden et al. 1992) allowing the study of plant responses to elevated [CO2] in the field 

without incurring the high cost of FACE experiments. Moreover, they can easily be adapted to 

any environment under study. Drake (2014) reported observations from a 28 year experiment 

using portable OTCs in a marsh subject to irregular flood tides. Barton et al. (2010) used OTCs 

large enough to accommodate whole trees. In some experiments, cooling/heating systems were 

added to control temperature within OTCs (Norby et al. 1997). 

The last OTC experiment that studied the effects of atmospheric pollution on plants in 

Eastern Canada stopped functioning in the late 90s (Bertrand et al. 1999). To our knowledge, 

except for our study, there is currently no OTC experiment with addition of CO2 in Canada, 

despite increasing concerns about greenhouses gases and their unpredictable repercussions on 

climate. This paper describes a low-cost OTC system that was designed to study the effects of 

elevated [CO2] and temperature on an alfalfa-timothy mixture grown over a three-year period at 

an experimental site located in Québec City, QC. Although many OTC designs have been used 

for a long time, very few have been clearly described in detail with respect to construction, cost, 

performance and CO2 consumption. Furthermore, our system takes advantage of recent 
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technological advances in CO2 control systems and temperature sensors. The objective was to 

provide potential users with a simple, low-cost, and easily transposable turn-key OTC design that 

we adapted for the long-term study of elevated [CO2] and temperature on perennials under 

realistic field conditions.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Chamber construction  

 Eight hexagonal OTCs (four with elevated [CO2] and four with ambient [CO2]), each 

with 1.2 m
2
 of ground area were built during spring 2013 and placed in a completely randomized 

design (Fig. A.1). Each side measured 0.65 m (inside) (Fig. 3.1A). The entire chamber height 

from ground to upper frame was 1 m. The frame was made out of 6 × 3.5 cm treated wood and 

covered with clear plastic around the outside circumference. The construction began by 

assembling the upper and lower hexagonal wood plates of the frame (Fig. 3.1B). Then, twelve 

uprights (0.93 m long) were cut lengthwise at a 30
o
 angle, assembled and placed vertically 

between upper and lower plates. A door-frame was placed within one side-panel of the hexagon 

and mounted on hinges for easier access to the plants. The chambers were anchored on each side 

by rebar, driven 0.5 m into the soil and attached to a wooden bracket fastened to the OTC frame. 

A 1 × 4.5 m piece of clear greenhouse plastic treated against adherence of dust particles on the 

outside and against condensation on the inside, was cut and stapled around the outside of the  

frame. Thin pieces of wood remaining from cutting the uprights were used as slats and screwed 

on each corner of the chambers to tighten the plastic. The plastic was removed in the fall to allow 

snow accumulation during winter, so that normal overwintering conditions occurred. New plastic 
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was used in the spring. Four control plots without chambers were established by anchoring 

wooden hexagons in the ground. Their dimensions and management were identical to OTCs.  

3.3.2 Ventilation system 

Each OTC had its own ventilation system which consisted of a fan (5.66 m
3
 min

-1
 

Powerventpro, Soler and Palau, Toronto, ON, Canada) placed in a ≈ 50 L plastic mixing box 

covered with a lid for weather protection. Within this mixing box, the fan mixed pure CO2, fresh 

air coming from a grid-protected 10 cm hole drilled in the back of the plastic box, and air 

backflow from the chamber. These three air sources were located in the back of the fan (Fig. 

3.1C). Then, the air was pushed into the OTC at a flow rate of 5.66 m
3
 min

-1
. The air backflow 

was supplied from a flexible PVC pipe (3.75 cm diameter × 2.15 m) left hanging in the middle of 

the chamber, 0.6 m from the ground and tightly connected to the back of the mixing box. The 

flexible PVC pipe also protected the CO2 sensor, which was placed at the end of the pipe 

connected to the plastic box. This resulted in measurement of the [CO2] in the air coming 

directly from the middle of the chamber. The recirculation of air from the chamber reduced the 

CO2 consumption and maintained a stable [CO2]. Air was ducted from the fan through 

galvanized pipes (30 cm long, 10 cm diameter), then split through a galvanized “T” connection, 

and distributed around the circumference of the chamber through 4.15 m long, 12 cm diameter 

“lay-flat” plastic tube, connected to the “T” using duct tape. The tube, placed at the bottom of 

each chamber was perforated every 5 cm with 0.5 cm-diameter holes made on two parallel rows 

along its length to provide an even air distribution around the chamber.  

3.3.3 CO2 control system 

Each OTC with elevated [CO2] had its own CO2 control system comprised of a sensor-

transmitter (0 - 2000 ppm), a power supply, a transformer and a solenoid valve, fixed inside a 
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PVC electrical box (Fig 3.1D). The target CO2 concentration was of 600 µmol mol
-1

. To reach 

this concentration, a non-dispersive infrared CO2 sensor (GMP222, Vaisala Oyj, Helsinki, 

Finland) was connected to a transmitter (GMT220 Carbocap®, Vaisala Oyj, Fig. 3.1D) that 

switched open a solenoid valve when the [CO2] was lower than 625 µmol mol
-1

 and closed it as 

the [CO2] reached 630 µmol mol
-1

. These trigger points were identified during preliminary tests 

made on the CO2 control systems and were shown to maintain the most stable CO2 concentration 

closest to 600 µmol mol
-1

. Opening and closing the valves at 625 and 630 µmol mol
-1

 

respectively account for the slight delays in CO2 concentration adjustment due to the tubing 

length (9 m) between control valves and CO2 probes. Each transmitter was connected to a data 

logger recording the [CO2]. A transmitter was installed to measure the [CO2] inside one ambient-

CO2 chamber. Each OTC with elevated [CO2] was operated in parallel and each had its own CO2 

supply, in order to easily monitor the CO2 consumption of each chamber. The CO2 supply 

consisted of individual cylinders containing 22.68 kg of pure CO2 gas (100095, Linde Canada, 

Mississauga, ON) (Fig 3.1E). Each cylinder had its own regulator (HRF 1425-580, Weldmark, 

Indianapolis, IN) allowing manual flow adjustment. Nylon tubing was used to carry CO2 from 

the cylinders up to the transmitters, and then up to the back of the mixing boxes of the OTCs 

described earlier. Since the CO2 sensor wire was not UV resistant, it was inserted, along with the 

CO2 tubing, into pipe insulation to ensure its protection. Minimal electricity requirements were 

needed to run the above-mentioned equipment, as their total amperage was 15 A.  

3.3.4 Cost 

The total building cost for the eight OTCs on the experimental site was estimated around 

US $ 14,000 (See Table A.1 for detailed cost of material and equipment). This amount includes 

equipment for controlling the [CO2] in four elevated-CO2 OTCs and monitoring the [CO2] in one 
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ambient-CO2 OTC. However, the total excluded labour and electricity costs as well as the cost of 

a shed needed to house the CO2-control equipment, a computer and CO2 cylinders.  

3.3.5 Assessment of environmental conditions within chambers 

3.3.5.1 Plant material 

The environmental conditions within OTCs were measured in the presence of perennial 

forages. A total of 330 alfalfa (Medicago sativa L.) and timothy (Phleum pretense L.) plants 

were transplanted in July 2013 in a uniformly distributed 50-50% mixture at a total density of 

275 plants m
-2

.  

3.3.5.2 CO2 concentration 

The CO2 concentration within one ambient and within all elevated-CO2 OTCs was 

constantly monitored by a CO2 sensor which analyzed air sampled directly from the middle of 

each chamber. Data points were recorded at 10 seconds intervals and averaged over 10 minutes.  

3.3.5 Air temperature 

Air temperature was continuously measured at canopy height in all OTCs and compared 

to ambient air temperature in control plots throughout the course of the growing season (from 

July to October 2013 and from May to September 2014) using data loggers (U23-004 HOBO 

ProV2, Onset, Bourne, MA) at 16 minutes reading interval. The height of the sensor was 

manually placed at the top of the canopy every week to avoid shading effects from the plants on 

surrounding air temperature. Canopy height varied from 7 cm after a cut to 90 cm when plants 

were fully grown.  

3.3.6 Light transmission 

To assess the difference in incoming light within OTCs and control plots, 

photosynthetically active radiation (PAR) was measured using a light meter (LI-250A LI-COR, 
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Lincoln, NE) at three different heights (30, 60 and 90 cm from the ground) on top of the canopy 

to avoid plant shading. The different heights of measurement correspond to the fact that plants 

were growing throughout the season and that canopy top reached 30 cm, then 60 cm and finally 

90 cm height. Five measurements were made in the middle of each chamber and each control 

plot between 25 June and 11 August 2014 at three different time periods (AM, from 8:00 to 

10:00 h, PM, from 12:00 to 14:00 h and late PM from 16:00 to 18:00h). The goal here was to 

assess the light interception from chamber framework and plastic only, so within-chamber 

measurements were compared to control plots. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Cost 

The total estimated cost of US $ 14,000 for 9.6 m
2
 of open-top chambers including four 

with elevated [CO2] and four with ambient [CO2] (Table A.1) is similar to earlier reports of OTC 

cost and performance (Ashenden et al. 1992; Kimball 1992). In the 2000s, FACE experiments 

were undertaken to study the effects of greenhouse gases on plants. However, the complex 

infrastructures required in such experiments can be as expensive as US $ 100,000 (Pepin and 

Körner 2002). Open-top chamber experiments therefore represent a low cost alternative for the 

study of plant response to elevated [CO2] in the field. 

3.4.2 CO2 consumption 

The cost of the CO2 supply was estimated at US $ 2,500 from May to September 2014 

(153 days). We found that the use of 22.68 kg gas CO2 cylinders was optimal for our needs. 

Depending on wind conditions, cylinders had to be replaced every 4-7 days. However, when 

experimental sites are difficult to reach, the possibility of using a single large liquid CO2 tank 
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would be an option that reduces the transport to the site and the cost of CO2. The average daily 

CO2 consumption of 3.0 kg m
-2

 of elevated-CO2 area reported here compares advantageously 

with the range of 4.0 – 6.5 kg m
-2 

reported in different FACE designs (Bunce 2011) and is 

comparable to OTCs of a similar size (Ashenden et al. 1992). The low CO2 consumption 

obtained was likely the result of the recirculation of the air drawn from the center of the OTC. 

Indeed, our mixing box was specifically designed to mix fresh air and recirculated air in a 5:1 

ratio, which reduced the amount of pure CO2 to be added to reach the target concentration.  

3.4.2 CO2 concentration 

 The average [CO2] and standard deviations measured were of 632 ± 59 (n = 4 OTCs) and 

of 423 ± 58 (n = 1 OTC) µmol mol
-1

 in elevated and in ambient-CO2 chambers, respectively, 

over the 2013 and 2014 growing seasons (total of 254 days). The standard deviations were 

comparable or smaller than those of previously reported OTC experiments (Rogers et al. 1983; 

Whitehead et al. 1995). Moreover, standard deviations were similar between elevated and 

ambient-CO2 OTCs, showing similar ranges of [CO2] variation for both treatments.  

