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Abstract 

Research has shown that increased biodiversity (e.g. number of species) may improve 

ecosystem services (e.g. give more yield). A mixture experiment was carried out in five sites 

in Northern Europe and one in Canada to investigate if mixtures of grasses and legumes gave 

more yield than monocultures. The resistance of the mixtures to unsown species invasion was 

also investigated and the quality of the forage in the mixtures was compared to the forage 

quality of the monocultures. The experimental layout followed a simplex design, where four 

species, timothy (Phleum pratense L.), smooth meadow grass (Poa pratensis L.), red clover 

(Trifolium pratense L.) and white clover (Trifolium repens L.) were sown in field plots in 

various combinations. The species were grown in monocultures and 11 different mixtures with 

systematically varying proportions of the four species. The plots were harvested 2-3 times a 

year, depending on site, and yield, species composition and forage quality were measured. The 

results showed positive diversity effects leading to greater yield than expected from species 

sown in monocultures. The diversity effects were strong enough to achieve transgressive 

overyielding, i.e. the mixtures were more productive than the most productive monoculture 

and the mixtures were more resistant to unsown species invasion than the monocultures. 

Mixing legumes with grasses improved the forage quality compared to the grass 

monocultures, especially increasing the crude protein content of the mixtures. These benefits 

persisted over the three harvest years of the experiment and were consistent between sites. 

Útdráttur 

Rannsóknir hafa sýnt að líffræðilegur fjölbreytileiki (t.d. tegundafjölbreytni) getur bætt 

þjónustu vistkerfa (t.d. aukið uppskeru). Lögð var út tilraun á fimm stöðum í N-Evrópu og 

einum í Kanada til að kanna hvort blöndur af smára og grasi skili meiri uppskeru en tegundir 

ræktaðar í hreinrækt. Einnig var athugað hvort blöndurnar dragi úr ágangi illgresis og 

fóðurgæði blandnanna var borin saman við fóðurgæði í hreinræktunum. Fjórum tegundum, 

vallarfoxgrasi, vallarsveifgrasi, rauðsmára og hvítsmára var sáð í reiti. Tilraunin fylgdi 

svokölluðu „simplex“ skipulagi þar sem tegundirnar voru ræktaðar í hreinrækt og í 11 

mismunandi blöndum þar sem sáðhlutfalli þeirra var breytt með kerfisbundnum hætti. Reitirnir 

voru slegnir tvisvar til þrisvar á ári í þrjú ár og uppskera, tegundasamsetning og fóðurgæði 

mæld. Niðurstöðurnar sýndu jákvæð blönduáhrif sem leiddi til þess að blöndurnar voru 

uppskerumeiri en búast mátti við frá tegundunum ræktuðum í hreinrækt. Blönduáhrifin voru 

það sterk að blöndurnar gáfu meiru uppskeru en uppskerumesta tegundin ræktuð í hreinrækt 

og drógu blöndunar úr ágangi illgresis. Blöndurnar höfðu betri fóðurgæði en grastegundirnar 

ræktaðar í hreinrækt, innihald hrápróteins var mun meira í blöndunum. Ávinningur af því að 

rækta blöndur hélst öll þrjú árin og var sambærilegur við mismunandi umhverfisaðstæður.  
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1 Introduction 

Food production grew rapidly in the last century, partly because of heavy use of fertilizer. 

Synthesis of chemical fertilizer requires large amounts of fossil energy and increases in the 

price of oil results in higher price of fertilizer which, consequently, leads to higher price of 

food. Reduced use of fertilizer would lead to declined release of CO2 and less input into food 

production. Intense crop production can cause water pollution and soil nutrition depletion 

(Matson, Parton, Power & Swift, 1997). For these reasons there is increasing demand for 

sustainable agriculture where outputs (food, fiber, fuel, oil) can be produced over long periods 

while preserving ecosystem services and not causing depletion of natural capital (e.g. 

minerals, biodiversity, soil and clean water). Sustainable agriculture has to use inputs and 

resources acquired within the system to deliver desired outputs. It also has to have the ability 

to recover quickly after perturbation (The Royal Society, 2009). 

While little more than 30% of applied nitrogen is usually taken up by crops (Cassman, 

Dobermann & Walters, 2002) more efficient use of nitrogen would be of great advantage.  

Research has shown that diverse mixtures of plant species can use resources more efficiently 

in nutrient-poor environments (Hector, 1998) and they can produce more biomass than 

communities of one or few species (Cardinale et al., 2007). Synthesized nitrogen fertilizer is 

essential to maintain productive agriculture but biological nitrogen fixation represents an 

important factor in which reliance on synthetic nitrogen might be reduced. It has been shown 

that grass species can benefit from growing in mixtures with legumes (Sleugh, Moore, George 

& Brummer, 2000; Temperton, Mwangi, Scherer-Lorenzen, Schmid & Buchmann, 2007) and 

nitrogen fixation of legumes can be enhanced with competition from non-legume species 

(Nesheim & Boller, 1991; Nyfeler, Huguenin-Elie, Matthias, Frossard & Luscher, 2011). Low 

temperature can though constrain the utilization of nitrogen fixing ability of legumes 

(Nesheim & Boller, 1991). Low temperatures can also affect the survival rate of legumes 

(Wachendorf et al., 2001) and experiments have been carried out to find varieties that give 

high yield and are persistent in mixture with grasses at low temperature (Helgadottir & 

Dalmannsdottir, 2004). 

Much theoretical and experimental work has been done on the effects of biodiversity and 

experiments carried out focusing on both ecosystem functioning (Hooper et al., 2005; Isbell et 

al., 2011) and agricultural benefits (Trenbath, 1974). 

1.1  More Efficient Use of Resources 

It is called niche complementarity when different species use resources in different ways, both 

in space and time, thus avoiding competition and exploiting the environment more completely 

than communities consisting of one or few species (Hooper, 1998; Trenbath, 1974). Plants 

growing together, that differ in depth of rooting, can exploit different layers of the soil and use 

soil resources more efficiently (Wilson, 1988). Components of a mixture may show nutritional 



2 

 

complementary. One component may require much of a particular nutrient that another 

component needs little of. The most obvious form of nutritional complementarity is the 

complementarity effects of legumes. Legumes can form a symbiotic relationship with nitrogen 

fixing bacteria that use nitrogen from the atmosphere as a nitrogen source. Legumes can be 

complementary because they can use nitrogen from a different source than non-legume species 

and they can also interact positively with other species by increasing the nitrogen pool in the 

soil (Mulder, Jumpponen, Hogberg & Huss-Danell, 2002; Spehn et al., 2002). Not all legumes 

have the same effect on nitrogen accumulation and biomass production. Species from the 

genus Trifolium seem to have strong effects and may be categorized as a keystone species in 

grassland systems. Effects of legumes persist even if the proportion of legumes of the total 

biomass is small (Mulder et al., 2002; Nyfeler et al., 2011; Spehn et al., 2002). 

 Mixtures can use the sunlight more efficiently than monocultures. Mathematical models have 

suggested that a canopy where the inclination of the leaves decreases with depth would have 

the optimal usage of light (Trenbath, 1974). Mixture of tall-erect and short-prostrate leaf forms 

may use light more efficiently than a single component of the mixture. Research has shown 

that interception of light increases with increased diversity (Spehn et al., 2005). 

A grassland experiment that was carried out at eight sites in Europe under nutrient poor 

conditions showed evidence of niche complementarity and positive species interactions where 

yield increased significantly with increase in species richness (Hector et al., 1999). It is though 

believed that composition of species is more important than number of species when it comes 

to niche complementarity (Hooper et al., 2005; Hooper & Dukes, 2004) and that species that 

can be categorized into different functional groups are likely to be complementary (Hector et 

al., 1999). Species that have comparable roles in ecosystems, e.g. legumes, grasses, C3 

grasses, C4 grasses, herbs, fast establishing and slow establishing species are grouped together 

in functional groups (Lavorel et al. 1997).  

1.2 Mixtures Can Be More Resistant to Invasive 

Species and Diseases 

Losses from weed competition represent a significant waste of resources (water and nutrients) 

that would otherwise be available to the crop. More efficient use of resources in diverse 

mixtures makes them more resistant to invasion of unsown species than communities 

composed of fewer species (Frankow-Lindberg, Brophy, Collins & Connolly, 2009; Hector, 

Dobson, Minns, Bazeley-White & Hartley Lawton, 2001; Knops et al., 1999). Evenness of 

species in a mixture may also be an important factor in the resistance to weed invasion, as the 

resistance becomes stronger with more evenness in mixtures (Tracy, Renne, Gerrish & 

Sanderson, 2004). Increased species diversity can dilute the density of host species and reduce 

spread of diseases and thus decrease foliar pathogen load in grasslands (Knops et al., 1999; 

Mitchell, Tilman & Groth, 2002).  
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1.3 Improved Yield in Mixtures 

Niche complementary and resistance to invasive species and diseases can result in greater 

yield in mixtures than would be expected from the component species growing separately. 

Trenbath (1974) reviewed data of 344 binary mixtures (mixtures of legumes and non-legumes 

were omitted). The data showed that the yield of the mixtures tend to lie above the mean yield 

of the two monocultures (60% of the mixtures). It was not uncommon that the mixtures 

produced more biomass than the more productive monoculture (i.e. transgressive 

overyielding). There was evidence of transgressive overyielding in 37% of the mixtures. The 

difference between the mixtures and the higher yielding monoculture was though not often 

statistically tested. 

 

Meta-analysis carried out by Cardinale et al. (2007) showed that mixtures were more 

productive than the average monoculture (i.e. overyielding) in 79% of the 44 experiments they 

summarized. The most diverse mixture used in the experiments achieved 1.7 times the 

biomass of the average monocultures and 0.88 times the yield of the most productive species 

grown in monoculture. In 12% of the experiments the mixtures were more productive than the 

most productive monoculture. Their analysis also revealed that the effects of plant diversity on 

biomass increased with time along with the probability of transgressive overyielding. Long 

term experiments have shown that the strength of overyielding increases with time (Hooper & 

Dukes, 2004; Tilman et al., 2001). 

1.4 Forage Quality in Grass-Legume Mixtures 

While it is desirable in agronomic systems to achieve the highest possible yield, it is also 

important to have high forage quality. High quality forage has high digestibility, low fiber 

content and high concentration of protein (McDonald, Edwards, Greenhalgh & Morgan, 

2002). The digestibility can be measured in two ways, the digestibility of the whole plant or 

the digestibility of the cell walls. The digestibility rate is lower for the cell wall than for the 

cell content. Consequently, as the proportion of cell wall of the digestible plant material 

increases the lower the digestibility rate will be.   

 

Thorvaldsson (1987) has investigated the effect of weather on the quality values of timothy. 

Weather affects forage quality both directly and indirectly through its effect on morphological 

development. Increasing radiation decreases crude protein content but enhances digestibility 

and increasing temperature decreases digestibility of grasses. Soil can also have an effect on 

forage nutritional value and drought has a negative effect, e.g. accelerating decline in crude 

protein content. 

 

Legumes have higher nutritive value than grass species so growing mixtures of grasses and 

legumes can improve forage quality compared to grass monocultures (Sleugh et al., 2000; 

Zemenchik, Albrecht & Shaver, 2002). Benefits of growing legumes with grasses are that the 

rate of decline in digestibility with advancing maturity is less for legumes than for grasses. 