In addition, the frequency of actual [CO2] that fell within ± 20% of the 600 µmol mol
-1 

target (480-720 µmol mol
-1

) was 93% of the time, while it was 66% for the within-10% target 

(450-660 µmol mol
-1

). This is comparable to previously reported FACE experiments (Miglietta 

et al. 2001; Okada et al. 2001) showing clearly the efficiency of the design of the OTCs and of 

the CO2 control system that we used. As shown in Fig. 3.2, a large difference in [CO2] was 

maintained between elevated and ambient chambers. Nevertheless, the precision of the system 

could be improved by replacing the manual flow control with an automated one (Leadley et al. 

1997). This would allow a quicker response to changes in weather conditions such as wind 

speed, and would spare users from doing daily checks and manual adjustments when needed.  
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3.4.3 Air temperature 

For 2014, the overall average daily increase in air temperature in OTCs compared to 

control plots was of 0.7
o
C (Fig. 3.2). Although this temperature elevation is lower than what is 

predicted in 2050 for Eastern Canada by Jing et al. (2013), it is close to what is forecasted in 

other IPCC scenarios and as such, generates a realistic simulation of future conditions that could 

prevail during summer in Eastern Canada. Furthermore, it is within the range of temperatures 

(0.5 to 2.5
o
C) reported by Kimball et al. (1997) in a comparison of nine OTC studies with 

passive temperature increase. Open-top chamber experiments can therefore be considered as an 

appropriate approach to study climate change in the field and obtain information on plant 

response to increased temperature without a large investment in temperature control equipment.  

The average midday (from 10:00 to 14:00 h) passive temperature increase in our 

experiment was of 1.05
o
C, whereas it was 0.43

o
C at night (from 22:00 to 2:00 h), during the 

whole 2014 growing season (data not shown). Similar results were obtained by Whitehead et al. 

(1995), who associated the higher temperature difference during midday with increased solar 

radiation, causing the warming of air in OTCs during mid-day. In our study, there was no 

temperature difference between elevated-CO2 and ambient-CO2 OTCs. This clearly shows that 

temperature elevation was only due to a chamber effect and not to the addition of CO2.  

Based on fan air flow (5.66 m
3
 min

-1
) and the air volume inside the chamber (1.2 m

3
), the 

fan that we used made approximately five air exchanges per minute, which corresponds to a 

wind speed between 0.4 – 1.4 m s
-1

 within the OTC. This value is similar to Norris et al. (1996), 

who obtained within-chamber temperature increases of 2
o
C above ambient during warm clear 

summer days with high solar radiation. On the other hand, Whitehead et al. (1995) used a lower 

air exchange rate of two per minute, and obtained large air temperature increases (4.3
o
C above 
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ambient). Our results show that five air exchanges per minute was optimal under our 

experimental conditions to ensure an even distribution of CO2 through a tall and dense forage 

mixture while limiting the temperature increase within a realistic range based on global change 

scenarios. Furthermore, this relatively strong ventilation contributed to decrease the difference 

between air and leaf temperature, which can sometimes be an issue in OTC experiments (De 

Boeck et al. 2012) 

3.4.4 Light transmission 

The overall average of 93% light transmission (Table A.2) was consistent with the range 

of values obtained in a review on chamber effects in OTC studies (Kimball et al. 1997). As 

observed here, Whitehead et al. (1995) demonstrated that sun position can affect light 

transmission. It is typically lower in the morning and late afternoon than during mid-day, as a 

result of lower zenith angle which increases shading by the frame and light intercepted by the 

plastic. Additionally, a lower light transmission was detected at a canopy height of 30 cm and 60 

cm as compared to 90 cm due to shading by the framework. Whitehead et al. (1995) showed that 

one year old aged plastic contributes to decrease light transmission. In order to avoid this in our 

experiment, the plastic was removed in the fall and replaced in the spring. This also allowed 

snow, ice and rain to accumulate during winter, mimicking natural overwintering conditions for 

perennials. 

 

3.5 CONCLUSION 

 The OTC design described above has proven its effectiveness as a way to study the 

effects of elevated CO2 on plants over a prolonged period of time. It was built from widely 

available materials and assembling was simple, making these OTCs relatively inexpensive 
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compared to other systems. Minimal temperature elevation was observed, along with a light 

transmission of 93 %, which limited the alteration of growing conditions due to the chamber. 

The CO2 control system used during the 2013 and 2014 growing seasons maintained the [CO2] 

close to the target of 600 µmol mol
-1 

and no operational problems were encountered. We recently 

installed an identical experimental site in another location in Canada (Lacombe, AB), showing 

the facility to transpose this design to other location and allowing the comparison of CO2 effects 

on plants under various climatic conditions. 
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Figure 3.1. (A) Schematic representation and (B) pictures of one open-top chamber, (C) the 

mixing box, (D) the CO2 control system, and (E) the experimental site in Québec City, QC, 

Canada. 
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Figure 3.2. Left panel: Average daily CO2 concentration (µmol mol
-1

) within four open-top chambers under the elevated-CO2 

treatment (dotted line) and within one chamber under the ambient-CO2 treatment (dashed line); and daily average air temperature 

differences (
o
C) between the inside of open-top chambers (mean of eight chambers) and the middle of the four control plots without 

chambers (full line) recorded from May to september 2014. Right panel: Zooming on the CO2 concentrations (µmol mol
-1

) and air 

temperature differences (
o
C) during three days, from August 21-23 2014.  
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CONNECTING TEXT FOR CHAPTER 4 

Alfalfa-timothy mixtures are widely used to feed dairy and beef animals across Canada. 

Since forage yields and nutritive value can affect farm profitability, it is essential to examine the 

effects of elevated [CO2] on these two variables, especially fibre constituents and soluble sugars, 

and their possible repercussions on animal performance. Furthermore, little is known about the 

effects of elevated [CO2] on winter survival of legumes, and plant potential for carbon 

sequestration. The OTCs presented in Chapter 3 were thus used to grow an alfalfa-timothy 

mixture under ambient and elevated [CO2] during two growing seasons and to assess the effects 

of [CO2] on yield, nutritive value, fall organic reserve accumulation and root degradability. 
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CHAPTER 4 

ELEVATED CARBON DIOXIDE INCREASES THE YIELD BUT DECREASES THE 

NUTRITIVE VALUE OF AN ALFALFA-TIMOTHY MIXTURE 

 

4.1 ABSTRACT 

The rise in atmospheric carbon dioxide concentration ([CO2]) could significantly affect 

alfalfa (Medicago sativa L.) and timothy (Phleum pratense L.), two perennial forage crops 

commonly grown as a forage mixture throughout Canada. Very few long-term studies have 

looked at the effects of predicted future [CO2] on perennial forage crops under field conditions. 

In this experiment, we examined the effects of elevated [CO2] on forage DM yield and nutritive 

value, fall organic reserve accumulation and root degradability of an alfalfa-timothy mixture 

grown in open-top chambers (OTCs). Plants were transplanted in a uniformly distributed 50:50 

mixture and were grown under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) 

[CO2] during two growing seasons (2013 and 2014). An average yield increase of 18% under 

elevated [CO2] was accompanied by a significant increase in acid detergent fibre and neutral 

detergent fibre concentrations, and a slight decrease in in vitro true digestibility. Non-structural 

carbohydrates in the forage mixture were unaffected by elevated [CO2], and the total nitrogen 

concentration was slightly decreased, although the effect was only significant in alfalfa. Fall 

organic reserve accumulation was not affected by CO2 treatments. Root degradability of alfalfa 

was increased under elevated [CO2] in spite of unaffected root carbon and nitrogen 

concentrations, indicating lower potential for carbon sequestration. Overall, the positive effect of 

increasing yields under elevated [CO2] were partly offset by a decreased forage digestibility. 

Elevated [CO2] increased root degradability, with nonetheless no effects on winter survival to 

this date.    
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4.2 INTRODUCTION 

The global atmospheric carbon dioxide concentration ([CO2]) has increased from 280 

µmol mol
-1

 at pre-industrial levels (Neftel et al. 1988; Raynaud and Barnola 1985) to 400 µmol 

mol
-1

 in 2013 (Monastersky 2013). Depending on climate scenarios, current projections for 

future atmospheric [CO2] range between 400 to 1000 µmol mol
-1

 by the end of the century 

(IPCC 2013), which could increase the annual air temperature by 2.1 to 3.1
o
C by 2100 in eastern 

North America (IPCC 2013).  

Tame hay is grown on 19% of the agricultural area throughout Canada (Statistics Canada 

2014b) and 38% in the province of Québec (ISQ 2014). It represents a primary source of feed for 

ruminant animals. Alfalfa-based mixtures are predominant in hay fields across Canada, because 

of their ability to sustain higher yields of greater nutritive value and reduced weed competition 

compared to individual species (Bélanger et al. 2014). Despite increasing concerns about climate 

change and the importance of forage crops for dairy and beef farms, few experiments, if any, 

have studied the effects of elevated [CO2] on the yield, nutritive value and fall organic reserve 

accumulation of perennial forage species, along with the potential for carbon (C) sequestration 

under North-American field conditions. 

The effects of doubling the [CO2] on forage yield of grasslands worldwide have been 

well reviewed (Ainsworth and Long 2005; Campbell and Stafford Smith 2000) and include an 

average 17% yield increase. However, a greater yield improvement is to be expected in alfalfa, 

compared to timothy. This comes from the fact that as a C3 nitrogen-fixing species, alfalfa’s 

yield response is not limited by nitrogen (Lüscher et al. 2014). This was illustrated by Erice et al. 

(2006a) who observed a 50% photosynthetic stimulation in alfalfa compared to 18 to 28%  in 

timothy (Piva et al. 2013) under doubled [CO2].  
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Forage nutritive value is a key element for ruminant animal nutrition. An increased 

concentration of non-structural carbohydrates (NSC) in forage is linked to improved silage 

conservation (Tremblay et al. 2014) and potentially increased milk production in dairy cows 

(Brito et al. 2008). Elevated [CO2] increased the concentration of NSC in experiments with 

alfalfa (Erice et al. 2006b; Sanz-Sáez et al. 2010) and timothy (Casella and Soussana 1997; Piva 

et al. 2013; Read et al. 1997).  

Nitrogen (N) is a very important nutrient to sustain high milk production. Its 

concentration has been shown to decrease both in alfalfa (Sanz-Sáez et al. 2012a) and grasses 

(Milchunas et al. 2005b) as a result of elevated [CO2]. However, the decrease may be higher in 

grasses compared to legumes (Cotrufo et al. 1998). Similarly, Schenk et al. (1997) observed that 

the reduction in N concentration was only significant in the grass portion of a white clover-

perennial ryegrass (Trifolium repens L.)-(Lolium perenne L.) mixture.  

Increased forage fibre concentration and lower digestibility typically decrease forage 

intake by ruminants and thus negatively affect their milk and meat production (Buxton, 1996). 

Nevertheless, very few studies have examined the effects of elevated [CO2] on fibre 

concentration and digestibility in a field setting. In an open-top chamber (OTC) experiment, 

Schenk et al. (1997) observed a decrease in the crude fibre concentration of a perennial ryegrass-

white clover mixture for both years of the study. However, a wide range of responses was 

obtained in the fibre concentration and digestibility of alfalfa grown under controlled 

environment (Baslam et al. 2014; Bertrand et al. 2007b; Sanz-Sáez et al. 2012b). In contrast, in 

OTC experiments with grasses, a small decrease in the lignin concentration of tall fescue 

(Newman et al. 2003) and three shortgrass steppe species (Milchunas et al. 2005b) was observed.  
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Alfalfa is well-known to be more sensitive to harsh winter conditions than grasses. Fall 

organic reserves in the form of C (NSC) and N (free amino acids) typically accumulate in root 

material during acclimation and have been linked to winter survival and spring regrowth 

(Bélanger et al., 2006). Bertrand et al. (2007a) did not observe differences in root and leaf NSC 

between ambient and elevated treatments of alfalfa grown under simulated cold acclimation 

conditions. However, a decreased freezing tolerance and increased metabolic rate were reported, 

suggesting that elevated [CO2] may delay cold acclimation and potentially increase winter 

mortality (Bertrand et al. 2007a) 

Alfalfa has a deep taproot, whereas timothy has a fibrous rooting system. Since decreased 

N and increased lignin concentration has been reported in material grown under elevated [CO2], 

the amount of C stored in soils could be affected by global change scenarios (Cotrufo et al. 

1994). Also, some experiments examined the root decomposition of white clover and perennial 

ryegrass (Jongen et al. 1995) and timothy (Bertrand et al. 2014) under elevated [CO2]. Increased 

C:N ratios were reported in these species, rendering roots generally less degradable. 

Considering that climate change is altering the current growing conditions, an experiment 

was designed to study, over three years, the effects of elevated [CO2] on an alfalfa-timothy 

mixture grown in OTCs. We hypothesized that elevated [CO2] increases the yield of the forage 

mixture as well as fall organic reserve accumulation, while decreasing nutritive value and root 

degradability. After two years of growth under such conditions, the effects are reported here. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Experimental Design  

Alfalfa (Medicago sativa L. cv. Calypso) and timothy (Phleum pratense L. cv. AC 

Alliance) were seeded individually in 4.5 × 4.5 × 5 cm Jiffy pots and grown for 50 days in a 
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greenhouse. Then, on 18 July 2013, they were cut and transplanted in a uniformly distributed 50-

50% mixture at a density of 275 plants m
-2

 into eight OTCs and four control plots without 

chambers in Quebec City, QC, Canada (46
o
78’N; 71

o
29’W). Construction of OTCs is described 

in detail by Messerli et al. (2015). Briefly, four OTCs were maintained at an elevated [CO2] of 

600 µmol mol
-1

 and four others had ambient [CO2] (near 400 µmol mol
-1

). Four control plots 

without chambers, at ambient [CO2], were included in the experimental design to assess the 

chamber effect. The 12 experimental units each had a ground area of 1.2 m
2
 and were placed 

randomly within the experimental site.  

A single cut was taken during the establishment year on 28 August 2013 and four cuts 

were taken in 2014 on 11 June, 10 July, 19 August, and 9 October. The cut in 2013 and the first 

three cuts in 2014 were taken when alfalfa reached the 10% flowering stage of development, 

while the cut in October was taken approximately 500 growing degree-days (base 5
o
C) after the 

last summer cut, as recommended by Bélanger et al. (1999). Weekly temperatures and 

precipitations at the site during the 2014 growing season are presented in Fig. 4.1. Air 

temperature within chambers was on average 0.7
o
C higher than outside (Fig. 3.2). Plants were 

rainfed throughout the project, except for two weeks after transplantation and during a dry spell 

in June and July 2014, where all chambers and control plots were watered equally, based on soil 

moisture measured using a portable FieldScout TDR 100 moisture meter (Spectrum 

Technologies, Aurora, IL). No N fertilization was applied, following a standard management 

practice for field-grown alfalfa-timothy mixtures. Based on soil analysis, 2.5 Mg ha
-1

 of pure 

lime equivalent and 70 kg of K were incorporated in the soil before transplantation in 2013. In 

spring 2014, 1 kg ha
-1

 of B, 60 kg ha
-1

 of K and 1.5 Mg ha
-1

 of pure lime equivalent were 
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applied. Based on local recommendations, an additional application of 60 kg ha
-1

 of K was made 

after the third cut in 2014 (CRAAQ 2010). 

4.3.2 Sample Collection and Preparation 

 At each cut, the developmental stage of timothy in each OTC was determined according 

to Simon and Park (1983), whereas that of alfalfa was determined based on Fick and Mueller 

(1989). Forage biomass within a permanent 40 × 40 cm quadrat located in the center of each 

OTC and control plot was cut at a height of 7 cm. The harvested forage samples were separated 

by species, dried at 55
o
C for 48 hours, weighed, and ground to pass a 1-mm sieve with a Wiley 

mill (model 3379-k35, Digital ED 5 Wiley Mill, Thomas Scientific Inc., Swedesboro, NJ). NSC 

and N were analyzed on both species separately to assess the contribution of each species to 

these variables. After those analyses were made, the two species were mixed back together and 

NSC, total N and P, minerals (K, Ca, Mg), fibre concentrations (acid detergent fibre, ADF; 

neutral detergent fibre, NDF; acid detergent lignin, ADL) and digestibility (in vitro true 

digestibility, IVTD; neutral detergent fibre digestibility, NDFd) were analyzed on the mixture. 

The weight of the samples was corrected for moisture by using a thermogravimetric analyzer 

(TGA701, LECO, St. Joseph, MI) to determine the dry matter concentration at 135
o
C. 

During cold acclimation, five plants of each species located outside of the harvested 

quadrat were dug out in each OTC and control plot on 24 October in 2013 and on 9 October in 

2014. They were washed, and roots and crowns were cut and separated. Roots were dried at 55
o
C 

and ground using a 1-mm sieve with the Wiley mill previously described, while crowns were 

freeze-dried (Freezone 12 model 7759040, Labconco, Kansas City, MO) and ground with a 

Mixer Mill (Retsch, Newton, PA). For both years of the project, sugars and free amino acids 

were analyzed in the crowns to determine fall organic reserve accumulation, while C and N were 
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analyzed in the roots. In 2014, the ADL concentration and IVTD of the roots were analyzed to 

measure the effects of elevated [CO2] on the degradability of roots grown under long-term 

exposure to elevated [CO2].  

4.3.3 Leaf Photosynthesis Measurement 

The day before each harvest, photosynthesis was measured on the youngest, fully 

expanded leaf (the middle leaflet of the trifoliate was used for alfalfa) of each species under their 

respective growth-[CO2] of either elevated (600 µmol mol
-1

) or ambient (400 µmol mol
-1

). Three 

measurements on different plants of each species were taken in each OTC and control plots using 

a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln, NE). Measurements were made 

between 10:00 h and 15:00 h, at ambient outside air temperature, under a PPFD of 1000 µmol m
-

2
 s

-1
 provided by a Red/Blue Light Source (Model 6400-02B, LI-COR) and under either 600 or 

400 µmol mol
-1

 depending on the CO2 treatment. 

4.3.4 Total Non-Structural Carbohydrates Analysis 

4.3.4.1 Extraction 

 Soluble carbohydrates were extracted from the forage biomass and the crowns by adding 

7 mL of deionized water to 200 mg of ground sample. Extracts were incubated at 100
o
C for 90 

min, cooled in an ice-water bath, frozen at -80
o
C for 60 min and thawed in an ice-water bath. 

Extracts were centrifuged twice for 10 min at 3220 × g before 1 mL-subsamples of supernatant 

were taken. Soluble carbohydrates, fructans and starch were analyzed on the same extract using a 

Waters High-Performance Liquid Chromatography (HPLC) analytical system controlled by 

Empower II software (Waters, Milford, MA) and composed of a Model 1525 pump, a Model 

2707 autosampler and a Model 2414 refractive index detector. 
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4.3.4.2 Soluble Carbohydrates  

Subsamples were centrifuged at 13000 × g for 3 min, and then 200 µL were placed into 

vials kept at 4
o
C into the autosampler. Stachyose, raffinose, sucrose, glucose, fructose and pinitol 

(alfalfa) were separated on a Bio-Rad HPX-87P column (Bio-Rad, Richmond, CA) eluted 

isocratically at 80
o
C with deionized water at a flow rate of 0.5 mL min

-1
 and detected on a 

refractive index detector. Peak identity and sugar quantity were determined by comparison to 

standards. 

4.3.4.3 Fructans (timothy) 

Low degree of polymerization (LDP) fructans were separated on a Bio-Rad HPX-42A 

column (Bio-Rad, Richmond, CA), eluted isocratically at 25°C with deionized water at a flow 

rate of 0.5 mL min
−1

. The degree of polymerization of LDP fructans was established by 

comparison with elution time of purified standards from Jerusalem artichoke (Helianthus 

tuberosus L.). High degree of polymerization (HDP) fructans were separated on a Shodex KS-

804 column preceded by a Shodex KS-G precolumn (Shodex, Tokyo, Japan) eluted isocratically 

at 50°C with deionized water at a flow rate of 1.0 mL min
−1

. The degree of polymerization of 

HDP fructans was estimated by reference to a standard curve established with seven 

polymaltotriose pullulan standards (Shodex Standard P-82) ranging from 0.58 × 10
4
 to 

85.3 × 10
4
 of molecular weight. Both LDP and HDP fructans are expressed on an equivalent 

fructose basis.   

4.3.4.4 Starch  

 Total starch was measured in the aqueous supernatant used for soluble carbohydrates 

analysis after an enzymatic digestion by amyloglucosidase (AGS) (Sigma A7255, Sigma-

Aldrich, St. Louis, MO). For this purpose, 3 mL of AGS solution were added to the tubes that 
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were placed on a rotative incubator at 55
o
C and 80 RPM for 60 minutes, and then cooled down 

for 5 minutes in an ice-cold water bath. The concentration of soluble sugars was assessed by 

HPLC. The difference in glucose concentration after and before starch hydrolysis by AGS 

represents the amount of starch in the sample.  