Digestibility of the commonly grown ryegrass can decline by 20 g kg
-1

 DM per week while 
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digestibility of white clover declines by 10 g kg
-1

 DM per week at the most (Dewhurst, 

Delaby, Moloney, Boland & Lewis, 2009). 

 

Cattle and sheep both eat grasses and legumes given opportunities of both but they prefer 

legumes over grasses and the legume content is about 70% of overall intake if they are given 

equal opportunities of feeding on grasses and legumes (Rutter, 2006). The animals maintained 

a mixed diet of grasses and legumes even though they preferred eating legumes. This may be 

to maintain effective rumen function. Voluntary intake by cows was higher when fed legume 

silage compared to grass silage and cows fed legume silage had higher yields of milk and the 

milk contained higher levels of polyunsaturated fatty acids (linoleic acid, conjugated linoleic 

acid, and α-linolenic acid) that are considered to be beneficial for human health (Williams, 

2000). However, the efficiency of N use declined with increasing proportion of legumes in the 

animal diet. The efficiency of N use when cows were offered a mixture of white clover, red 

clover and grass silage was though higher than expected (Dewhurst, Fisher, Tweed & Wilkins, 

2003).  

There are some disadvantages of using legumes for fodder. White clover and red clover can 

cause bloat in ruminant animals (Majak, McAllister, McCartney, Stanford & Cheng, 2003). 

Ruminant animals have an active population of micro-organisms in the fore-stomach that help 

digest fibrous feeds. In the digestive process these micro-organisms produce large quantities 

of gas that needs to be expelled from the rumen. When the animal is fed grass the gas 

separates from the particles and is expelled through the esophagus. If the animal is fed with 

pure legume the gas does not separate from the particles and produces a froth that inhibits the 

esophagus to release air out of the rumen and consequently causes bloat. Mixtures where the 

legume content is at maximum 50% are bloat safe (Majak et al., 2003). Heifers grazing clover 

in a mixture with grasses did not show any signs of bloat (Rutter, Orr, Yarrow & Champion, 

2004). Many legumes contain compounds that can affect the reproductive system and red 

clover contains estrogenic compounds (isoflavones and coumestans) which can cause 

infertility in cattle and sheep (Adams, 1995; Newton & Betts, 1973). The occurrence of 

infertility has decreased with higher proportion of grass in pastures. It is though recommended 

to remove sheep and cattle from pastures containing estrogenic compounds 4-6 weeks before 

mating (Adams, 1995). Breeding programs have produced varieties that contain reduced 

amount of estrogenic compounds and varieties that have lower bloat risk (Abberton & 

Marshall, 2005). 

1.5 Mixtures Can Be More Stable 

Stability of production is important in agriculture and it is preferred that crops give similar 

yields across years. Yield stability has been defined in many different ways (Lehman & 

Tilman, 2000; Pimm, 1984), for example as resistance and resilience to stress. Resistance is 

the degree of change in ecosystem processes, such as production, in the face of stress, while 

resilience is the ability to recover after perturbation. Temporal stability has also been defined 

as the ratio of mean abundance to its standard deviation. These definitions can result in three 

different questions: are diverse systems more or less resilient? Are diverse systems more or 

less resistant? Or are diverse systems more or less variable? These inconsistent definitions of 
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stability have caused debates about the stability-diversity relationship (Lehman & Tilman, 

2000). 

 

 It has been argued that there is a positive relationship between stability and diversity. Thus, 

stability of the community increases with diversity because different responses of populations 

within the community add up over time to give stable community dynamics (McCann, 2000). 

Stability of individual species within the community can, however, decrease with diversity 

(van Ruijven & Berendse, 2007). Species richness can lead to greater drought resistance 

because diverse communities are more likely to contain drought-resistant species and 

increased growth of the drought-resistant species compensates for decreased growth of other 

species, leading to stabilization of the community (Tilman & Downing, 1996). For example, it 

has been shown that growing red and white clover together results in less variation in clover 

yield in grass-clover mixtures than growing them in monocultures (Frankow-Lindberg, 

Halling, Hoglind & Forkman, 2009). It is possible to achieve high levels of yield and maintain 

this over a period of time by growing two or three selected species together. More complex 

mixtures of randomly selected species are not necessarily better and can even be less 

productive (Tracy & Sanderson, 2004b). 

1.6 Design and Analysis of Mixture Experiments 

What can be interpreted from experiments depends on the design, indicators and statistical 

methods used. Methods in mixture and biodiversity experiments have been evolving through 

the years. Connolly et al. (2001) reviewed designs and indicators commonly used in mixture 

experiments. The simplest design of these experiments is the pairwise experiment (Fig. 1(a)) 

where one mixture is repeated under different levels of treatment factors, e.g. fertilizer. 

Inferences from this design are limited but it has been used widely. Another commonly used 

experimental layout is additive series (Fig. 1(b)), where the main focus is on one species, the 

target species. The target species is sown at the same density along with other species with 

varied density. This type of experimental design is commonly used in weed experiments 

where the effect of weeds on growth of the target species is investigated. This experimental 

design has been criticized because it tends to confound the effects of density and proportion. 

This problem is solved by using the replacement series where the density is constant. 
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Figure 1. Common experimental designs used in mixture experiments. The densities of the 

species are denoted as d1 and d2. The designs are: a) Pairwise, b) additive series c) 

replacement series and d) response model designs (taken from Connolly et al., 2001). 

 

Replacement series consist of mixtures and monocultures where the total density of individual 

plants is the same but the proportion of different species varies (Fig. 1(c)). Harper (1977) 

discusses the four basic forms that can result from replacements series experiments. 1) Each 

species contributes to the yield of the mixture in ratio with its proportion in the mixture, i.e. in 

a 50:50 mixture each species would give yield that corresponded to 50% of its yield in 

monoculture (Fig. 2(a)). Two possible explanations for this are. i) The density of the species 

can be too low for the species to be able to compete for recourses. ii) The two species are 

equivalent and use the same resources. 2) The two species use the same resources but are not 

exactly equivalent (Fig. 2(b) and (c)). The total yield is predictable from the monocultures in 

1) and 2). 3) The two species can be antagonistic (Fig. 2(d)). This result could e.g. come from 

an experiment if one species in the mixture produced a toxin that was harmful to the other 

species but not to itself, giving less yield from the mixture than would be expected from the 

monocultures. 4) The two species can be complementary, that is using resources differently in 

space or time and the yield from the mixture is more than would be expected from the 

monocultures (Fig. 2(e)). 
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Figure 2. Four basic forms of results from replacement series experiments (taken from 

Harper, 1977). 

 

Replacement series have been criticized, for example, because interpretation can be size-

biased, i.e. when the initial size or biomass of the species is ignored as has frequently 

happened in these experiments. These experiments are carried out at a constant and often 

poorly chosen density so the results cannot be generalized over other densities (Connolly, 

1986; Gibson, 1999). 

The response model is a generalization of additive and replacements series where variation in 

density and proportion are combined. It has not been used as much as the other two designs 

but it has sometimes been used in mixture experiments (Connolly et al., 2001) and consists of 

monocultures and mixtures where the proportion of the species varies. The monocultures and 

the mixtures are then repeated at different densities (Fig. 1(d)). While this experimental design 

solves some of the problems with additive and replacements series it can still suffer from 

similar size-bias in estimation of species effects and responses as in the other layouts. There 

can also be several statistical problems in the model fitting such as heterogeneous variances 

(Gibson, 1999). 
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1.6.1 Biodiversity Experiments 

Biodiversity experiments have been carried out to determine the relationship between species 

diversity and ecosystem function, e.g. biomass production, N leaching loss, etc. (Hector et al., 

1999; Tilman et al., 1997). In these experiments a random sample of species was drawn from 

a pool of species, forming assemblages of 1, 2, 4, 8, 16 or 32 species.  The effect of decreasing 

species diversity was described as a log-linear relationship between the ecosystem function, 

e.g. biomass production and the number of species (Figure 3(a)). These experiments have also 

been designed to detect a relationship between ecosystem function and functional group 

diversity. Functional groups can be e.g. C3 grasses, C4 grasses, legumes, woody plants and 

forbs. Species are then drawn randomly from functional groups to form assembles containing 

certain number of functional groups and species. It is then tested if a linear relationship exists 

between the ecosystem function and functional group diversity (Figure 3(b)). Increasing 

biomass production was found with both increasing number of species and increasing 

functional groups in both of these experiments. 

 

 
Figure 3. a) Linear relationship between biomass production and the logarithm of the number 

of species. b) Linear relationship between biomass production and number of functional 

groups  (taken from Hector et al., 1999).  

 

Huston (1997) has criticized this experimental design and pointed out that in these 

experiments it was difficult to distinguish between niche complementarity and the so called 

sampling effect. The sampling effect is the increased probability of a diverse mixture to 

contain a highly productive species that becomes the dominant species of the mixture and, 

consequently, diverse mixtures are more likely to be more productive than simpler mixtures. 

Wardle (1999) gives one extreme example of the sampling effect. Suppose there is a pool of 

ten species and one is a nitrogen fixing legume and the other nine are not.  Then most 

replicates of monocultures would not include a legume but all mixtures with ten species would 

contain the legume species. If nitrogen fixation was a measure of an ecosystem function then 

positive correlation between species diversity and ecosystem function would be expected. It 

has been debated whether the sampling effect is a biodiversity effect or a statistical artefact 

(Huston, 1997; Tilman, Lehman & Thomson, 1997; Wardle et al., 2000). 
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To separate the sampling effect from other biodiversity effects a method of relative yield (RY) 

and relative yield total (RYT) can be used (Hector, 1998), 

    
  

   
                    

where Oi is the observed yield of species i in a mixture and Mi is the yield of species i in 

monoculture. If RYT = 1 then there is no evidence of complementary use of resources. If RYT 

> 1 then there is evidence of overyielding. In replacement series where the density is constant, 

RYT has been criticized for being size-biased (Connolly, 1986; Gibson, 1999) and the index 

relative resource total (RRT) is recommended instead as it is not subject to the size-bias that 

can arise when using RYT (Connolly, 1987). RRT calculates the total monoculture area 

required to produce the same yield as the unit area of the mixture. 

A grassland experiment was carried out where new methodology for the design and analysis of 

mixture experiments to quantify diversity-function relationships were proposed (Kirwan et al., 

2007). This experiment was based on a simplex design (Cornell, 2002) and multiple regression 

method used to quantify interactions between species. Positive interactions between species 

were observed, suggesting that the mixtures gave more yield than expected from monoculture 

performance. 

Transgressive overyielding is estimated as the difference between the yield of a mixture and 

that of its highest yielding component in monoculture and has been infrequently detected in 

biodiversity experiments (Cardinale et al., 2007). Tests of transgressive overyielding are 

biased against the mixtures, because when comparing one diverse mixture with its highest 

yielding component of many in monoculture, the probability of finding an extreme value 

among the sample of monoculture that equals or is larger than the value for the mixture is 

tested (Kirwan et al., 2007; Schmid, Hector, Saha & Loreau, 2008). It becomes increasingly 

more difficult to detect transgressive overyielding as the number of monocultures increases. 

With increasing number of monocultures the chances of finding an extreme value among the 

monocultures increases while there is only one mixture containing all the species. The 

variance between species also has an effect on how easily transgressive overyielding can be 

observed and transgressive overyielding is more likely to occur in experiments using a pool of 

species with similar monoculture yields. Temporal variation in yield of monocultures and 

mixtures increases the bias against the mixtures and this bias is increased even further if the 

temporal variation is higher in monocultures than the mixtures (Schmid et al., 2008). 