4.3.5 Free Amino Acids 

Free amino acids were also analyzed from the 1 mL sub-sample used for soluble 

carbohydrates analysis. Twenty-one amino acids were separated and quantified using Waters 

ACQUITY ultra-performance liquid chromatography (UPLC) analytical system controlled by 

the Empower II software (WATERS, Milford, MA). Samples were prepared for ULPC analysis 

using the AccQ•Tag™ Ultra Derivatization Kit. The amino acids were derivatized using 

AccQ•Tag™ Ultra reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate). The 

derivatives were separated on an AccQ Tag Ultra column (2.1 × 100 mm) and detected with 

Waters ACQUITY Tunable UV detector set at 260 nm under the chromatographic conditions 

described in Cohen (2000). Peak identity and amino acid quantity were determined by 

comparison to a standard mix containing the 21 amino acids. 

4.3.6 Minerals 

 The concentration in N, P, K, Ca and Mg were extracted using a method adapted from 

Isaac and Johnson (1976). Ground samples (100 mg) were digested for 60 min at 380°C in a 1.5-

mL solution of H2SeO3 and H2SO4 (1:42) plus 2 mL of 30% H2O2. After cooling, the solution 

was diluted to 75 mL with distilled water. Total N and P were then determined on an automated 

continuous-flow injection analyzer (Model QuickChem 8000 FIA, Zellweger Analytics Inc., 

Lachat Instruments, Milwaukee, WI) using the method 13-107-06-2-E. Concentrations of K, Ca, 



  57 
 

and Mg were determined by inductively coupled plasma optical emission spectroscopy (ICP-

OES, Model 4300DV, Perkins Elmer, Shelton, CT). 

4.3.7 Fibre Concentration and Digestibility 

The concentrations of ADF, NDF and ADL in biomass samples were determined using 

ANKOM F57 filter bags (25-mm porosity) on an ANKOM 2000 Fibre Analyzer (ANKOM 

Technology, Macedon, NY). The concentration of NDF assayed with a heat-stable amylase was 

determined according to Mertens (2002), and heat-stable α-amylase and sodium sulphite were 

both added during extraction. The concentration of ADF was determined according to method 

973.18 of the Association of Official Analytical Chemists (2005). The ADL concentration was 

determined according to Robertson and Van Soest (1981). 

The IVTD was measured according to the method of Goering and Van Soest (1970), 

using 48-h incubation with buffered rumen fluid followed by an NDF wash of the post-digestion 

residues. The IVTD was performed with an ANKOM Daisy II incubator (ANKOM Technology, 

Macedon, NY) using rumen fluid from a lactating ruminally-fistulated dairy cow fed a total 

mixed ration. The IVTD was calculated as follows: IVTD (mg g
-1

 DM) = [1 − (post-digestion 

dry weight following NDF wash / pre-digestion dry weight)] × 1000. The NDF digestibility 

(NDFd) was calculated from IVTD and NDF values as follows: NDFd (mg g
-1

 NDF) = 1000 − 

[(1000 − IVTD) / (NDF / 1000)]. 

4.3.8 Root Composition 

All root C and N analyses were performed by dry combustion (TruSpec CN, LECO, St. 

Joseph, MI) of 100 mg subsamples. The ADL concentration was determined according to same 

procedure than for aboveground material, as described above. 
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4.3.9 Root Degradability  

Root dry matter (DM) degradability was assessed by IVTD following the procedure 

described above for forage IVTD. This method of assessing root degradability was validated on 

timothy material in a previous experiment (Bertrand et al. 2014).  

4.3.10 Statistical Analyses 

A two-factor ANOVA with repeated measures was used to compare the effects of 

elevated [CO2] on an alfalfa-timothy mixture cut five times. Repeated factor is the cut-year. The 

MIXED procedure in SAS, Version 9.2 (SAS Institute) was used with the REPEATED statement 

in order to model the correlation between measurements taken over time for the same 

experimental unit. The variance-covariance matrix, which minimizes Akaike’s information 

criterion, was selected. The method of Kenward-Roger was used to calculate the degrees of 

freedom. A residual analysis was used to verify the assumptions of normality and homogeneity 

of the model. Multiple comparisons were made using Protected Fisher’s LSD. In addition, a 

simple ANOVA with one factor was used to compare treatment effects for fall organic reserve 

accumulation and root composition and degradability. The GLM procedure of SAS was used and 

the assumptions of normality and homogeneity were validated using a residual analysis. 

Statistical significance was postulated at P≤0.05. Least square means are presented. Unless 

otherwise indicated, only significant effects are presented. 

 

4.4 RESULTS 

4.4.1 Forage Yield and Botanical Composition 

 The average DM yield of the forage mixture across the five cuts was increased by 18% 

under elevated compared to ambient [CO2] (Table 4.1). However, an interaction between [CO2] 
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and cut was observed. This reflected in a higher yield in the elevated-CO2 treatment at all cuts 

but the fourth cut in 2014 (Fig. 4.2). The mixture grown under elevated [CO2] produced 129% of 

the yield obtained under ambient [CO2] in 2013, and then 142%, 137%, 109% and 73% for the 

four successive cuts taken in 2014. The DM yield obtained in the ambient-CO2 treatment was not 

different at any cut than that obtained in the control plots without chambers. A cut main effect 

was observed for the proportion of alfalfa in forage DM yield (solid line in Figure 4.2). Even 

though the experiment was started with the same number of plants per species, the proportion of 

alfalfa started at 75% in 2013 and rapidly increased until it represented 100% of the stand at the 

second cut of 2014. 

 The DM yield was also calculated for each forage species present in the mixture (Table 

4.2). The average yield of alfalfa across the five cuts was affected by the treatments but an 

interaction between [CO2] and cut was observed. Alfalfa grown under elevated [CO2] produced 

127% of the yield obtained under ambient [CO2] in 2013, and then 154%, 135%, 108% and 71% 

during the four cuts taken in 2014. Like for the mixture, the yield of alfalfa obtained in the 

ambient-CO2 treatment was not different at any cut than that obtained in the control plots without 

chambers, except in 2013 where it was lower under ambient [CO2]. In timothy, there were no 

differences between CO2 treatments, but the yield obtained in the first cuts of 2013 and 2014 

were significantly higher than the subsequent cuts, where there was virtually no timothy.  

4.4.2 Leaf Photosynthesis and Sucrose Concentration 

The leaf photosynthetic rate of alfalfa was greater (+22%) under elevated than under 

ambient [CO2] and there was no difference between the ambient-CO2 treatment and control plots 

without chambers (Table 4.2). For timothy, leaf photosynthesis was only measured during the 

first cuts of 2013 and 2014, because of the lack of plants afterwards. An interaction between 
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[CO2] and cut was observed for photosynthesis of timothy. There were no differences between 

treatments in 2013, but in 2014 photosynthesis was 73% higher under elevated than under 

ambient [CO2]. 

Sucrose concentration in alfalfa was 14% higher under elevated than ambient [CO2], and 

20% lower under ambient [CO2] than in the control plots without chambers. In timothy, sucrose 

concentration was three times greater in 2014 than in 2013.  

4.4.3 Nutritive Value 

4.4.3.1 Non-Structural Carbohydrates  

For NSC, there were no differences between CO2 treatments, but a cut main effect was 

observed in the mixture, indicating that NSC concentration varied across cuts (Table 4.1). It was 

lowest in 2013 and in the third cut of 2014, highest in the first and second cuts of 2014, and 

intermediate in the fourth cut. Similar results were obtained in both species (Tables A.3 and 

A.4). Moreover, in alfalfa, the [CO2] main effect was significant at P=0.055, showing that NSC 

concentration was higher in alfalfa grown in the control plots than within chambers (Table A.3). 

4.4.3.2 Total Nitrogen 

An interaction between [CO2] and cut was observed for total N concentration (Table 4.1). 

Total N concentration of alfalfa-timothy forage was 12% lower under elevated than ambient 

[CO2] in the first cut of 2013. Also, in the third cut, it was found to be 13% lower in both CO2 

treatments compared to the control plot. Total N concentration per species (Table 4.2) shows that 

the response is more pronounced in alfalfa than timothy. In the former, a [CO2] main effect was 

observed: total N concentration was highest in the control plot, intermediate under ambient 

[CO2] and lowest under elevated [CO2]. On the other hand, a cut main effect was observed in 

timothy, as highlighted by the lower total N concentration in 2013 than 2014. 
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4.4.3.3 Fibre and Digestibility 

A [CO2] main effect was observed for ADF and NDF concentrations in alfalfa-timothy 

biomass (Table 4.1). For both variables, the ranking of concentration was as follows: elevated 

[CO2] > ambient [CO2] > control plot without chamber. 

The ADL concentration increased from one cut to the other as plants grew older and 

became more lignified, except for the fourth cut where the ADL concentration actually 

decreased. Moreover, an interaction was observed between [CO2] and cut, as only the ADL 

concentration in the third cut was significantly higher in the ambient-CO2 treatment compared to 

control plots without chambers. 

An interaction between [CO2] and cut was observed for IVTD. In the first and second 

cuts of 2014, IVTD was lower under elevated than ambient [CO2]. Also, it was lower under 

ambient [CO2] compared to the control plots without chambers in the first and third cuts of 2014.  

An interaction between [CO2] and cut was observed for NDFd. Lower NDFd was 

observed under elevated than ambient [CO2] in the first cut of 2014. In contrast, this effect was 

inverted in the fourth cut where a greater NDFd was detected under elevated than ambient [CO2]. 

Also, in the third cut of 2014, a lower NDFd concentration was also observed under ambient 

[CO2] compared to the control plots without chambers. 

4.4.4 Fall Organic Reserve Accumulation 

In alfalfa and timothy, there were no differences between CO2 treatments for both NSC 

and total free amino acids measured in the crowns during cold acclimation in 2013 and 2014 

(Tables A.7 and A.8). However, for alfalfa, their concentrations were lower in 2014 compared to 

2013 (Fig. 4.3), which was associated with an overall 96% survival rate.  
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4.4.5 Root Composition and Degradability 

In 2014, the C concentration in alfalfa was higher in the control plots without chambers 

compared to both ambient and elevated-CO2 treatments (Table 4.3). Additionally, root DM 

degradability measured by IVTD was as follows: elevated [CO2] > ambient [CO2] > control plots 

without chambers. 

 

4.5 DISCUSSION 

4.5.1 Forage Yield and Botanical Composition 

 The average DM yield increase of the forage mixture observed under elevated [CO2] in 

our study is within the range of 0 to 30% reported for permanent grasslands in a review of 

ecosystem-based experiments (Campbell and Stafford Smith 2000). The experimental design of 

our experiment, with successive forage cuts, allowed us to study the response of the forage 

mixture throughout a growing season. A gradual decrease in the response to elevated [CO2] was 

observed at each cut, which can be associated with differences in growing conditions. For 

instance, the greatest yield stimulation by elevated [CO2] was observed in the first and second 

cuts of 2014 (Fig 4.2), when growing conditions (air temperature and precipitations) were 

favorable for cool-season forage. However, the CO2 effect faded in the third cut, and the effect 

on yield was negative in the fourth cut, which could be linked to shorter photoperiod and lower 

air temperatures, particularly at the last cut taken in October. This is consistent with findings 

from Newton et al. (1994) who collected ryegrass-white clover turves from a pasture and grew 

them under doubled [CO2] while gradually increasing day/night air temperatures from 10/4
o
C to 

22/16
o
C. They observed a significant yield increase due to elevated [CO2] only under 22/16

o
C. 