To test for transgressive overyielding different methods have been used. Hector et al. (2002) 

calculated how much more the yield of the mixture was compared to a selected monoculture 

(Dmono), 

       
     

  
 

where OT is the observed total yield of the selected mixture and Mi is the monoculture yield of 

the species chosen for comparison. Other methods for testing for transgressive overyielding 
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have been presented.  Drake (2003) suggests a statistical method based on probabilities models 

to test for transgressive overyielding. Nyfeler et al. (2009) used a method based on a response 

model and Kirwan et al. (2007) used permutation test to test for transgressive overyielding. 

Though there has been a debate about the diversity effects and about designs of experiments 

and statistical methods there are strong evidence that species can be complementary, resulting 

in more yield than expected from the monocultures. A mixture usually does not produce more 

yield than the most productive monoculture but it is possible to choose species such that it 

does. Growing mixtures of grasses and legumes for forage production can thus make 

agriculture become more sustainable. 

1.7 Objectives of This Study 

The aim of this study was to investigate whether yield and forage quality can be improved by 

growing clovers in mixtures with grasses in Northern Europe and Canada and to find answers 

to the following questions: 1) Can positive interactions between agronomic species grown in 

mixtures result in greater yield than expected from species grown in monocultures? 2) Do 

mixtures transgressively overyield monocultures? 3) Are mixtures more resistant to unsown 

species invasion than monocultures? 4) Do mixtures of grasses and legumes produce higher 

quality forage than grass species alone? 5) Can such benefits persist over several years? 6) Are 

the benefits consistent across different sites?  
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2 Methods 

2.1 Experimental Design 

Four agronomic species were sown, timothy (Phleum pratense L.), smooth meadow grass 

(Poa pratensis L.), red clover (Trifolium pratense L.) and white clover (Trifolium repens L.) 

(Table 1). The species can be categorized into functional groups as either grass or legume 

species and as fast establishing or slow establishing species. Timothy was categorized as fast 

establishing grass, smooth meadow grass as slow establishing grass, red clover as fast 

establishing legume and white clover as slow establishing legume (Kirwan et al., 2007). 

Table 1.  Plants characteristics (USDA NRCS, 2011) 

Species Active growth period Growth form Growth rate 
After harvest 

regrowth rate 
Height 

(cm) 

Timothy Spring and Summer Bunch Rapid Moderate 90 

S. m. grass Spring, Summer, Fall Rhizomatous Moderate Moderate 45 

Red clover  Spring and Summer Single Crown Rapid Moderate 60 

White clover Spring, Summer, Fall Stoloniferous Moderate Rapid 15 

 

The experimental design followed a simplex design (Cornell, 2002; Kirwan et al., 2007) with 

four monocultures and 11 mixtures. The 11 mixtures varied in the sown relative abundances of 

the four species (Figure 4); four mixtures where one species was dominant (70% of one 

species and 10% of each other species), six mixtures where two species were co-dominant 

(40% of each of two species and 10% of the other two) and one mixture where all the species 

proportions were equal, called the centroid mixture (25% of each species). Species proportions 

in the mixtures at sowing were based on seed mass recommended for monocultures for each 

species at each site. The monocultures and the mixtures were sown at two density levels, high 

and low, where high was the recommended amount of seeds at each site and low was 60% of 

the high level. 

http://plants.usda.gov/about_characteristics.html
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Figure 4. Simplex design, (P1, P2, P3, P4) where Pi is the sown proportion of species i. Each 

community can be characterised by its evenness (E). E is at minimum 0 for the monoculture 

and maximum 1 when all the species proportions are equal (see details later on) (taken from 

Kirwan et al., 2007).   

2.2 Sites and Measurements 

The experiments were harvested for three years following the establishment year at six sites, 

two in Iceland, two in Norway, one in Sweden and one in Canada (Table 2). The experiments 

were a part of the COST 852 Agrodiversity experiment (Helgadottir et al., 2008; Kirwan et 

al., 2007). 
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Table 2. Site details. 

Country Site Latitude Longitude 
Altitude 

(m.a.sl.) 

Annual 

rainfall 

(mm) 

Annual 

temp 

(
o
C) 

Iceland(a) Korpa 64
o
09'N 21

o
45'W 35 900 4.5 

Iceland(b) Korpa 64
o
09'N 21

o
45'W 35 900 4.5 

Norway(a) Tromsø 69
o
40'N 18

o
56'E 15 1031 3.1 

Norway(b) Løken 61
o
07'N 9

o
04'E 435 576 1.6 

Sweden Piteå 65
o
19'N 21

o
24'E 5 539 2.1 

Canada Levis 46
o
46'N 71

o
12'W 43 991 4.4 

 

The monocultures and the mixtures were randomly assigned to plots (minimum size was 2x3 

m), the plots were fertilized with 40-80 kg ha
-1

 of nitrogen (N) each year and phosphate (P) 

and potassium (K) as recommended at each site (Table 3            Table 3). 

 

            Table 3. Management details for each site. 

Country 
 

N  kg ha
-1

 

per annum 
P  kg ha

-1
 

per annum 
K  kg ha

-1
 

per annum 

Number 

of 

harvests 

Size of 

plots (m
2
) 

Year of 

sowing 

Iceland(a) 40 40 60 2 6 2002 

Iceland(b) 80 40 60 2 10 2003 

Norway(a) 60 25 95 2 21 2002 

Norway(b) 80 35 100 2 10.5 2003 

Sweden 60 0 0 2-3 19 2003 

Canada 60 24 80 2 12 2004 

 

To estimate the yield of each plot, a subplot (not less than 3 m
2
) was cut to 5 cm twice or three 

times over the growing season and dry biomass weighed. The harvest dates varied between 

sites and years, depending on growing condition and common practice at each site (Table 4). 

Samples were taken to determine the species composition including unsown species at each 

harvest. 
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Table 4. Harvest dates for the sites each year.  

Site Harvest Year 1 Year 2 Year 3 

Iceland(a) H1 30/06/2003 01/07/2004 04/07/2005 

 
H2 19/08/2003 18/08/2004 17/08/2005 

Iceland(b) H1 05/07/2004 27/06/2005 10/07/2006 

 
H2 17/08/2004 16/08/2005 25/08/2006 

Norway(a) H1 02/07/2004 08/07/2005 12/07/2006 

 
H2 25/08/2004 01/09/2005 14/09/2006 

Norway(b) H1 30/06/2004 29/06/2005 03/07/2006 

 
H2 24/08/2004 19/08/2005 31/08/2006 

Sweden H1 02/07/2004 25/06/2005 26/06/2006 

 
H2 24/08/2004 25/07/2005 07/08/2006 

 
H3 

 
02/09/2005 

 

Canada H1 20/06/2005 13/06/2006 12/06/2007 

  H2 08/08/2005 17/07/2006 23/07/2007 

 

The quality of the forage was measured at four sites, Iceland(a), Norway(a), Sweden and 

Canada, and samples were taken from every plot at every harvest, except at Iceland(a), plots 

with co-dominating species were omitted the first year. All analyses were carried out on total 

yield, containing both sown and unsown species. Samples were ground and then scanned 

using a near infrared spectrophotometer (NIRS) (FOSS NIRsystems 6500, Silver Spring, MD) 

to determine acid detergent fiber (ADF), neutral detergent fiber (NDF), In vitro true 

digestibility (IVTD) and nitrogen concentration (N). Samples with the highest relative 

significant spectra were selected as calibration set (55 samples) and validation set (15 

samples). Samples of the calibration and validation sets were analyzed in duplicate for ADF, 

NDF, IVTD and N. Analytical dry matter was determined by oven drying at 105°C. Nitrogen 

concentration was determined by a micro-kjeldahl digestion (Isaac & Johnson, 1976) followed 

by determination on an automated continuous-flow injection analyser (Model QuickChem 

8000 FIA, Zellweger Analytics Inc., Lachat Instruments, Milwaukee, WI, USA; method 13-

107-06-2-E). The ADF and NDF concentrations were determined using the ANKOM200 Fiber 

analyser (Ankom Technology, Fairport, NY, USA). The IVTD was measured using the 

method of Goering and Van Soest (1970) based on a 48-h incubation with buffered rumen 

fluid followed by a NDF wash of the post-digestion residues using the ANKOM  DaisyII 

incubator. The concentrations of ADF, NDF, and N, and IVTD were then predicted in all 

samples using the selected NIRS calibration equations. Crude protein (CP) was calculated 
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from the nitrogen content by multiplying N by 6.25 and In vitro cell wall digestibility 

(IVCWD) was calculated using the following equation: 

IVCWD = 1000 - [(1000 – IVTD)/(NDF/1000)] 

ADF represents the cell wall portion of the forage that includes cellulose and lignin and 

indicates the ability of an animal to digest the forage. As ADF increases the digestibility 

(IVTD) usually decreases. NDF constitutes of ADF plus hemicelluloses. Dry matter intake 

generally decreases as NDF increases. IVCWD is a measure of the digestibility of the cell wall 

(NDF) and CP includes both true protein and non-protein nitrogen. 

2.3 Statistical Analysis 

2.3.1 Model of Total Yield 

We modelled the total annual yield (y) using a diversity-interactions model (Kirwan et al., 

2009): 

                 

 

   

        
       

                

where P1, P2, P3 and P4 are the sown proportions of the four species and Density is the amount 

of seed sown where it was coded -1 for low density and 1 for high density. β1 to β4 are identity 

effects of these species, i.e. yield of species grown in monocultures, γ is the effect of sown 

density and δij’s are the effects of interactions between species i and j. If there are no 

interactions between species the yield can be modelled only with the identity effects of the 

species and the density, such as: 

       

 

   

                          

The yield of the mixtures is then what is expected from the yield in monocultures. If there are 

interactions between species, or so called diversity effects, the yield is greater or less than 

would be expected from species grown in monocultures, the total diversity effects are: 

                          
       

 

By using this method the strength and direction of interactions between pairs of species can be 

quantified. Some species may have negative interactions, others may have positive 

interactions and some may have no interactions at all. It is possible that three or four species 

interactions exist in a mixture though it has not been detected (Kirwan et al., 2007). Model 1 

proposes individual interaction terms for each pair of species. The number of possible 
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interactions rapidly increases with increasing number of species and more parsimonious model 

would make the modelling and interpretation easier. There can be patterns in the interactions, 

e.g. species belonging to the same functional group may have similar interactions with species 

from another functional group and the structure of the diversity effects could then be 

simplified: 

       

 

   

                                                        

where species 1 and 2 are from the same functional group (e.g. legumes or fast establishing 

species) and species 3 and 4 are from another group (e.g. grass or slow establishing species). 

The coefficient δ1 measures the interaction between functional groups and δ2 and δ3 measure 

interaction within the functional groups. This can be simplified even further. If all the 

interaction terms are assumed equal then the yield can be modelled as: 

                 

 

   

                

where                  
 
     and s = number of species. E defines the evenness of the 

plant community (Figure 4), it is scaled to be 0 for monocultures and it is 1 when all the 

species proportions are equal. In this case δE is the diversity effects. 

We did a combined analysis where the data from all sites and all years were modelled 

together. The yield was modelled as described above and Models 1-4 were tested. The model 

was fitted as a random coefficients model (Verbeke & Molenberghs, 2000) with each 

coefficient assumed random across sites. The covariance structure also allowed for repeated 

measures over years. It was assumed that plots within sites and years were correlated but that 

plots from different sites were uncorrelated. 

The model fitting was done in SAS/STAT® software (SAS Institute Inc, 2009) using the 

MIXED procedure (Littell, Milliken, Stroup, Wolfinger & Schabenberger, 2006). Likelihood 

ratios tests were used to test between different covariance structures and models (Wolfinger, 

1993) (see Appendix A). 

2.3.2 Test for Transgressive Overyielding 

To test for transgressive under/overyielding a permutation test (Kirwan et al., 2007) was used. 

The number (n1) of mixtures having a greater yield than the best monoculture and the number 

(n2) of mixtures having less yield than the worst monoculture were observed and the value 

          was computed where d ranges from 0 to 11 in this case. The p-values are 

calculated as the cumulative probability of d being greater or equal than the observed d (see R 

script in Appendix C). This test is biased against the mixtures (Kirwan et al. 2007) and is 

therefore a conservative test. The 11 mixtures and the four monocultures were averaged over 

density and then the test was applied to each site and to averages across sites.  
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2.3.3 Analysis of Quality Values 

Annual weighted average of quality values for every plot was calculated as: 

 

                

 

   

      

 

   

 

 

where QVi is the weighted average of quality value i (ADF, NDF, IVTD, IVCWD and CP), 

QMij is the quality measure for quality value i in harvest j and Yldj represent yield of harvest j. 

The weighted averages of the quality values from the four sites were analysed with the 

MIXED procedure in SAS/STAT® (SAS Institute Inc, 2009). The effects of sward type 

(timothy, smooth meadow grass, red clover, white clover and mixtures), year, site and all 

interactions were tested in all models. The mixtures could be categorized as grass dominated, 

legume dominated and mixtures with even proportions of legumes and grasses. There was 

usually no difference found between those mixtures except in the first year so the mixtures 

were combined to simplify the results. The models were analyzed as repeated across years. To 

compare the mixtures to the monocultures a multiple comparison procedure (Dunnett, 1955) 

was implemented.  

The relationship between the quality values and the yield was investigated using principal 

component analysis. This replaces the original measurements which are correlated with linear 

combinations of the measurements that explain as high proportion of the total variation as 

possible. The principal components are orthogonal and if the first two account for high 

proportion of the total variation a biplot can be used (Gabriel, 1971) to visualize the yield and 

quality values for each plot. Principal component analysis was done using the prcomp function 

(Everitt, 2011) in the statistical software R (R Development Core Team, 2011). 
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3 Results 

3.1 Changes in Species Proportion 

The species were sown to plots in varied relative abundances and based on means from the 

raw data (Figure 5 and Figure 6) their biomass proportions clearly changed over time. 

Averaged over all mixtures, the proportion of smooth meadow grass increased at all the sites 

over time while timothy decreased, except at the Canadian site where it was fairly constant. At 

the Icelandic sites white clover was more persistent than red clover, having 20-30% of the 

total yield in the third year while red clover disappeared from the mixtures. By the third year 

at the Norwegian sites the two clover species had similar proportions, around 10% each. The 

compositions of the mixtures were different in Sweden than at the other sites, where the red 

clover contributed on average about 40% over all three years but the proportion of white 

clover was close to zero. At the Canadian site the proportion of clovers decreased with time 

and was down to zero in the third year. Averaged across sites the biomass proportion of 

timothy decreased while the proportion of smooth meadow grass increased. The proportion of 

red clover reduced from 20% in the first year to 10% in the second year and then remained 

constant. White clover was fairly constant through the years (Figure 5). 

Not only did the sown species proportions change but there was also an invasion by unsown 

species even though this depended on the site. Sweden had the least problem with unsown 

species where their proportion was below 20% in all plots. At the other sites the clover 

monocultures were highly invaded; at the Icelandic sites the proportion of unsown species was 

between 80-100% and also at the Canadian site in the second and third year. The clover was 

more resistant to the invasion of unsown species in Norway but also there the proportion of 

unsown species increased over time. The grass monocultures and mixtures plots were, on the 

other hand, more resistant to unsown species than the clover plots (Figure 6). 
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Figure 5. Changes in species proportion of total annual yield over time averaged over all mixtures.  
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Figure 6. Proportion of unsown species of total annual yield in the four monocultures and three types of mixtures. Mixture 1 is where 

one species is dominant, mixture 2 where two species are dominant and the centroid mixture where all four species proportions are 

equal.
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3.1.1 Transgressive Underyielding 

There was a strong evidence of transgressive underyielding of unsown species. When all 

the sites were combined the test for transgressive underyielding was significant for all the 

three years. The mixtures were more resistant to unsown species than the most resistant 

species grown in monoculture (Figure 7). 

 

Figure 7. Average yield of unsown species of 11 mixtures ( ) and four monocultures: 

timothy ( ), smooth meadow grass ( ), red clover ( ) and white clover ( ) for each year, 

averaged over sites. P-values indicate significance of the test for transgressive 

underyielding. Dotted line shows unsown species yield in the most resistant monoculture. 

 

The resistance to unsown species by the mixtures was consistent between sites. The test 

was significant at all sites when averaged across years. When the test was done separately 

for each year, it was not significant for the first year at four sites and in Canada the second 

year and Norway(b) the third year, otherwise it was significant for all the sites and all years 

(Table 5). 
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Table 5.  P-values from test for transgressive underyielding 

for every site for each of the three years and for the mean 

across years.  

Site  Year 1 Year 2 Year 3 Mean 

Iceland(a) 1 0.002 0.002 0.002 

Iceland(b) 0.851 0.035 0.002 0.002 

Norway(a) 0.615 0.035 0.035 0.035 

Norway(b) 0.851 0.002 0.067 0.002 

Sweden 0.035 0.002 0.002 0.006 

Canada 0.006 0.117 0.016 0.006 

Bold is significant (p<0.05) 

3.2 Forage Yield 

3.2.1 Model of Total Annual Yield 

The most parsimonious model that fitted the data was Model 6 (see Appendix A for more 

details) where all the interactions are assumed equal and with additional quadratic 

evenness term: 

                 

 

   

       
               

In this model the diversity effects were        
  and they were significantly positive all 

three years for mixtures where E was equal to 0.64, 0.88 and 1 (P<0.05). The mixtures 

gave more yield than was expected from the monocultures. Estimates of the coefficients 

from Model 6 can be seen in Table 6. 
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Table 6. Estimates of coefficients from Model 6, in kg ha
-
,
1 

where β1, β2, β3 and β4 are the 

expected monoculture yield of timothy, smooth meadow grass, red clover and white clover, 

respectively, averaged over sites (P-values are from approximated t-test). 

Year Coeff Estimates S.E: P-value 

1 

β1 6811 1014.5 0.0011 

β2 4982 778.2 0.0013 

β3 7108 1404.9 0.0039 

β4 4800 837.9 0.0021 

γ 26 74.0 0.7219 

δ1 4319 929.0 0.0005 

δ2 -2423 880.2 0.0071 

 
    

2 

β1 5750 785.7 0.0007 

β2 5355 713.6 0.0006 

β3 5625 978.4 0.0022 

β4 5263 783.4 0.0011 

γ 47 48.1 0.3347 

δ1 3252 781.8 0.0034 

δ2 -1893 664.2 0.0109 

 
    

3 

β1 4625 540.1 0.0003 

β2 4272 567.9 0.0006 

β3 5140 621.0 0.0004 

β4 4480 519.4 0.0003 

γ 18 44.8 0.6953 

δ1 2102 575.5 0.0028 

δ2 -1117 550.0 0.0469 

 

 

There was a significant difference between fast establishing and slow establishing species 

in the first year                                                     
     . There was no difference between the monocultures in the second year and in the 

third year there was a difference between smooth meadow grass and red clover     
           and between the two clover species               . The mixtures 

gained more yield than expected from the monocultures because of the diversity effects. In 

the first year the centroid mixtures gained 32% more yield on average than expected from 

the monocultures and in the second and third year the centroid mixtures gained 25% and 

21% more than expected, respectively (Figure 8). 
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Figure 8. Average yield over all sites and density, as predicted from model 6 of the four 

monocultures, timothy (G1), smooth meadow grass (G2), red clover (L1), white clover (L2) 

and the centroid mixture with 25% of each species (C). 

 

When the yield was modelled for each site separately (see Appendix B) the diversity 

effects were positive and significant at all sites and all years except at the Canadian site 

where the diversity effects were not significant for the first two years but significantly 

negative in the third year (Table 7). Across sites and years the yield in the centroid mixture 

ranged between +84% and -7% of that expected from the monoculture yields. 

Table 7. More/less yield (%) from centroid mixture 

than expected from monoculture performance. 

 

Site  Year 1 Year 2 Year 3 

Iceland(a) 25 14 18 

Iceland(b) 84 50 35 

Norway(a) 50 34 34 

Norway(b) 28 29 18 

Sweden 32 38 36 

Canada 12 2 -7 
Bold is significant (p<0.05) 

The diversity effects became stronger with increasing evenness of the mixtures but there 

was a saturating effect of evenness (Figure 9). The maximum diversity effects could be 

achieved at evenness 0.89, 0.86, 0.94 for the first, second and third year, respectively. The 

evenness of mixtures where one species was dominant was calculated as 0.64, for the 

mixtures where two species were dominant the evenness was 0.88 and the evenness for the 

centroid mixture was 1. For these three types of mixtures the diversity effects gave on 

average 1.8, 1.9 and 1.9 t more yield per hectare than expected from the monocultures in 

the first year, respectively. 
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Figure 9. Diversity effects vs. evenness for each of the three years (averaged across sites). 

 

3.2.2 Transgressive Overyielding 

There was an evidence of transgressive overyielding (p<0.01) in each of the three years 

when yield was averaged over sites. The mixtures were more productive than the most 

productive monoculture (Figure 10). On average the mixtures were 9, 15 and 8% more 

productive than the most productive monoculture in the first, second and third year, 

respectively. 

 

Figure 10. Average yield of 11 mixtures ( ) and four monocultures: timothy ( ), smooth 

meadow grass ( ), red clover ( ) and white clover ( ) for each year, averaged over sites. 

P-values indicate significance of the test for transgressive overyielding. The dotted line 

shows the most productive monoculture. 
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Test for transgressive overyielding was also done for each site separately. When averaged 

across years the test was significant at four sites, the two Icelandic sites and the Norwegian 

sites (Table 8 and Appendix C). The test was not significant for the Swedish and Canadian 

sites for any year. 

 

Table 8. P-values from the test for transgressive overyielding for 

every site for each of the three years and for the mean of the three 

years.  

 

Bold is significant (p<0.05) 

3.3 Analysis of Quality 

All chemical analyses were carried out for the total herbage including both sown and 

unsown species. Principal components analysis of quality values, yield and clover content 

of each plot from all sites and all years showed that the first and second principal 

components accounted for 47% and 32% of the total variation, respectively.  The first 

component had high negative loadings of NDF and ADF but high positive loadings of 

IVTD, clover and CP content. The second component was had high positive loadings of 

yield and clover content but high negative loadings of IVCWD. The arrows in the biplot 

(Figure 11) show the loadings of the yield, quality values and the clover content and the 

points are the plots from each site and each year. Plots that score high in the first 

component have better quality values than those that score lower and plots that score high 

in the second component have higher yield and lower digestibility than those that score 

lower. The arrows also show correlation between the measurements. Arrows that point in 

same direction show positive correlation between those measurements, arrows that point in 

opposite directions show negative correlations and arrows that are perpendicular on each 

other are not correlated. 