Consequently, a threshold temperature may be required for a positive effect of elevated [CO2] on 
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yield, implying that the yield response to elevated [CO2] could be mitigated by cooler 

temperatures that prevail at northern latitudes (Dodd 2013). 

 When looking at the response of each species to elevated [CO2] (Table 4.2), a large 

stimulation of alfalfa DM yield was observed, similar to values obtained in a FACE experiment 

under 600 µmol mol
-1

 [CO2] by Lüscher et al. (2000). They observed a yield enhancement up to 

54% and this response was associated with the lack of growth limitation by N availability due to 

the plant’s ability to fix nitrogen. The lack of significant DM yield response to elevated [CO2] 

observed for alfalfa in the third cut, as well as the negative response in the fourth cut could be 

due to less favorable growing conditions, such as decreasing day length and lower temperatures. 

Alternatively, alfalfa could have acclimated to elevated CO2 conditions, which makes plants less 

responsive to CO2 enhancement in the long term (Sanz-Sáez et al. 2013).  

 The absence of yield stimulation observed in timothy under elevated [CO2] conditions 

may be typical of that species, as a similar result was obtained in growth chambers under 400 

and 600 µmol mol
-1

 [CO2] (Piva et al. 2013). On the other hand, a gradual decrease in the 

proportion of timothy was observed in the forage mixture for all treatments (Fig. 4.2). This could 

be explained by the fact that time of cutting was determined based on the growth stage of alfalfa, 

which resulted in timothy being cut at the elongation stage, both in 2013 and 2014. This stage is 

typically associated with low reserves in grasses as well as the absence of basal tillers to initiate 

regrowth (Smith et al. 1973). Therefore, timothy was not able to compete against fast-growing 

alfalfa. A dry period during regrowth in 2014 (June and July) could also have contributed to 

timothy mortality.  
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4.5.2 Photosynthesis and Sucrose Concentration 

Elevated [CO2] increased the leaf photosynthesis of alfalfa by an average of 22% (Table 

4.2), which is consistent with the range of values reported in previously published experiments 

(Bertrand et al. 2007b; Erice et al. 2006a; Sanz-Sáez et al. 2012b). As a consequence of the 

higher photosynthetic rate under elevated [CO2], an increase in C temporarily stored as sucrose 

was observed in alfalfa. Interestingly, the highest sucrose concentration was detected in control 

plots without chambers, which could be linked to lower temperatures (Fig. 3.2) or higher 

irradiance (Table A.2) measured in these control plots. 

Leaf photosynthesis of timothy grown under elevated [CO2] was increased by 73% as 

compared to the ambient-CO2 treatment in the first cut of 2014. This also explains the three-fold 

increase in sucrose concentration compared to 2013, where photosynthesis was not stimulated. 

This higher than expected response in 2014 can be associated with the fact that instead of being 

measured the day before cutting, photosynthesis was measured after two weeks of regrowth 

because of thermic stress at cutting. In an experiment where 13 grassland species were grown 

under elevated [CO2] for 11 years, a higher photosynthetic response resulting from the absence 

of photosynthetic acclimation was observed in plants after cutting (Lee et al. 2011). Similar 

observations were reported in alfalfa regrowth after cutting in another experiment under elevated 

[CO2] (Erice et al. 2006a). However, we did not observe such effect in alfalfa in our study. 

4.5.3 Nutritive Value 

4.5.3.1 Non-Structural Carbohydrates 

Elevated [CO2] typically induces an accumulation of NSC, particularly starch in alfalfa 

(Erice et al. 2006b; Sanz-Sáez et al. 2010) and fructans in grasses (Casella and Soussana 1997; 

Piva et al. 2013; Read et al. 1997). However, in this experiment, no significant differences in 
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NSC, starch and fructans concentrations of the mixture and of both species were observed 

between elevated [CO2] and the ambient-CO2 treatment (Tables 4.1, A.3, A.4 and A.5). Our 

results are similar to those obtained by Bertrand et al. (2007a) and Sanz-Sáez et al. (2012b) in 

experiments under controlled conditions where the NSC concentration of alfalfa forage was 

unaffected by elevated [CO2]. The higher NSC concentration in alfalfa grown in the control plots 

compared to alfalfa grown within open-top chambers can be explained by the slightly higher air 

temperature in the latter, which has been shown to reduce the NSC concentration in alfalfa 

(Smith 1969). 

4.5.3.2 Total Nitrogen 

The negative effect of elevated [CO2] on total N concentration was much more 

pronounced in alfalfa than in the mixture (Tables 4.1 and 4.2), which concurs with multiple 

experiments where a decreased N concentration was observed in alfalfa under elevated [CO2] 

(Bertrand et al. 2007b; Erice et al. 2006b; Sanz-Sáez et al. 2012b; Sanz-Sáez et al. 2010). This 

decrease is generally attributed to the translocation of N to a stronger sink effect of the rooting 

system (Cotrufo et al. 1998; Sanz-Sáez et al. 2012b). However, there was no [CO2] effect in 

timothy, which contrasts with an OTC experiment in which the growth of white clover and 

perennial ryegrass mixtures grown in pots was evaluated (Schenk et al. 1997). In this study, a 

significant decrease in the N concentration of the grass component was reported, whereas the 

clover and the mixture did not experience any significant change. However, our results are 

similar to that obtained in a temperate grass sward, where a small temperature increase of 3
o
C 

coupled with elevated [CO2] led to a N concentration close to what was obtained under ambient 

[CO2] and temperature (Soussana et al. 1996).  
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No effects of elevated [CO2] on the NSC concentration of the mixture coupled with a 

slight decrease in total N concentration could increase the NSC:N ratio of the forage. Similar 

results were reported by Bertrand et al. (2007b) in alfalfa grown under elevated [CO2]. An 

increased NSC:N ratio has proven to be beneficial for dairy cows through improved balance and 

synchrony of C and N (Miller et al. 2001), and has been associated with increased milk 

production (Brito et al. 2008).  

4.5.3.3 Fibre and Digestibility 

Significantly higher ADF and NDF concentrations observed under elevated [CO2] as 

compared to the ambient-CO2 treatment caused a decrease in IVTD (Table 4.1). This is very 

similar to results reported in an OTC experiment in shortgrass steppe (Morgan et al. 2004) and 

with one of two rhizobium strains used in a controlled-conditions experiment with alfalfa 

(Bertrand et al. 2007b). However, in our experiment, an interaction between [CO2] and cut was 

observed for both IVTD and NDFd, indicating that the effect of elevated [CO2] varied across 

cuts. Elevated [CO2] decreased NDFd in the first cut of 2014, but increased it in the fourth cut. 

This may be attributed to cooler weather in the fall which may have altered fibre composition, 

mainly through an 8 mg kg
-1

 reduction in ADL concentration between the third and fourth cut.  

However, the greater reduction in IVTD compared to NDFd indicates that total dry 

matter, rather than NDF, was less digestible. This could be the result of a change in the leaf-stem 

ratio, supported by a positive correlation between fibre concentration and DM yield and a 

negative correlation between IVTD and dry DM yield, as highlighted by Bélanger et al. (2001). 

Very few experiments have examined the effects of elevated [CO2] on fibre concentration and 

digestibility of field-grown plants. Since milk and meat productions are strongly dependent on 
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the amount of feed consumed by cattle, slight changes in forage fibre concentration could have 

important repercussions on animal performance.  

 Photosynthetically active radiation (PAR) was decreased by 7% within chambers (Table 

A.2), but, most importantly, air temperature was increased by 0.7
o
C (Fig. 3.2). The negative 

effect of a higher temperature on forage nutritive value has been reported previously in alfalfa 

(Smith 1969; Vough and Marten 1971) and timothy (Bertrand et al. 2008; Thorvaldsson et al. 

2007). In these studies, a higher air temperature, although greater than observed in this 

experiment, was associated with increased fibre concentration and decreased digestibility. Also, 

constant wind flow within chambers could have induced a higher fibre accumulation in those 

plants as a result of the abrasive action of wind (Grace 1988). 

4.5.4 Fall Organic Reserve Accumulation 

 In this study, fall accumulation of NSC and free amino acids concentrations in 

overwintering crowns of both species did not differ between CO2 treatments (Tables A.7 and 

A8). A similar observation was made for NSC and free amino acids in the roots of alfalfa grown 

under elevated [CO2] in controlled-environment chambers (Bertrand et al. 2007a). Since fall 

organic reserve accumulation has a strong seasonal effect (Castonguay et al. 2011), it could have 

overcome the CO2 effect. Also, organic reserve accumulation is strongly affected by cutting 

management (Dhont et al. 2002; Dhont et al. 2003). In this experiment, a lower concentration in 

fall 2014 than in fall 2013 was observed (Fig. 4.3), which could be due to three cuts taken in 

2014 as compared to one cut in 2013. Therefore, the fourth cut taken afterwards in October, 

combined with lower reserves, might play a role in alfalfa survival, as well as regrowth potential 

the next spring. However, total NSC and N amounts in plant roots, rather than concentrations, 
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have been shown to be better determinant factors of alfalfa spring regrowth (Dhont et al. 2002; 

Dhont et al. 2003).  

4.5.5 Root Composition and Degradability 

The root C and N concentrations of alfalfa were not affected by elevated CO2 treatments, 

but root degradability measured by IVTD in 2014 increased in response to elevated [CO2] (Table 

4.3). Jongen et al. (1995) also observed no difference in the C:N ratio of white clover root 

material grown under elevated [CO2] but, contrary to our results, they observed a 1.8 to 3.6 times 

lower relative decomposition, depending on N fertilization. It also differs from experiments on 

timothy (Bertrand et al. 2014) and perennial ryegrass (Jongen et al. 1995) where N concentration 

was decreased and linked to increased C:N ratio and decreased IVTD, indicating that material 

grown under elevated [CO2] was more recalcitrant to breakdown. Therefore, the difference in 

root dry matter degradability in response to elevated [CO2] seems to be species specific, as 

previously reported by Cotrufo et al. (1994). However, in order to obtain a better estimate of the 

carbon sequestration potential, total C stored in roots should be measured. In fact, elevated [CO2] 

has been shown to increase the root:shoot ratio of alfalfa up to 57% (MacDowall 1982), which 

could offset the increase in degradability observed here.  