 

Site Year 1 Year 2 Year 3 Years 1-3 

Iceland(a) 0.016 0.016 0.293 0.006 

Iceland(b) 0.117 0.035 0.016 0.035 

Norway(b) 0.615 0.006 0.002 0.002 

Norway(d) 0.191 0.006 0.851 0.016 

Sweden(c) 0.851 0.067 0.615 0.191 

Canada 0.432 0.615 1.000 0.293 

All sites 0.006 0.002 0.006 0.002 
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Figure 11. Principal components analysis of quality values and yield at the four sites for 

three years where each circle represents values from one plot for each year. 

 

Based on the biplot (Figure 11) it is clear that the yield and the quality values differed 

between sites. The plots at the Icelandic site seem to have less yield than plots from the 

other countries but the forage had higher digestibility. The plots from the Swedish site had 

higher clover content and also higher CP content. The plots at the Norwegian and the 

Canadian site had similar fiber content but they differed in yield.  

The quality values were correlated with the proportions of the species and yield (Table 9). 

There was negative correlation between yield and digestibility but there was no correlation 

between yield and CP and between yield and NDF. ADF was negatively correlated with 

the clover species but positively with timothy, there was no correlation between ADF and 

smooth meadow grass. NDF was negatively correlated with the clover species but 

positively with both of the grass species. There was negative correlation between IVTD 

and timothy but positive between IVTD and white clover. Red clover had negative 

correlation with IVCWD but the proportions of the grass species were positively correlated 

with IVCWD. The correlation between CP and the grass proportions was negative but 

positive with the clover proportion. Proportion of unsown species was not correlated to the 

quality values when all plots were used in the calculations. However, when only using the 

clover monocultures there were negative correlations between unsown species and IVTD 
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and between unsown species and CP                                       ) 

and positive correlation between unsown species and ADF, NDF and between unsown 

species and IVCWD                                             
                .  

 

Table 9. Pearson’s correlation between quality values and biomass proportions of 

species (plots from all sites and years). 

  ADF NDF IVTD IVCWD CP 

Yield 0.30 0.03 -0.45 -0.56 0.06 

Timothy 0.40 0.50 -0.28 0.15 -0.28 

Smooth meadow grass 0.00 0.21 0.02 0.21 -0.32 

Red clover -0.17 -0.51 0.03 -0.48 0.37 

White clover -0.42 -0.43 0.35 0.08 0.34 

Unsown species 0.00 0.00 -0.03 -0.06 0.04 
Bold is significant (p<0.05) 

Analysis of the weighted averages of the quality values resulted in significant interactions 

between sward type and site for all the quality values (P<0.05) so the analysis was done 

separately for each site (see Appendix D). When interactions between year and sward type 

were not significant the quality values were averaged across years (Table 10). 

3.3.1 Fiber Content 

There were significant interactions between sward type and year at all sites (P<0.01) when 

analyzing ADF so the mixtures were compared to the monocultures for each year 

separately. Red clover had significantly lower ADF than the mixtures at the Icelandic site 

in the first year but in the third year it had significantly higher ADF than the mixtures. At 

the Norwegian site both clover monocultures and smooth meadow grass had lower ADF 

content than the mixtures. There was, however, not significant difference between mixtures 

and timothy. At the Swedish site the clover monocultures had lower ADF than the 

mixtures but timothy had higher ADF than the mixtures. Smooth meadow grass had similar 

ADF as the mixtures. At the Canadian site there were no significant differences between 

the mixtures and the monocultures except between red clover and the mixtures in the first 

year, where red clover had lower ADF than the mixtures (Table 10). 

There was a significant interaction between years and sward type at all sites (P<0.01) 

except at the Swedish site when analyzing NDF. In the first year at the Icelandic site the 

clover monocultures had lower NDF than the mixtures but timothy had higher NDF than 

the mixtures. In the third year smooth meadow grass and red clover had higher NDF than 

the mixtures but there was no significant difference of mixtures compared to timothy and 

white clover. In Norway timothy had higher NDF than the mixtures but the clover 

monocultures had lower NDF than the mixtures. The mixtures did not differ from smooth 

meadow grass at the Swedish site but timothy had higher NDF than the mixtures where as 

both of the clover monocultures had lower. There was no effect of year at the Swedish site. 

There was no significant difference between mixtures and the monocultures at the 

Canadian site except between red clover and the mixtures in the first and second year 

where it had lower NDF than the mixtures (Table 10). 
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The clover monoculture had, in general, lower fiber content than the mixtures. The grass 

species had usually higher fiber content than the mixture or there was no significant 

difference. Smooth meadow grass had though lower fiber content than the mixture all three 

years at the Norwegian site. 

3.3.2 Digestibility 

The models for IVTD had significant interactions between sward type and year at all sites 

(P<0.01). There were no significant differences between mixtures and monocultures at the 

Icelandic site except between red clover the first and third year, in the first year red clover 

had higher IVTD than the mixtures but lower in the third year. There was no significant 

difference between the grass monocultures and the mixtures at the Norwegian site. White 

clover had higher IVTD than the mixtures in the first and third year and red clover had 

higher IVTD than the mixtures in the last year at the Norwegian site. At the Swedish site 

timothy had lower IVTD than the mixtures in the second and third year but the clover 

monocultures had higher IVTD than the mixtures all three years. White clover had lower 

IVTD than the mixtures in the second year at the Canadian site but the difference was not 

significant between the mixtures and the other monocultures in any year (Table 10).  

There were significant interactions between sward type and year at the Norwegian and the 

Swedish sites when modelling IVCWD (P<0.01). There was a significant effect of year 

(P<0.01) at the Icelandic site but there was no significant difference between mixtures and 

monocultures at the Icelandic site. At the Norwegian site red clover had lower IVCWD 

than the mixtures in the first and second year and white clover in the second year. The 

mixtures did not have significantly lower IVCWD than the grass monocultures except 

when compared to timothy the second year. Timothy had higher IVCWD than the mixtures 

in the first year at the Swedish site and red clover had lower IVCWD in the second and 

third year and white clover had higher IVCWD than the mixtures in the third year. Smooth 

meadow grass and the clover monocultures had lower IVCWD than the mixtures at the 

Canadian site but it was higher for timothy. There was also a significant effect of year 

(P<0.001) (Table 10). 

3.3.3 Crude Protein 

The analysis was done for each year at all sites because of significant interactions between 

sward type and year (P<0.05). Red clover had higher CP than the mixtures in the first year 

but lower in the third year and the mixtures had higher CP than smooth meadow grass in 

the second and third year and higher than timothy in the third year at the Icelandic site. 

White clover had higher CP than the mixtures at the Norwegian site all three years and red 

clover the first year but the grass monocultures had lower CP in the first and second year. 

The clover species had higher CP content than the mixtures but the grass species lower at 

the Swedish site. There was no significant difference between sward types in Canada 

except between the mixtures and red clover in the first year where red clover had higher 

CP than the mixtures (Table 10).  
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Table 10. Average quality values, ADF, NDF, IVTD, IVCWD and CP for four 

monocultures and mixture in Iceland(a), Norway(a), Sweden and Canada (averaged over 

years when year x sward type interaction was not significant). 

  Iceland(a)   Norway(a)   Sweden   Canada 

Sward 

type 
yr 1 yr 2 yr 3   yr 1 yr 2 yr 3   yr 1 yr 2 yr 3   yr 1 yr 2 yr 3 

 
ADF g kg

-1
 

              
Timothy 335 

 
257 

 
303 298 316 

 
331 335 323 

 
359 325 300 

S.m. grass 327 280 296 
 

271 269 284 
 

302 309 284 
 

321 322 312 

R. clover 284 268 306 
 

274 260 259 
 

258 238 239 
 

302 308 313 

W. clover 296 281 281 
 

269 278 246 
 

277 240 211 
 

301 325 324 

Mixture 318 268 282 
 

307 295 312 
 

306 291 285 
 

333 321 312 

 
NDF g kg

-1
 

       
yrs 1-3 average 

    
Timothy 618 

 
490 

 
584 585 581 

  
597 

  
596 569 537 

S.m. grass 573 521 548 
 

504 520 531 
  

513 
  

510 557 543 

R. clover 450 481 555 
 

410 420 418 
  

358 
  

433 540 569 

W. clover 501 510 508 
 

441 424 372 
  

349 
  

440 589 588 

Mixture 553 483 507 
 

541 531 555 
  

481 
  

534 570 558 

 
IVTD g kg

-1
 

          
Timothy 823 

 
892 

 
803 837 825 

 
831 835 829 

 
800 842 865 

S.m. grass 826 862 866 
 

833 852 842 
 

850 862 859 
 

817 827 836 

R. clover 862 869 847 
 

831 851 862 
 

881 892 871 
 

838 837 840 

W. clover 854 866 873 
 

844 848 879 
 

870 910 913 
 

836 823 827 

Mixture 832 879 876 
 

815 838 827 
 

851 868 851 
 

815 836 845 

 
IVCWD g kg

-1
 

 
yrs 1-3 average 

         
yrs 1-3 average 

Timothy 
 

758 
  

669 732 711 
 

722 735 713 
  

708 
 

S.m. grass 
 

730 
  

669 718 703 
 

712 741 713 
  

674 
 

R. clover 
 

718 
  

593 646 673 
 

670 688 642 
  

680 
 

W. clover 
 

736 
  

642 640 680 
 

663 746 731 
  

682 
 

Mixture 
 

738 
  

662 695 690 
 

688 726 693 
  

696 
 

 
CP g kg

-1
 

          
Timothy 74 

 
94 

 
62 73 78 

 
88 86 87 

 
123 136 130 

S.m. grass 83 78 91 
 

63 73 82 
 

85 95 94 
 

125 126 123 

R. clover 138 110 103 
 

146 107 112 
 

156 163 148 
 

162 138 113 

W. clover 120 110 125 
 

129 136 134 
 

166 190 187 
 

163 121 105 

Mixture 95 103 127   98 104 98   125 137 116   136 129 119 
 

Bold is significantly different (p<0.05) from mixture using Dunnett multiple comparisons. Data missing for 

timothy for the second year at the Icelandic site. Quality values are based on total biomass, including unsown 

species. 
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4 Discussion 

4.1 Forage Yield 

The yield from the mixtures was more than expected from monoculture performance. The 

model (Model 6) for the yield, when all sites were combined showed positive diversity 

effects where interactions between each pair of species were assumed to be equal. 

Interactions between grass and legume species were thus equal to interactions between fast 

establishing and slow establishing species. Species that had neither functional group in 

common did also not have stronger interaction as might have been expected. When the 

yield was modelled for each site separately, other structures of the interaction terms were 

more appropriate at four of the six sites. For example, interaction within grasses and 

legumes were not found significant at Norway(a) (see Appendix B). This is consistent with 

the idea that environmental conditions affect interactions between species (Hooper & 

Dukes, 2004; Spehn et al., 2005).  