In timothy, no differences in root C and N concentrations between CO2 treatments were 

observed in 2013. It contrasts with Bertrand et al. (2014) and Milchunas et al. (2005a) who 

observed a decrease in N concentration in timothy and shortgrass steppe, respectively. However, 

the lack of CO2 effect in our experiment might be due to the fact that plants were transplanted in 

mid-summer and were only briefly exposed to elevated [CO2] before roots were sampled. 
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4.6 CONCLUSION 

Elevated [CO2] increased the yield of the mixture, particularly during the warmest month 

of the season. However, timothy did not persist in the mixture because growth conditions were 

favourable to alfalfa which out-competed timothy. There was a significant increase in ADF and 

NDF concentrations of the forage mixture grown under elevated [CO2], which was associated 

with a slight reduction of the IVTD. However, no significant effect of elevated [CO2] on the 

NSC concentration of the mixture was observed and there was only a slight decrease in total N 

concentration. Fall organic reserve accumulation in the crowns was not affected by elevated 

[CO2], but was lower in 2014 compared to 2013, likely as the effect of three cuts taken in 2014. 

Root composition of alfalfa and timothy was unaffected by elevated [CO2], but root degradability 

of alfalfa was increased.  
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Figure 4.1. Total weekly precipitations (bars) and average weekly air temperature (lines) 

measured in control plots without chambers from 14 July to 26 October 2013 and from 5 May to 

11 October 2014 in Québec City, QC. Arrows indicate time of cutting of the alfalfa-timothy 

forage plots. 
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Figure 4.2. Aboveground yield at each cut (significant CO2 × cut effect, P<0.001) of an alfalfa-

timothy mixture (bars) grown in open-top chambers under ambient (near 400 µmol mol
-1

) and 

elevated (600 µmol mol
-1

) CO2 concentration, and without an open-top chamber (control). The 

proportion of alfalfa in forage dry matter yield is represented by the solid line (significant cut 

main effect, P<0.001). Different letters indicate significant (P≤0.05) differences within a cut for 

DM yield and across cuts for the contribution of alfalfa to DM yield. Standard error is 

represented by error bars.   
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Figure 4.3. Concentrations of non-structural carbohydrates (NSC) and total free amino acids 

(significant year effect, P<0.001 and P<0.002, respectively) in the crowns of cold-acclimated 

alfalfa in fall 2013 compared to fall 2014.  Plants were grown in open-top chambers under 

ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) [CO2]. Different letters indicate 

significant differences between years (P≤0.05). Standard error is represented by error bars.   
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Table 4.1. Dry matter forage yield, concentrations of non-structural carbohydrates (NSC), total nitrogen, acid detergent fibre (ADF), neutral detergent fibre (NDF) and 

acid detergent lignin (ADL), as well as in vitro true digestibility (IVTD) and NDF digestibility (NDFd) in the biomass of an alfalfa-timothy mixture grown in open-top 

chambers under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 concentrations, and without an open-top chamber (control). 

Treatment 

effect 
Year Cut Treatment 

Yield NSC Nitrogen ADF NDF ADL IVTD NDFd 

(g DM  m
-2

) -------------------------------- (mg g
-1

 DM) -------------------------------- (mg g
-1

 NDF) 

[CO2]            

   Control 331.3 b
1
 66.1 32.9 a 287 c 356 c 67 c 812 a 468 a 

   Ambient 354.9 b 61.1 32.3 ab 300 b 369 b 70 b 800 b 456 b 

   Elevated 420.0 a 60.4 31.1 b 318 a 388 a 74 a 786 c 448 b 

Cut            

 2013 First   379.9 c 49.0 c 30.1 b 308 b 407 a 57 d 828 a 577 a 

 2014 First   503.6 a 76.6 a 28.7 c 302 b 388 b 69 c 779 c 430 c 

  Second   267.9 d 74.5 a 32.8 a 286 c 338 c 73 bc 796 b 398 d 

  Third   418.1 b 50.3 c 34.0 a 330 a 387 b 80 a 770 c 407 d 

  Fourth   274.2 d 62.5 b 34.9 a 284 c 334 c 73 b 824 a 473 b 

[CO2] × cut          

 2013 First  Control 387.9 ab
2
  31.8 a   56 a 837 a 588 a 

   Ambient 327.9 b  31.2 a   58 a 830 ab 580 a 

   Elevated 423.9 a  27.4 b   58 a 817 b 564 a 

            

 2014 First  Control 406.3 b  29.6 a   64 b 803 a 463 a 

   Ambient 457.3 b  28.4 ab   67 ab 780 b 440 a 

   Elevated 647.3 a  28.1 b   75 a 753 c 388 b 

            

  Second  Control 239.6 b  33.5 a   69 a 810 a 398 a 

   Ambient 237.9 b  33.5 a   75 a 802 a 403 a 

   Elevated 326.1 a  31.5 a   75 a 777 b 392 a 

            

  Third  Control 361.4 b  37.5 a   72 b 794 a 431 a 

   Ambient 426.7 ab  32.7 b   82 a 766 b 392 b 

   Elevated 466.0 a  31.7 b   85 a 752 b 399 b 

            

  Fourth  Control 261.4 ab  32.0 a   73 ab 818 a 460 b 

   Ambient 324.5 a  35.8 a   70 b 823 a 464 b 

   Elevated 236.8 b  37.0 a   77 b 830 a 495 a 

P value [CO2] 0.02 NS
3
 0.032 <0.001 <0.001 <0.001 <0.001 0.007 

 Cut <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 [CO2] x Cut <0.001 NS 0.016 NS NS 0.018 0.001 <0.001 
1
 Different letters within a column and for a given treatment effect indicate significant differences (P ≤ 0.05). 

2
 Values are presented only when the interaction is significant. 

3
 Non-significant with P>0.05.
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Table 4.2. Dry matter forage yield, leaf photosynthesis, and concentrations of sucrose and total nitrogen in an alfalfa-timothy mixture grown in open-top chambers under ambient (near 400 µmol mol-1) 

and elevated (600 µmol mol-1) CO2 concentrations, and without an open-top chamber (control). 

Treatment 
effect 

Year Cut Treatment 

Alfalfa  Timothy 

Yield 

(g DM  
m-2) 

Photosynthesis 

(µmol CO2 m
-2  

sec-1) 

Sucrose 

(mg g-1 DM) 

Nitrogen 

 (mg g-1 DM) 

 Yield 

(g DM  
m-2) 

Photosynthesis 

(µmol CO2 m
-2 

sec-1) 

Sucrose 

(mg g-1 DM) 

Nitrogen  

(mg g-1 DM) 

[CO2]             

   Control 295.6 b1 21.4 b 23.1 a 32.7 a  35.8 12.9 ab 25.3 21.9 
   Ambient 319.7 b 19.5 b 18.4 c 31.4 b  35.2 10.8 b 26.9 22.1 

   Elevated 377.9 a 23.7 a 21.0 b 30.3 c  37.9 14.9 a 27.6 21.8 

Cut             
 2013 First   284.9 b 26.7 a 14.7 d 31.2 b  95.0 a 12.0 12.4 b 20.9 b 

 2014 First   418.3 a 23.7 b 24.0 b 27.5 c  83.6 a 13.7 40.8 a 23.0 a 

  Second   265.3 b 21.2 c 20.4 c 31.2 b  1.2 b n.d.4 n.d. n.d. 
  Third   415.1 a 20.8 bc 17.8 cd 33.5 a  0.8 b n.d. n.d. n.d. 

  Fourth   271.7 b 15.3 d 27.3 a 34.0 a  0.8 b n.d. n.d. n.d. 

[CO2] × cut           
 2013 First  Control 299.9 a2   32.7 a   13.2 a   

   Ambient 244.2 b   31.8 a   11.1 a   

   Elevated 310.5 a   29.2 b   11.7 a   
             

 2014 First  Control 317.2 b   28.9 a   12.5 b   

   Ambient 369.4 b   27.9 a   10.5 b   
   Elevated 568.2 a   25.7 b   18.2 a   

             

  Second  Control 239.0 b   32.3 a   n.d.   

   Ambient 236.8 b   31.5 ab   n.d.   

   Elevated 320.2 a   29.8 b   n.d.   

             
  Third  Control 360.2 b   35.8 a   n.d.   

   Ambient 425.1 ab   32.0 b   n.d.   

   Elevated 460.0 a   32.6 b   n.d.   
             

  Fourth  Control 261.4 ab   33.8 a   n.d.   

   Ambient 323.1 a   33.9 a   n.d.   
   Elevated 230.5 b   34.3 a   n.d.   

P value [CO2] 0.021 0.001 <0.001 <0.001  NS 0.012 NS NS 

 Cut <0.001 <0.001 <0.001 <0.001  <0.001 NS <0.001 0.034 
 [CO2] x Cut <0.001 NS3 NS NS  NS 0.014 NS NS 
1 Different letters within a column and for a given treatment effect indicate significant differences (P≤0.05). 
2 Values are presented only when the interaction is significant. 
3 Non-significant with P>0.05. 
4 Not determined. 
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Table 4.3. Concentrations of carbon, nitrogen and acid detergent lignin (ADL), as well as dry 

matter degradability measured by in vitro true digestibility (IVTD) of the roots of alfalfa and 

timothy grown in a mixture in open-top chambers under ambient (near 400 µmol mol
-1

) and 

elevated (600 µmol mol
-1

) CO2 concentrations, and without an open-top chamber (control). 

Year Species Treatment 
Carbon  Nitrogen ADL IVTD 

-------------------- (mg g
-1

 DM) -------------------- 

2013 Alfalfa Control 457 22.1 n.d.
2
 n.d. 

  Ambient 453 20.4 n.d. n.d. 

  Elevated 456 21.5 n.d. n.d. 

       

 Timothy Control 465 58.7 n.d. n.d. 

  Ambient 462 64.2 n.d. n.d. 

  Elevated 464 65.4 n.d. n.d. 

       

2014 Alfalfa Control 466 a
1
 21.1 40 858 c 

  Ambient 460 b 20.2 36 872 b 

  Elevated 459 b 20.2 38 898 a 
1
 Different letters within a column and for a given treatment effect indicate significant 

differences (P≤0.05). 
2
 Not determined. 
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CHAPTER 5 

CONCLUSIONS AND SUMMARY 

 Alfalfa-timothy mixtures are widely grown throughout Canada, but information on their 

response to elevated [CO2] is limited due to technical and cost limitations. Therefore, our study 

aimed to fabricate a low-cost yet efficient system, allowing us to assess the effects of elevated 

[CO2] on a perennial alfalfa-timothy mixture.  

 The first objective was to build an efficient and low-cost OTC system on an experimental 

site located in Québec City, QC. Building OTCs from widely available materials made them 

relatively inexpensive compared to other systems. The chamber had minimal effects on air 

temperature and light transmission, which limited the alteration of growing conditions within 

OTCs. The system demonstrated its effectiveness by maintaining a stable [CO2] and minimizing 

CO2 consumption. An identical system was installed in Lacombe, AB during spring 2014, 

showing the facility to transpose this design to another location. 