In the present study a random-coefficient model was used to model the yield, i.e. the 

identity and diversity effects were assumed random across sites. By using this method it is 

assumed that the sites are drawn at random from a population of all possible sites in 

Northern Europe and Canada. There were only six sites in this study which is a small 

sample to model the population. A larger sample would have been more appropriate and 

would have given better parameter estimates of the overall mean of the identity and 

diversity effects. The advantage of having sites as random effects instead of fixed is that 

the inference about the population of sites is possible instead of just the particular sites in 

the study. A disadvantage is that modelling a random coefficient model can be very 

expensive computationally and convergence problems can arise (see Appendix A). When 

modelling a random-coefficient model a covariance structure is modelled. In this study the 

main interest concentrated on the fixed effects rather than the estimates of the covariance 

parameters. The standard errors of the estimates depend on the covariance structure and are 

thus important when making inference about the fixed effects. The variance components 

could be used in testing hypotheses related to stability, for example, to answer questions 

like: is the yield of the mixtures less variable than the yield of the monocultures? 

This modelling approach allows the estimation of species interactions when measures of 

the community level biomass are available and it does not require measures of biomass 

from individual species. In the models used in the present study yield is predicted by the 

sown proportions. Positive interactions between two species can arise from three possible 

mechanisms: 1) Selection effect (Hector et al., 1999), where the more productive species is 

a stronger competitor than the less yielding species and, thus, gains in abundance whereas 

the other species becomes less abundant. 2) Complimentarity between species can also 

result in positive interactions between the species, i.e. their resource use differs in either 

time or space. In this case, intra-species competition is greater than inter-species 

competition leading to higher yield in mixtures than can be expected from monoculture 

performance. 3) Positive interactions can also occur when one species is facilitating, i.e. 

makes the environment more beneficial, for the other species resulting in more yield from 
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that species than would be expected from the species grown in monoculture. There are also 

mechanisms that can cause negative interactions between species, for example, if less 

productive species would be a better competitor than the more productive as Hector et al. 

(2002) observed in their study and if the two species were antagonist. The overall 

combination of the mechanisms will resolve in total diversity effects for mixtures of 

species, being either positive, none or negative.  

In the present experiment four agronomic species that were considered to be 

complementary were chosen to be grown together in mixtures. The four species were 

divided into four functional groups. Timothy and red clover establish faster than smooth 

meadow grass and white clover so these species can be complementary in time, i.e. use 

most of their resources at different times. Red clover and white clover can use the 

atmosphere as an N source and are therefore not competing as strongly with the grass 

species for soil N. Also the different morphological structure, both aboveground and 

belowground, of the species can lead to more efficient use of resources such as, light, water 

and soil nutrients, when grown together than when grown separately. The clover species 

could also make the environment more beneficial to the grass species by increasing the 

nitrogen pool in the soil. All these factors can contribute to positive interactions between 

these species. Research has shown that positive interactions exist in grasslands, both 

containing grasses and legumes (Kirwan et al., 2007; Spehn et al., 2005; Temperton et al., 

2007) and also without legumes (Trenbath, 1974; van Ruijven & Berendse, 2003).  

There was a reduced invasion by unsown species in the mixtures compared to the 

monocultures. The mixtures only had about 5% of its biomass coming from unsown 

species while the grass monocultures had 10-20% and the clover monocultures 35-60%, 

averaged over sites. It is believed that mixtures with complementary species are more 

resistant to invasion by unsown species than monocultures (Hector, Dobson, Minns, 

Bazeley-White & Lawton, 2001). The mixtures use the resources more efficiently than the 

monocultures making less resources available to unsown species. It is also believed that the 

selection effects play an important role when it comes to resistance to unsown species 

invasion (Hector et al., 2001). More diverse mixtures are more likely to contain a species 

that is highly resistant to invasion by unsown species. In the present study the mixtures 

were more resistant to unsown species invasion than the most resistant species grown in 

monoculture. This indicates that the selection effects are not solely responsible for the 

improved resistance in the mixtures. Other experiments have shown reduced invasion with 

species diversity (Tracy & Sanderson, 2004a) and it has also been shown that species 

identity was important (Frankow-Lindberg, et al., 2009). In the present study the total 

annual yield (i.e. yield of sown and unsown species) was modelled. If only the yield of 

sown species is modelled the diversity effects become stronger (Helgadottir, et al., 2008) 

because when the unsown species have been omitted from the monocultures the yield 

drops, especially in the clover monocultures. However, it is more sensible to use the total 

yield when doing agricultural research as the sown and unsown species would never be 

separated in practice. 

In this experiment the application of N fertilizer ranged from 40-80 N kg ha
-1

 which is 

lower than what normally is applied to grass monocultures for forage production. The grass 

species will not produce maximum yield under such conditions, especially timothy, which 

is known for its high demand for fertilizer. It must be kept in mind that the diversity effects 

might be less or none under higher levels of fertilizer application.  The reason why such a 

low levels of fertilizer were used in the current study was to enhance the persistence of the 
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clover species. In Switzerland, two legume and two grass species were sown under three 

levels of N fertilizer. The diversity effects decreased with increasing N fertilization but 

were still significant at 450 N kg ha
-1 

(Nyfeler et al., 2009).  

The diversity effects varied between sites (Table 7), being highest at the Icelandic(b) site 

and lowest at the Canadian site. The Icelandic(b) site had not as fertile soil as the other 

sites (Helgadottir, Dalmannsdottir & Kristjánsdóttir, 2008), possibly resulting in the 

observed high diversity effects. The clover survived poorly at the Canadian site resulting in 

low clover proportions in the second and third year possibly explaining no and negative 

diversity effects observed at this site. 

The diversity effects became stronger with increasing evenness (Figure 9) but there was 

saturation effect of evenness. Tilman et al. (2001) also found saturation effect of diversity. 

When mixtures get closer to resembling a monoculture the diversity effects decrease but as 

the evenness between species increases so does the diversity effects. The different mixtures 

in this study had all similar diversity effects because of the saturation effects. The 

saturation of the diversity effect was not detected in the analysis done by Kirwan et al. 

(2007) for the first harvest year in the same experiments that have been analysed in the 

current study. In that analysis plots from Canada were not included and this may have 

reduced the power of the statistical tests.  

It is generally considered that the effects of species complementarity become stronger with 

time (Cardinale et al., 2007). The diversity effects persisted over three years but there was 

no evidence of increasing diversity effects in this study and strong positive diversity effects 

were even found in the first year. The largest difference between the monocultures 

occurred in the first year where the two slow establishing species had much lower yield 

than the two fast establishing species (see Figure 8). The fast establishing species could 

compensate for the low yield of the slow establishing species in the mixtures in the first 

year and, therefore, producing strong positive diversity effects. 

Nyfeler et al. (2009) used multiple regression to model the yield. They used both the sown 

proportion and harvested biomass proportion of the species to predict for the yield. The 

strength of the diversity effects will depend on whether the biomass proportion or sown 

proportions are used in the models. For example, if a mixture is established with two 

species that have equal sowing proportions and their relative abundance does not change 

over time the higher yielding species will have higher biomass proportion than the lower 

yielding species. If the total yield of the mixture is the same as expected from the 

monocultures based on sown proportion then there would be no diversity effects. If the 

biomass proportions from the year before were used, the expected yield from the 

monocultures would be more than the total yield, giving negative diversity effects. So 

using this method could reduce the diversity effects detected if there is a difference 

between the yield of the species. The effect of unsown species can be included when using 

this method but that leads to more complex models and adds more parameter estimates 

than when using sown proportions. The sown proportions were controlled in the 

experiment (i.e. were the treatments of the different plots) and the interest was what yield 

each treatment would give. Thus, the method of using sown proportions was preferred in 

the present study. Nyfeler et al. (2009) found stronger positive interactions between 

grasses and legumes than within grasses and legumes. This was also found when the yield 

was modelled for Norway(b) and at Norway(a) where interactions between grasses and 

legumes were only found to be significant. 
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The observed diversity effects were strong enough to lead to transgressive overyielding 

when averaged across sites, i.e. the mixtures were more productive than the most 

productive monoculture. Transgressive overyielding did not always occur at individual 

sites when the mixtures were compared to the best performing monoculture that year 

(Table 8). From an agricultural point of view it may be more sensible to compare the 

mixtures to the best performing monoculture averaged across years. When this was done 

there was transgressive overyielding at all sites except Sweden and Canada. The red clover 

was very persistent in Sweden with only around 0.5-4% of unsown species and was the 

highest yielding monoculture all three years. Even though there were strong diversity 

effects in Sweden they were not strong enough to make the mixtures more productive than 

the red clover monocultures. In Canada the diversity effects were weak or negative, 

probably because of the low content of legumes in the mixtures, so the yield of the 

mixtures did not exceed the yield of the monocultures. 

In the meta-analysis carried out by Cardinale et al. (2007) 79% of 44 experiments showed 

evidence of overyielding but only 12% indicated transgressive overyielding when mixtures 

were compared to the most productive species in the experiment but not necessarily in the 

mixture. In half of the experiments the mixtures could be compared to the most productive 

species in the mixture. That resulted in transgressive overyielding in 35% of the 

experiments. The strength of the diversity effects needed to reach transgressive 

overyielding increases with the number of species in the mixture and also with increasing 

variation of yield between those species grown in monoculture (Schmid et al., 2008). In 

some of the experiments up to 32 species have been combined in a mixture and species 

were randomly drawn from a pool of species (Hector et al., 1999). Given a large number of 

species there could be a large variation of the yield of the monocultures making it difficult 

to observe transgressive overyielding. In this study, on the other hand, there were four high 

yielding agricultural species selected a priori. Transgressive overyielding has been 

observed in Switzerland (Nyfeler et al., 2009), Mid-Europe and Dry-Mediterranean 

environments when two legume species and two grass species have been grown together in 

a mixture (Kirwan et al., 2007). 

4.2 Forage Quality 

The forage quality values were measured for the total biomass, including unsown species, 

thus not always representing the quality values of the species grown in monocultures. Plots 

that were highly invaded by unsown species showed poorer quality values as the unsown 

species are usually of poor fodder quality. This was seen in the clover plots where the 

forage had good quality in the first year but in the third year, when the proportion of 

unsown species was higher, the quality of the forage was sometimes worse than in the 

mixtures.   

Forage quality was most likely influenced by environmental conditions and species 

composition. The weather is known to influence forage quality (Thorvaldsson, 1987; 

Thorvaldsson & Björnsson, 1990) along with management, e.g. harvest dates (Pelletier et 

al., 2008) and applied fertilizer (Zemenchik et al., 2002). Temperature, precipitation, 

applied fertilizer and harvest dates varied between sites (see Table 2, 3 and 4) which may 

explain the difference in quality values between sites. Maturity strongly influences the 

digestibility of the forage (Buxton, 1996). As the plants grow towards maturity their leaf/ 
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stem ratio decreases and the digestibility decreases. This was clearly demonstrated in the 

present experiment by the negative correlation between yield and digestibility. Others have 

also reported the influence of species proportion on the quality values (Deak, Hall, 

Sanderson & Archibald, 2007; Sanderson, 2010; Zemenchik et al., 2002). Sanderson et al. 

(2010) reported that the proportion of legumes in grass-clover mixtures was positively 

correlated with CP and IVTD but negatively correlated with NDF. Similarly, the 

proportion of grass was negatively correlated with CP and IVTD but positively correlated 

with NDF. This is consistent with the results of this study. Clover species usually have 

higher digestibility and CP content than grass species and lower fiber content. White clover 

has better quality values than red clover (Sveinbjörnsson, Kristjánsdóttir & Eiríksson, 

2008) and this primarily explains the correlation between the species proportion and the 

quality values. 