 The second objective was to assess the effects of elevated [CO2] on yield, nutritive value, 

organic reserve accumulation and potential for carbon sequestration of an alfalfa-timothy 

mixture grown in OTCs during two growing seasons in Québec City, QC. Elevated [CO2] 

increased the yield of the mixture, particularly during the warmest months of the growing season. 

The increase in yield was greater in alfalfa than timothy, which proportion decreased gradually 

in the mixture. The NSC concentration of the mixture and both species was not affected by 

elevated [CO2]. The total N concentration was slightly decreased in the mixture, and that effect 

was significant in alfalfa but not in timothy. Significantly higher ADF and NDF concentrations 

were found in the mixture, which slightly reduced the digestibility of the forage. Fall organic 

reserve accumulation measured in the crowns of both species during a period of cold acclimation 
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was not affected by elevated [CO2]. In spite of unaffected root C and N concentrations in both 

species, root degradability of alfalfa was increased under elevated [CO2]. 
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CHAPTER 6 

RECOMMENDATION FOR FUTURE RESEARCH 

 Our study highlighted the importance to further investigate the effects of elevated [CO2] 

in forages grown in field and point out major knowledge gaps that should be fulfilled to mitigate 

the impacts of climate change at farm level. First of all, long-term field studies with a duration 

similar to the life span of perennial forages are necessary to understand the actual plant response 

to elevated [CO2]. Those studies could, among other things, assess if forages acclimate to 

elevated [CO2], translating in a transient positive effect of elevated [CO2] on photosynthesis and 

growth. Also, the effects of cutting regime on fall organic reserve accumulation and winter 

survival should be pursued on three to four years to understand the effects of elevated [CO2] on 

forage persistence. Future experiments should also evaluate the effects of elevated [CO2] on 

different forage species in a field setting. The yield, nutritive value, persistence and root 

degradability of each species could be compared and serve as a basis to determine the best 

options for farmers under predicted climate conditions. Moreover, different forage mixtures 

could also be evaluated. 

 Most importantly, our study, by describing in detail the design and construction of 

efficient open-top chambers, provide an easily transposable turn-key system which could be 

installed under various climatic regions. These low-cost open-top chambers provide a basis for 

long-term multi-site comparison of plant response to elevated [CO2] and climate.   
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APPENDICES 

 

Figure A.1. Location of open-top chambers and their respective treatments and of control plots 

on the experimental site in a completely randomized design.  
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Table A.1. Cost of materials and equipment used for building eight open-top chambers (2013 prices, US $). 

Material/Equipment Make/Model Quantity Unit Cost Total 

Chamber construction 

Treated wood 6 cm × 3.5 cm  88   2.96 260.48 

Greenhouse plastic Clear, 6 mil (5.5 × 13.7 m)  1 63.02 63.02 

Others (screws, hinges, rebar, etc.)  - - - 89.77 

Sub-total 413.27 

Ventilation system 

Plastic box 33 cm × 50 cm × 33 cm high 8 4.48 35.84 

Fan Powerventpro (5.66 m
3
 min

-1
) 8 111.29 890.32 

Flexible PVC pipe 3.75cm inside diameter (2.15 m per OTC)  17 m 6.07 103.19 

Galvanized pipe 10 cm diameter × 15 cm 16 1.34 21.44 

Galvanized “T” 10 cm × 10 cm × 10 cm 8 1.09 8.72 

Plastic “lay-flat” tube 12 cm diameter, clear (4.15 m per OTC) 33.2 m 0.53 17.60 

Sub-total 1077.11 

CO2 control system 

PVC box 

Power supply 

Control transformer 

CO2 solenoid 

CO2 sensor 

CO2 transmitter 

Arlington EB1212 5 26.92 134.60 

Lovato Electric PSL1 010 24 5 73.52 367.60 

HPS SP50PR  4 23.87 95.48 

ASCO Red-Hat 8003HE 4 155.05 620.20 

Vaisala GMP222  
5 1366.28 6831.40 

Vaisala Carbocap GMT220 

Communication wire Vaisala 19040GM Serial COM Adapter 1 107.72 107.72 

CO2 flow regulator Weldmark HRF 1425-580 4 258.03 1032.12 

CO2 data logger Kimo KT210 (has four entries) 2 369.86 739.72 

Wires CO2 data logger Kimo KT210 5 68.99 344.95 

CO2 tubing Nylon tubing 32.320.01 (100 m) 1 114.32 114.32 

Pipe insulation 1.27 cm × 1.83 m 25 1.43 35.75 

Others (wires, brackets, etc.) - - - 89.77 

Sub-total 10513.63 

Temperature Monitoring 

Temperature data loggers  Onset U23-004 HOBO PRO V2 12 116.25 1395.00 

Data Carrier Onset Onset U-DTW-1 1 212.57 212.57 

Sub-total 1607.57 

Softwares  

Software Kimo Kimo KT210 1 214.91 214.91 

Software Onset Onset BHW-PRO-CD 1 88.85 88.85 

Sub-total 303.76 

TOTAL 13915.34 
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Table A.2. Average incoming PAR (µmol m
-2

 sec
-1

) measured in the middle of eight open-top chambers (OTCs) as compared to four control plots without 

chamber. PAR was measured above plant canopy at three different periods of the day (AM, PM and late PM), three times between 25 June and 11 August 2014, 

corresponding to three different plant heights (30 cm, 60 cm and 90 cm from the ground) n=5. Light transmission (%) was calculated as: (PAR OTCs / PAR 

control plots) × 100 and the average light transmission was the average of 15 observations for each height.  

Height   AM (8:00 - 10:00 h) PM (12:00 - 14:00 h) Late PM (16:00 - 18:00 h) 

Average 

light 

transmission 

30 cm 

Average PAR in 

OTCs 
858 953 848 1607 975 1354 1070 1824 1837 1692 356 850 1044 647 968  

 

 

 

91% 

Average PAR 

control plots 
963 1077 954 1636 1067 1459 1192 1834 1842 1795 462 940 1293 724 1060 

Light 

transmission 
89% 88% 89% 98% 91% 93% 90% 99% 100% 94% 77% 90% 81% 89% 91% 

60 cm 

Average PAR in 

OTCs 
828 1106 499 1107 242 1960 1952 1144 1637 987 350 594 624 596 207  

 

 

 

91% 

Average PAR 

control plots 
1047 1051 616 1099 273 1986 2026 1334 1800 1056 391 654 761 706 229 

Light 

transmission 
79% 105% 81% 101% 89% 99% 96% 86% 91% 93% 90% 91% 82% 84% 90% 

90 cm 

Average PAR in 

OTCs 
1274 1091 595 1080 292 623 2130 1756 1031 1813 658 720 622 222 1002  

 

 

 

96% 

Average PAR 

control plots 
1231 1149 647 1030 309 634 2151 1807 1087 1823 746 758 694 225 1049 

Light 

transmission 
103% 95% 92% 105% 94% 98% 99% 97% 95% 99% 88% 95% 90% 99% 96% 

 
Average light 

transmission 
93% 95% 89% 93% 
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Table A.3. Concentrations of sugars (mg g
-1

 DM) in the biomass of alfalfa grown in open-top chambers under 

ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 concentrations, and without an open-top 

chamber (control). 

Treatment 

effect 
Year Cut Treatment Raffinose Glucose Pinitol Fructose SC

4
 Starch NSC

5
 

[CO2]           

   Control 1.8 4.1 a 28.4 b 3.6 a 61.0 7.5 a 68.5 

   Ambient 1.8 3.5 b 32.3 a 2.7 b 58.6 4.3 b 62.9 

   Elevated 1.9 3.6 b 28.3 b 3.1 ab 57.9 5.3 b 63.1 

Cut           

 2013 First   3.3 a
1
 2.6 b 35.2 a 1.1 d 57.1 c 5.9 a 63.0 b 

 2014 First   1.1 d 4.6 a 36.3 a 5.0 a 71.0 a 5.1 a 76.1 a 

  
Second  

 1.7 b 4.5 a 35.5 a 3.6 b 65.8 b 7.1 

abc 

72.9 a 

  Third   1.7 b 2.6 b 18.8 c 2.1 c 43.0 d 6.6 b 49.6 c 

  Fourth   1.3 c 4.2 a 22.5 b 3.7 b 59.1 c 3.5 c 62.5 b 

[CO2] × cut         

 2013 First  Control 3.0 a
2
  27.3 b   16.2 a  

   Ambient 3.3 a  41.0 a   0.2 b  

   Elevated 3.6 a  37.5 ab   1.5 b  

           

 2014 First  Control 0.8 b  39.3 a   5.3 ab  

   Ambient 1.0 ab  37.0 a   4.4 b  

   Elevated 1.4 a  32.6 b   5.7 b  

           

  Second  Control 1.7 a  38.5 a   7.4 a  

   Ambient 1.5 a  37.0 a   7.1 a  

   Elevated 2.0 a  31.0 b   6.7 a  

           

  Third  Control 1.9 a  16.6 b   5.0 b  

   Ambient 1.8 a  22.1 a   6.4 ab  

   Elevated 1.5 a  17.7 b   8.3 a  

            

  Fourth  Control 1.4 a  20.3 b   3.7 a  

   Ambient 1.3 ab  24.5 a   3.2 a  

   Elevated 1.2 b  22.7 ab   3.5 a  

P value [CO2] NS
3
 0.015 0.048 0.003 NS 0.003 NS 

 Cut <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 [CO2] x Cut 0.039 NS <0.001 NS NS 0.001 NS 
1
 Different letters within a column and for a given treatment effect indicate significant differences (P≤0.05). 

2
 Values are presented only when the interaction is significant. 

3
 Non-significant with P>0.05. 

4 
Soluble carbohydrates = raffinose + sucrose + glucose + pinitol + fructose. 

5 
Non-structural carbohydrates = SC + starch.  
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Table A.4. Concentration of sugars (mg g
-1

 DM) in the biomass of timothy grown in open-top 

chambers under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 

concentrations, and without an open-top chamber (control). 

Treatment 

effect 
Year Cut Treatment Raffinose Glucose Fructose SC

4
 Starch NSC

5
 

[CO2]          

   Control 2.4 7.2 4.7 39.6 7.2 50.0 

   Ambient 2.7  7.1 4.8 41.5 7.4 49.1 

   Elevated 2.9 6.9 5.3 42.6 6.9 49.8 

Cut          

 2013 First   4.7 a
1
 5.3 b 4.0 b 26.3 b 7.6  34.3 b 

 2014 First   0.7 b 8.8 a 5.8 a 56.2 a 6.7  62.9 a 

[CO2] × cut        

 2013 First  Control     6.5 a
2
  

   Ambient     8.1 a  

   Elevated     8.1 a  

          

 2014 First  Control     7.8 a  

   Ambient     6.6 ab  

   Elevated     5.6 b  

P value [CO2] NS
3
 NS NS NS NS NS 

 Cut <0.001 <0.001 <0.001 <0.001 NS <0.001 

 [CO2] x Cut NS NS NS NS 0.021 NS 
1
 Different letters within a column and for a given treatment effect indicate significant 

differences (P≤0.05). 
2
 Values are presented only when the interaction is significant. 

3
 Non-significant with P>0.05. 

4 
Soluble carbohydrates = raffinose + sucrose + glucose + fructose. 

5 
Non-structural carbohydrates = SC + starch. 
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Table A.5. Concentration of sugars (mg g
-1

 DM) in the biomass of an alfalfa-timothy mixture grown in open-top 

chambers under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 concentrations, and without an 

open-top chamber (control). 

Treatment 

effect 
Year Cut Treatment Raffinose Sucrose Glucose Pinitol Fructose SC

4
 Starch 

[CO2]           

   Control 1.3 23.6 a 4.2 a 26.9 3.4 a 59.4 6.7 a 

   Ambient 1.3 20.7 b 3.6 b 29.6 2.7 b 56.5 4.7 b 

   Elevated 1.2 19.2 b 3.7 b 26.3 2.9 b 55.0 5.5 ab 

Cut           

 2013 First   0.9 b
1
 10.9 c 1.9 e 27.0 c 1.7 c 42.3 c 6.6 a 

 2014 First   0.9 b 27.9 a 5.5 a 31.8 b 4.8 a 71.1 a 5.5 a 

  Second   1.5 a 21.0 b 4.6 b 37.1 a 3.4 b 67.7 a 6.8 a 

  Third   1.6 a 18.2 b 3.3 d 19.5 e 1.9 c 44.6 c 5.7 a 

  Fourth   1.5 a 27.8 a 3.9 c 22.7 d 3.2 b 59.1 b 3.4 b 

[CO2] × cut 

 2013 First  Control   1.8 b
2
 22.8 a 1.2 b 39.5 a 13.4 a 

   Ambient   1.6 b 29.8 a 1.5 ab 41.8 a 2.6 b 

   Elevated   2.3 a 28.5 a 2.4 a 45.8 a 3.8 b 

           

 2014 First  Control   6.5 a 34.0 a 5.7 a 76.9 a 5.8 a 

   Ambient   5.1 b 31.5 a 4.3 b 67.2 b 4.9 a 

   Elevated   5.0 b 29.9 a 4.6 b 69.1 ab 5.8 a 

           

  Second  Control   5.5 a 40.0 a 4.5 a 76.1 a 6.8 a 

   Ambient   4.1 b 39.1 a 2.7 b 65.4 b 7.0 a 

   Elevated   4.3 b 32.2 b 2.9 b 61.8 b 6.6 a 

           

  Third  Control   3.2 a 17.5 b 1.9 a 42.9 a 4.1 b 

   Ambient   3.7 a 22.9 a 2.7 a 48.1 a 5.8 ab 

   Elevated   2.9 a 18.1 b 2.9 a 42.7 a 7.3 a 

           

  Fourth  Control   4.1 a 20.2 b 1.9 a 61.9 a 3.5 a 

   Ambient   3.7 a 24.7 a 2.2 a 59.9 a 3.0 a 

   Elevated   3.8 a 23.1ab 1.7 a 55.6 a 3.8 a 

P value [CO2] NS
3
 <0.001 0.005 NS 0.008 NS 0.009 

 Cut <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 [CO2] x Cut NS NS 0.018 0.011 0.005 0.029 0.005 
1
 Different letters within a column and for a given treatment effect indicate significant differences (P≤0.05). 

2
 Values are presented only when the interaction is significant. 

3
 Non-significant with P>0.05. 

4 
Soluble carbohydrates = raffinose + sucrose + glucose + pinitol + fructose 
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Table A.6. Concentration of minerals (mg g
-1

 DM) in the biomass of an alfalfa-timothy mixture grown in 

open-top chambers under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 

concentrations, and without an open-top chamber (control). 

Treatment 

effect 
Year Cut Treatment Phosphorus Potassium  Calcium  Magnesium  

[CO2]        

   Control 3.1 a
1
 31.9 13.6 2.3 

   Ambient 2.7 b 32.3 14.2 2.3 

   Elevated 2.8 b 32.7 13.3 2.2 

Cut        

 2013 First   3.0 b 28.8 c 16.7 a 2.5 a 

 2014 First   2.7 c 33.5 b 15.1 b 2.3 b 

  Second   2.5 d 30.1 c 12.7 c 2.5 a 

  Third   2.8 bc 32.5 b 10.8 d 2.1 c 

  Fourth   3.3 a 36.9 a 13.2 c 2.0 c 

[CO2] × cut 

 2013 First  Control 3.3 a 28.2 a 14.2 b 2.5 ab 

   Ambient 3.0 ab 29.7 a 17.7 a 2.7 a 

   Elevated 2.7 a 28.4 a 18.1 a 2.4 b 

        

 2014 First  Control 2.8 a 33.6 a 15.6 a 2.3 a 

   Ambient 2.8 a 35.0 a 15.1 a 2.2 a 

   Elevated 2.5 a 31.8 a 14.5 a 2.2 a 

        

  Second  Control 2.8 a 29.7 a 12.7 a 2.5 a 

   Ambient 2.4 b 30.6 a 13.5 a 2.5 a 

   Elevated 2.3 b 29.9 a 12.0 a 2.4 a 

        

  Third  Control 3.3 b 34.1 a 12.1 a 2.1 a 

   Ambient 2.4 c 29.9 a 10.7 a 2.0 a 

   Elevated 2.8 b 33.4 a 9.5 a 2.0 a 

        

  Fourth  Control 3.3 ab 34.0 b 13.3 a 2.0 a 

   Ambient 3.1 b 36.5 ab 14.1 a 2.1 a  

   Elevated 3.6 a 40.2 a 12.2 a 2.0 a 

P value [CO2] 0.019 NS
2
 NS NS 

 Cut <0.001 <0.001 <0.001 <0.001 

 [CO2] x Cut <0.001 0.001 0.024 0.025 
1
 Different letters within a column and for a given treatment effect indicate significant differences 

(P≤0.05). 
2
 Non-significant with P>0.05. 
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Table A.7. Concentration  of sugars (mg g
-1

 DM) in the crowns of acclimated alfalfa and timothy grown in open-top chambers under ambient (near 400 

µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 concentrations, and without an open-top chamber (control). 

Year Species Treatment Stachyose Raffinose Sucrose Glucose Pinitol Fructose Maltose SC
2
 Starch 

HDP
3
  

Fructans 
NSC

4
  

2013 Alfalfa Control 4.3 2.3 102.1 2.7 4. 0.3 99.6 216.2 142.3 0.0 358.6 

  Ambient 5.7 2.4 120.2 2.8 5.7  0.3 97.3 234.4 111.4 0.0 345.8 

  Elevated 5.7 2.3 108.3 2.5 6.0 0.2 88.3 213.3 109.9 0.0 323.2 

              

 Timothy Control 0.0 0.1 22.6 1.2 0.0 2.0 0.0 25.8 4.6 ab 238.4 268.8 

  Ambient 0.0 0.2 21.6 1.4 0.0 2.4 0.0 25.7 5.2 a 223.3 254.2 

  Elevated 0.0 0.3 23.2 1.4 0.0 2.4 0.0 27.2 3.9 b 233.2 264.3 

              

2014 Alfalfa Control 1.7 1.0 71.0 3.1 a
1
 4.3 0.6 80.8 162.6 98.8 0.0 261.4 

  Ambient 2.0 1.1 45.3 2.8 b 4.7 0.6 83.8 170.4 101.0 0.0 271.3 

  Elevated 1.6 0.9 76.8 2.8 b 4.3 0.6 65.5 152.3 109.2 0.0 261.5 
1
 Within a given column and for a given species, means with different letters differ at P≤0.05. 

2 
Soluble carbohydrates = stachyose + raffinose + sucrose + glucose + pinitol + fructose + maltose. 

3 
High degree of polymerization. 

4 
Non-structural carbohydrates = SC + starch + HDP fructans. 
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Table A.8. Concentration of free amino acids (µmol g
-1

 DM) in the crowns of acclimated alfalfa and timothy grown in open-top 

chambers under ambient (near 400 µmol mol
-1

) and elevated (600 µmol mol
-1

) CO2 concentrations, and without an open-top chamber 

(control). 

Year Species Treatment His Asn Ser Gln Arg Gly Asp Glu Thr Ala GABA 

2013 Alfalfa Control 8.3 130.8 4.0 0.0 57.4 0.5 9.5 7.6 1.1 4.3 10.6 

  Ambient 7.0 111.5 3.6 0.0 55.6 0.5 6.0 7.5 0.9 4.8 8.5 

  Elevated 9.1 108.0 3.0 0.0 53.1 0.5 6.0 5.4 0.9 3.2 7.0 

              

 Timothy Control 0.4 42.6 2.4 5.7 1.7 0.2 3.6 4.5 1.1 3.3 2.2 

  Ambient 0.3 32.5 2.4 4.5 2.8 0.2 3.0 4.0 0.8 3.0 2.1 

  Elevated 0.3 32.1 2.2 4.8 2.5 0.2 2.3 3.0 0.8 2.5 1.6 

              

2014 Alfalfa Control 4.2 71.1 2.9 0.4 21.7 0.2 4.5 4.8 1.1 3.1 4.2 

  Ambient 5.8 107.5 3.5 0.4 26.8 0.2 5.2 4.9 1.4 3.1 4.9 

  Elevated 4.3 88.6 3.1 0.5 23.3 0.3 4.0 5.3 1.2 4.3 6.7 

              

Year Species Treatment Pro AABA Orn Lys Tyr Met Val Ile Leu Phe Total 

2013 Alfalfa Control 24.3 0.0 0.5 0.6 0.2 0.1 0.8 0.6 0.5 0.5 262.0 

  Ambient 19.5 0.0 0.7 0.5 0.2 0.0 0.5 0.4 0.3 0.3 228.3 

  Elevated 20.2 0.0 0.3 0.4 0.2 0.0 0.7 0.5 0.4 0.4 219.6 

              

 Timothy Control 2.0 0.0 0.08 b
1
 1.2 0.0 0.0 1.0 0.3 0.3 0.3 74.4 

  Ambient 1.6 0.0 0.14 a 0.9 0.0 0.0 1.0 0.3 0.3 0.3 59.2 

  Elevated 0.9 0.0 0.16 a 0.9 0.0 0.0 0.8 0.2 0.2 0.3 56.1 

              

2014 Alfalfa Control 13.1 0.2 0.5 0.3 0.1 0.1 0.8 0.6 0.6 0.4 134.7 

  Ambient 15.7 0.2 0.7 0.4 0.1 0.2 1.3 1.2 0.8 0.6 185.0 

  Elevated 13.1 0.2 0.7 0.4 0.1 0.2 1.0 0.8 0.7 0.4 159.2 
1
 Within a given column and for a given species, means with different letters differ at P≤0.05. 

 