There were no correlations between the quality values and unsown species proportion 

when all plots were used in the calculations. The plots that had the highest proportion of 

unsown species were the clover monocultures. The high quality values of the clover 

species compensate for the low quality values of the unsown species resulting in lower 

quality values than would be if the monocultures were pure clover but not necessarily 

worse quality values than in the mixtures. However, when correlation between unsown 

species and the quality values was calculated only for the clover monocultures it became 

clear that the quality of the forage declined as the proportion of unsown species increased. 

The mixtures had comparable or better quality values than the grass monocultures. The 

mixtures had in most cases higher CP content that the grass monocultures at all sites except 

at the Canadian site where the difference was not significant. The Canadian site was the 

only site where the clover disappeared from the mixtures, probably explaining the small 

difference observed between the mixtures and the grass monocultures. The mixtures had, 

on average, 30, 41, 42 and 0.8% more CP than the grass monocultures in Iceland, Norway, 

Sweden and Canada, respectively. The difference in CP between the grass monocultures 

and the mixtures can partially be explained by the low fertilizer N rate. CP content of 

grasses is known to increase with higher N rates (Buxton, 1996; Zemenchik et al., 2002). 

Mixtures with legumes have, for example, been found to have higher CP content compared 

to grasses given 224 kg ha
-1

 of fertilizer N (Zemenchik et al., 2002). The IVTD was very 

similar between the mixtures and the grass species, the mixtures had at most 3% higher 

IVTD than timothy in Sweden and 2% lower IVTD than smooth meadow grass in Norway. 

NDF was at most 19% less in the mixtures compared to timothy in Sweden. Smooth 

meadow grass had in some cases lower NDF than the mixtures but the difference was not 

significant. This is consistent with other mixture experiments where it was observed that 

including legumes with grasses improved the quality of the forage compared to grass 

monocultures (Kunelius, Durr, McRae & Fillmore, 2006; Sleugh et al., 2000; Zemenchik 

et al., 2002). 

The grass monocultures and the mixtures had similar digestibility but the lower fiber 

content in the mixtures should increase the intake rate. Also higher CP content in the 

mixtures compared to the grass monocultures makes the forage in the mixtures more 

valuable. The clover monocultures had better quality forage than the mixtures but they are 

not suitable as fodder without being mixed with grasses because they can cause bloat and 

infertility if too much amount is consumed. Unsown species invasion in the clover 

monoculture can be problem as reflected in the fact that the quality of the forage decreased 

with time as the proportion of unsown species got higher. The mixtures were more 
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resistant to unsown species invasion than the grass and clover monocultures, thus 

maintaining the forage quality longer. 

. 
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5 Conclusion 

This study shows that growing timothy, smooth meadow grass, red clover and white clover 

in a mixture resulted in positive diversity effects as the mixtures produced more herbage 

yield than expected from monoculture performance. These benefits persisted over the three 

years that the experiment was harvested. The diversity effects were observed at all sites 

except at the Canadian site. Averaged across years the diversity effects were strong enough 

to result in transgressive overyielding, i.e. the mixtures yielded more than the most 

productive monoculture, at all sites except at the Swedish and the Canadian site. Mixing 

legumes with grasses improved the forage quality. It especially increased the crude protein 

content of the mixtures compared to grass monocultures at all sites except at the Canadian 

site where the clover content dropped rapidly with time. This, together with the 

correlations between the clover proportion and quality values, demonstrates the importance 

of having clover in the sward to receive the benefits of improved quality values in 

mixtures. Growing mixtures of grasses and legumes improved biomass production and 

forage quality compared to grass monocultures when low amounts of fertilizer N were 

applied. Further research is needed to investigate the benefits of mixing legumes with 

grasses at different fertilizer rates in north temperate regions. It would also be useful to 

investigate whether less dependence on synthetic fertilizer, by growing legumes in mixture 

with grasses, would be beneficial economically. 
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Appendices 

Appendix A 

The Newton-Raphson algorithm (Jennrich & Schluchter, 1986) is used as a default in the 

procedure Mixed to optimize either a full or residual likelihood function. The variance 

components are constrained to be non-negative and the autoregressive parameters are 

constrained to be between -1 and 1. The estimate of the variance components can be 

negative though theoretically the variance components are non-negative, then the 

constraints truncate them to zero. This results in non definite G matrix and the model 

should be revised or the constraints removed. Computing random coefficient model can be 

very expensive and convergence issues may arise. It can sometime help scaling the data or 

using Fisher scoring instead of the Newton-Raphson algorithm (SAS Institute Inc, 2009). 

Verbeke & Molenberghs (2000) recommend starting with a saturated model in the model 

building process. The covariance structure should be estimated first and likelihood ratio 

tests used to compare different covariance structure (Wolfinger, 1993). Restricted 

maximum likelihood (REML) should used to estimate the covariance structure. Then 

models with different effect are compared and they need to be estimated using maximum 

likelihood (ML). Then the covariance structure should be revised and this process may 

need to be repeated few times. The final model should be estimated using REML as its 

estimates are less biased than the ones found with ML (SAS Institute Inc, 2009). 

The yield was scaled by 1000 and fisher scoring = 5 was used to get convergence. 

Saturated model (Model 1) was used in the start of the building process. The model 

included the identity effects, density and pairwise interaction terms. Density had to be 

removed as a random effect to get convergence. The model was fitted with the G matrix as 

unstructured (UN), First-order factor analytic (FA(1)), First-order factor analytic with 

constant variance (FA1(1)), Heterogeneous compound symmetry (CSH) and compound 

symmetry (CS). The R matrix was fitted with UN, Heterogeneous first-order 

autoregressive (ARH(1)), First-order autoregressive (AR(1)), CSH and CS covariance 

structure. All combinations of G and R matrices were fitted but only those shown in Table 

11 did converge or had positive definite Hessian matrix. To compare different covariance 

structure the difference in fit (-2RLL = -2 restricted log likelihood) is calculated between 

models with different covariance structure. The difference is asymptotically chi-squared 

(χ
2
) with degrees of freedom (df) equal to the number of parameters being tested. 

The total annual yield was modelled as: 

         
         

         
         

         
              

            
       

     
            

             
             

                        

where yijk is the average total annual yield at site i in year j for plot k (i = 1,...., 6, j = 1, 2, 3 

and k = 1,..., 30) 
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Table 11. Fit statistic for covariance structure. 

Model G R  -2RLL Note parms CM χ
2 

df  P-value 

1 UN UN 8004.2 G 171 

    2 FA(1) UN 8138.0 G 66 1 133.8 105 <0.001 

3 FA1(1) UN 8082.0 

 

42 1 77.8 129 NS 

4 CS UN 8120.2 

 

12 3 38.2 30 NS 

5 CS AR(1) 8171.5 G 8 4 51.3 4 <0.001 

6 CS CS 8174.4 G 8 4 54.2 4 <0.001 

          G=G matrix is not positive definite, parms=number of covariance parameters, CM=comparison model.  

Models 1, 2, 6 and 7 do not have positive definite G matrix. This usually comes from 

variance components that are truncated to zero. It is possible to remove the constraints of 

the variance components and that can result in a better fit of the model and is better when 

using likelihood ratio tests. This was not possible here because that led to estimates that 

produced an infinite likelihood. 

Simplifying the covariance structure as in Model 4 in Table 11 did not result in a 

significantly worse model than more complex structure and that covariance structure was 

selected for testing between models (Table 12). The models were fitted using maximum 

likelihood and likelihood ratio tests were used to compare different models. 

Table 12. Fit statistics for the models. 

  
Models 

Terms 

tested 
 -2LL parms CM χ

2
 df 

  

1 ID + Density 
 

8665.6 15 
   

 2 ID+ Density+E E 8634 18 1 31.6 3 P<0.001 

3 ID+ Density+E+E2 E2 8624.6 21 2 9.4 3 P<0.05 

4 ID+ Density+E+E2+E3 E3 8620.7 24 3 3.9 3 NS 

5 ID+ Density+GL+GG+LL GL GG LL 8627.2 24 2 6.8 6 NS 

6 ID+ Density+FS+FF+SS FS FF SS 8623.6 24 2 10.4 6 NS 

7 ID+ Density+Pairwise Pairwise 8611.4 33 2 22.6 15 NS 
G=grass species, L=legume species, F=fast establishing species, S=slow establishing species. NS=not 

significant. parms=number parameters, CM=comparison model. 
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The evenness term (E) was significant and more complex interactions terms were not 

necessary. The most parsimonious model was Model 4 in Table 12 with the quadratic 

evenness term. The covariance structure was tested again for this model (Table 13). 

 

Table 13. Fit statistic for covariance structure for Model 3 in Table 13. 

Model G R  -2RLL Note parm CM χ
2
 df P-value 

1 un un 8322.4 G 69         

2 FA1(1) un 8362.3 

 

27 1 39.9 42 NS 

3 cs un 8433.7 

 

12 2 71.4 15 *** 

4 cs ar(1) 8494.1 

 

8 3 60.4 4 *** 

5 FA1(1) cs 8448.6 

 

23 2 86.3 4 *** 

 

The G matrix in Model 1 in Table 14 was not positive definite and it was not possible to 

remove the constraints. Model 2 with simpler covariance structure was not significantly 

worse than Model 1. Models with simpler covariance structure were significantly worse. 

Fitting the models with the R matrix either as ARH(1) or CSH resulted in not positive 

definite Hessian matrix. Simpler models were tested using this covariance structure but it 

resulted in the same model as before (Model 3 in Table 13). 

The most parsimonious model that fitted the data was Model 6 where all the interactions 

are assumed equal and with additional quadratic evenness term: 

         
         

         
         

         
              

        
   

 

           

where yijk is the total annual yield at site i in year j for plot k (i = 1,...., 6,  j = 1, 2, 3 and k = 

1,..., 30) 

    
                       

          

           

 

The covariance structure for the R matrix was block-diagonal with each block as 

unstructured (see Table 14 and 15). The covariance structure of the G matrix was block 

diagonal with block for each year and the structure of each block was First-order factor 

analytic with constant variance (see Table 14 and 16). It is important to model the 

covariance structure because the standard errors of the estimates can vary substantially 

between different covariance structure though the estimates of fixed effects are the same 

(Littell, Pendergast & Natarajan, 2000). Test of significance also depends on the 

covariance structure. Unstructured covariance structure is always adequate because there 

are no constraints that cause lack of fit but more parsimonious covariance structure that has 

a good fit to the unstructured parameters are preferred.  
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Figure 12. Estimates of variances in the G matrix in the block for the first year for three 

covariance structure, UN, FA1(1) and CS. 

 

 

Figure 13. Estimates of covariance in the first row in the first block in the G matrix for 

three covariance structure, UN, FA1(1) and CS. 

 

Based on Figures 13 and 14 it seems that UN and FA1(1) covariance structure are similar. 

The CS structure under or over estimates the variance and the covariance and is thus not an 

adequate structure. This is consistent with the likelihood ratio tests (Table 13). 
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Table 14. Covariance structure used in the final model. 

Structure Example Parameters 

First-order 

factor analytic 

with constant 

diagonal   

FA1(1) 

  

 
 
 
 
 
 
  

  

  

  

  

   
 
 
 
 
 

    

 
 
 
 
 
 
  

  

  

  

  

   
 
 
 
 
 
 

    

 
 
 
 
 
 
  

  

  

  

  

   
 
 
 
 
 

 3×7 

Unstructered 

(UN) 
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SAS Code 

proc mixed data=cost.scaling scoring=5 method=reml; 

class site yearn plot; 

model Yield = yearn*G1 yearn*G2 yearn*L1 yearn*L2 yearn*E yearn*E*E   

/noint solution dfm=KR; 

random G1 G2 L1 L2 E E*E   /subject=site group=yearn type=FA1(1); 

repeated yearn / subject=plot(site) type=UN; 

run; 

 

Table 15. Estimates of covariance parameters of the R matrix. 

 
Col1 Col2 Col3 

Year 1 963949 346314 256696 

Year 2 346314 416713 213913 

Year 3 256696 213913 357362 
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Table 16. Estimates of the covariance parameters of the G matrix. 

Effect Col1 Col2 Col3 Col4 Col5 Col6 Col7 Col8 Col9 Col10 Col11 Col12 Col13 Col14 Col15 Col16 Col17 Col18 

b11 6.57E+06 4.74E+06 8.97E+06 5.14E+06 3.05E+06 -6.86E+05 

            
b21 4.74E+06 3.74E+06 6.68E+06 3.83E+06 2.27E+06 -5.12E+05 

            
b31 8.97E+06 6.68E+06 1.28E+07 7.24E+06 4.29E+06 -9.67E+05 

            
b41 5.14E+06 3.83E+06 7.24E+06 4.36E+06 2.46E+06 -5.54E+05 

            
b61 3.05E+06 2.27E+06 4.29E+06 2.46E+06 1.66E+06 -3.29E+05 

            
b71 -6.86E+05 -5.12E+05 -9.67E+05 -5.54E+05 -3.29E+05 2.79E+05 

            
b12 

      

4.01E+06 3.35E+06 4.73E+06 3.72E+06 2.77E+06 -1.45E+06 

      
b22 

      

3.35E+06 3.29E+06 4.25E+06 3.34E+06 2.48E+06 -1.30E+06 

      
b32 

      

4.73E+06 4.25E+06 6.28E+06 4.71E+06 3.51E+06 -1.84E+06 

      
b42 

      

3.72E+06 3.34E+06 4.71E+06 3.98E+06 2.76E+06 -1.45E+06 

      
b62 

      

2.77E+06 2.48E+06 3.51E+06 2.76E+06 2.33E+06 -1.08E+06 

      
b72 

      

-1.45E+06 -1.30E+06 -1.84E+06 -1.45E+06 -1.08E+06 8.44E+05 

      
b13 

            

1.84E+06 1.82E+06 2.01E+06 1.64E+06 9.96E+05 -3.70E+05 

b23 
            

1.82E+06 2.04E+06 2.12E+06 1.74E+06 1.05E+06 -3.91E+05 

b33 
            

2.01E+06 2.12E+06 2.47E+06 1.92E+06 1.16E+06 -4.32E+05 

b43 
            

1.64E+06 1.74E+06 1.92E+06 1.70E+06 9.53E+05 -3.54E+05 

b63 
            

9.96E+05 1.05E+06 1.16E+06 9.53E+05 7.01E+05 -2.15E+05 

b73 
            

-3.70E+05 -3.91E+05 -4.32E+05 -3.54E+05 -2.15E+05 2.03E+05 
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Appendix B 

 

Table 17. Models of total yield (yij) at year i in plot j (i=1,2,3 and j=1,...,30) for each site 

separately. The models assume correlation between years. 

Site Model 
Covariance 

structure 

Iceland(a) 
                                

                                 
ARH(1) 

Iceland(b) 
                                

                                 
AR(1) 

Norway(a) 

                                

                                        

                                     

  

Norway(b) 

                                

                                        

                          

ARH(1) 

Sweden 

                                

                                     

                          

AR(1) 

Canada 
                                

                                      
UN 
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Figure 14. Predicted yield from the models for each site separately (see Table 17). The 

yield is predicted for the four monocultures and the centroid mixture and is averaged over 

density. 
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Appendix C 

#############################################################   

#  Functions to calculate probability table for test   # 

#  for transgressive overyielding. First the functions are  # 

#  compiled then the probability table can be called by  # 

#  typing tto(T,X)where T is the total number of mixtures   # 

#  and monocultures and X is number of mixtures    # 

############################################################# 

 

 

## Function for calculation combinations ## 

comb<-function(n,k){ 

ways<-factorial(n)/(factorial(k)*factorial(n-k)) 

return(ways) 

} 

 

## Function to calculate probability table ## 

tto<-function(T,X){ 

if (T-X<2||T-X>T||X==0||T==0) 

stop() 

else 

#starting values 

d<-0 

b<-1 

v<-1 

results<-rep(NA,X+1) 

x<-X+1 

for(k in 1:x){ 

 j<-1 

 y<-floor((d+X)/2) 

 w<-rep(NA,y-d+1) 

 I<-y-d 

 for (i in 0:I){ 

  w[j]<-comb(T-(2*y-d+2-2*i),X-(2*y-d-2*i)) 

  j<-j+1  

 } 

 results[v]<-b*sum(w) 

 d<-d+1 

 v<-v+1 

 b<-2 

} 

nr.d<-rev(results) 

W<-comb(T,X) 

p<-nr.d/W 

prob<-round(cumsum(p),4) 

d<-seq(X,0) 

table<-data.frame(d,nr.d,prob) 

list<-list('d'=d,'# times that d occurs at random'=nr.d,'Cumulative 

Probability'=prob,'Table'=table) 

return(list) 

} 

## Call probability table ## 

tto(15,11) 
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Table 18. Table of probabilities for the transgressive 

 overyielding test derived from the R-script above. 

d 
Number of times 
that d occurs at 

random 

cumulative 
probability 

11 2 0.0015 
10 6 0.0059 

9 14 0.0161 
8 26 0.0352 
7 44 0.0674 
6 68 0.1172 
5 100 0.1905 

4 140 0.2930 
3 190 0.4322 
2 250 0.6154 
1 322 0.8513 
0 203 1.0000 
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Figure 15. Average yield of 11 mixtures ( )  and four monocultures ( ) at three sites, a) 

Iceland(a), b) Iceland(b) and c) Norway(a), for each year and average over the years. 
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Figure 16. Average yield of 11 mixtures ( )  and four monocultures ( ) at three sites, a) 

Norway(b), b) Sweden and c) Canada, for each year and average over the years. 
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Appendix D 

Table 19. Model selection tests for models for the quality values for individual sites. 

          Iceland(a)     Norway(a)   Sweden   Canada 

 
Model Parms 

Terms 
tested 

 
 -2LL χ2 df 

  
 -2LL χ2 df 

  
 -2LL χ2 df 

  
 -2LL χ2 df 

 

     
ADF 

1 ST  Yrs ST*yrs 14 ST*Yrs 531 68.2 7 *** 
 

631 27.5 7 *** 
 

694 21.8 7 ** 
 

618 25 7 *** 
2 ST  Yrs 7 Yrs/ST 599 4.5 2 NS 

 
659 14.4 2 *** 

 
716 38 2 *** 

 
643 16.1 2 *** 

3 ST 5 ST 
 

676 5.7 4 NS 
 

673 73.9 4 *** 
 

754 47.3 4 *** 
 

659 10.5 4 * 
4 Yrs 3 Yrs 

 
603 78.9 2 *** 

 
728 18.9 2 *** 

 
773 27.8 2 *** 

 
654 15.7 2 *** 

5 Const. 1 
  

682 
    

747 
    

801 
    

670 
   

     
NDF 

1 ST  Yrs ST*yrs 14 ST*Yrs 640 76.2 7 *** 
 

773 24.3 7 ** 
 

842 10.3 7 NS 
 

780 30.1 7 *** 
2 ST  Yrs 7 Yrs/ST 716 32.4 2 *** 

 
797 8.2 2 * 

 
853 0.3 2 NS 

 
810 18.3 2 *** 

3 ST 5 ST 
 

748 15.8 4 ** 
 

806 62 4 *** 
 

853 61 4 *** 
 

828 13.3 4 ** 
4 Yrs 3 Yrs 

 
729 34.7 2 *** 

 
857 10.7 2 ** 

 
913 0.5 2 NS 

 
822 19.8 2 *** 

5 Const. 1 
  

764 
    

868 
    

914 
    

841 
   

     
IVTD 

1 ST  Yrs ST*yrs 14 ST*Yrs 541 50.6 7 *** 
 

639 21.7 7 ** 
 

647 24.2 7 ** 
 

635 21.5 7 ** 

2 ST  Yrs 7 Yrs/ST 591 5 2 NS 
 

661 40.8 2 *** 
 

671 29.3 2 *** 
 

657 40.1 2 *** 
3 ST 5 ST 

 
670 5.7 4 NS 

 
702 40.1 4 *** 

 
700 71.7 4 *** 

 
697 18.1 4 ** 

4 Yrs 3 Yrs 
 

596 79.6 2 *** 
 

705 37.4 2 *** 
 

732 40.1 2 *** 
 

674 41 2 *** 
5 Const. 1 

  
676 

    
742 

    
772 

    
715 
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Table 18 continued. 

          Iceland(a)     Norway(a)   Sweden   Canada 

 
Model Parms 

Terms 
tested 

 
 -2LL χ2 df 

  
 -2LL χ2 df 

  
 -2LL χ2 df 

  
 -2LL χ2 df 

 

     
IVCWD 

1 ST  Yrs ST*yrs 14 ST*yrs 589 10.3 7 NS 
 

697 31 7 *** 
 

696 38.1 7 *** 
 

653 9 7 NS 

2 ST  Yrs 7 Yrs/ST 599 13.1 2 ** 
 

728 11.6 2 ** 
 

734 32.5 2 *** 
 

662 38.1 2 *** 
3 ST 5 ST 

 
699 6.6 4 NS 

 
776 11.3 4 * 

 
788 43.9 4 *** 

 
767 36.4 4 *** 

4 Yrs 3 Yrs 
 

612 93.5 2 *** 
 

740 47.9 2 *** 
 

766 65.6 2 *** 
 

700 103.1 2 *** 
5 Const. 1 

  
706 

    
788 

    
832 

    
804 

   
     

CP 
1 ST  Yrs ST*yrs 14 ST*Yrs 553 40.3 7 *** 

 
660 15.3 7 * 

 
644 20.9 7 ** 

 
635 23.3 15 ** 

2 ST  Yrs 7 Yrs/ST 593 28.5 2 *** 
 

675 37.7 2 *** 
 

665 72.3 2 *** 
 

659 3.3 3 NS 
3 ST 5 ST 

 
635 23.2 4 *** 

 
677 38.6 4 *** 

 
700 83.1 4 *** 

 
689 3.3 4 NS 

4 Yrs 3 Yrs 
 

622 36.2 2 *** 
 

713 3 2 NS 
 

737 46.1 2 *** 
 

662 30.1 2 *** 
5 Const. 1     658         716         783         692       

ST=Sward type, Yrs=Year, Const.=constant. -2LL=-2 likelihood. NS=Not significant, * = P<0.05, ** = P<0.01 and *** = P<0.001. 

 

 

 


