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Research Report 
 

Outputs of the fellowship are presented in the form of two manuscripts of scientific papers 

(shortened versions) which have been prepared with Robin J. Pakeman during my stay in The 

James Hutton Institute, Aberdeen. The main conclusions are summarized on the page 20. 

 

Manuscript 1 

The quest for optimal agri-environmental management of species-rich grasslands: 

neglected management effects on agronomic component 

 

Jan Mládek, Pavla Mládková, Jiří Doležal, Martin Dančák and R. J. Pakeman 

 

 

INTRODUCTION 

Broad-leaved dry grasslands dominated by Brachypodium pinnatum and/or Bromus erectus 

(alliance Bromion erecti Koch 1926) belong to the most species-rich communities in Europe 

and host numerous endangered plant and animal species (Wallis De Vries et al., 2002). As 

broad-leaved dry grasslands are generally low-productive and provide forage of low quality 

(Tallowin and Jefferson, 1999), they have lost their significance in modern agricultural 

production. Over the last 40 years, they are being particularly maintained for their high nature 

conservation value. Expansion of highly competitive grasses, especially Brachypodium 

pinnatum, represents a major threat to the maintenance of species richness in broad-leaved dry 

grasslands (Willems, 2001). Thus, management regime, which suppresses the performance of 

grasses and enhances forbs, is highly preferred by nature conservation. However, currently 

huge areas of grasslands are being abandoned and financial resources are limited. Therefore, 

management induced effects on agronomic characteristics are of high importance. Finding 

optimal management ensuring maintenance of structure, species and functional composition 

and supporting a reasonable agronomic value of broad-leaved dry grasslands is therefore one 

of the major tasks in European nature conservation and agri-environmental policy (Poschlod 

and Wallis De Vries, 2002).  

Recent grassland studies have documented that effects of management regimes on 

community structure and composition can be well understood using ecological knowledge of 

plant functional traits (Moog et al., 2005; Quétier et al., 2007; Duru et al., 2010). Functional 

traits responding to factors applied to a community are usually called ‘response traits’. 

Several management studies (Lindborg and Eriksson, 2005; Moog et al., 2005) confirmed that 

the concept of Westoby (1998), an analogy to Grime’s C-S-R plant strategies (Grime, 2001), 

and his three key functional parameters may account for management-induced processes: (i) 

canopy height (defined as the difference between the elevation of the highest photosynthetic 

tissue in the canopy and the base of the plant) is considered to be the best functional 

parameter indicating species’ capacity for competitive dominance, and was shown to decrease 

with disturbance intensity (e.g. Moog et al., 2005); (ii) seed mass (defined as seed dry-oven 

mass) expresses a species’ chance of successful dispersal to a new location, and was proved to 

decrease with disturbance intensity (e.g. Römermann et al., 2009); (iii) specific leaf area (SLA 

– defined as area of one side of a single leaf divided by its dry-oven mass) indicates the 

species’ capacity to exploit resources. Therefore, species with a high SLA are generally 

favoured in resource-rich environments (Weiher et al., 1999). At the community scale, SLA 

was demonstrated to increase with defoliation frequency (e.g. Ansquer et al., 2004; Louault et 

al., 2005).  However, several alternative predictors of a plant’s capacity to exploit resources 

were identified. SLA was found to negatively correlate with leaf lifespan (Ryser and Urbas, 

2000) and with leaf dry matter content (LDMC). Especially LDMC was proved to be useful 
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for inter-site analyses, because this trait is less variable within species (Wilson et al., 1999). 

Moreover, it was confirmed that even LDMC values taken from a database allow plant trait 

variation to be captured as good as in situ LDMC measurements (Duru et al., 2010).  

Many of the response traits were proved to have a positive or negative feedback on 

ecosystem processes (Garnier et al., 2004; Fortunel et al., 2009); such ‘effect traits’ act on 

productivity and litter decomposition, alter nutrient cycling, etc. In the case of semi-natural 

grasslands it has recently been shown that such an approach is also useful for assessing 

agronomic services, namely seasonal growth pattern and forage quality (Duru et al., 2010; 

Lavorel et al., 2011; Mládek et al., 2011a). For instance, several studies consistently reported 

that the overall speed of grassland phenological development is controlled by community- 

weighted LDMC (Ansquer et al., 2009a; Mládek and Juráková, 2011). 

The aim of our experimental study was to reintroduce management regimes in formerly 

abandoned grasslands and to determine at the community scale: (1) the effects of management 

on vegetation structure, (2) the effects of management on traits considered as predictors of 

resource capture and use, (3) how management regimes influence reproduction strategies, (4) 

if the community functional response to management is connected with a shift in proportions 

of plant guilds, and (5) how all the shifts in response traits caused by management regimes 

influence agronomic value of grasslands, i.e. seasonal growth pattern, forage quality and 

availability to herbivores. 

 

METHODS 

The study was carried out in the Bílé Karpaty and Javorníky Mountains situated in the 

borderland between the Czech Republic and Slovakia, Central Europe. Long-term 

management experiments were set up in broad-leaved dry grasslands dominated by the tough 

grass Brachypodium pinnatum (L.) P.B. Three sites on SW exposed slopes were selected: in 

Bílé Karpaty – Brumov (370 m a.s.l.), in Javorníky – Kýchová and Losový (both 600 m 

a.s.l.). Mean annual temperature at the sites ranges from 7.9 °C at Brumov to 6.5 °C at 

Kýchová and Losový; mean annual precipitation is 760 mm for Brumov and 900 mm for the 

other two sites. The soils at all sites are haplic cambisols, developed on tertiary flysch 

sediments consisting of alternating sandstone and claystone layers of variable thickness. Prior 

to the establishment of the experiments (2004 at Brumov, 2006 at Kýchová and Losový) all 

grasslands had been left fallow for 10 years and had formerly been grazed by sheep for 

decades. 

 

Experimental design and field monitoring 

The experimental design included four treatments of decreasing disturbance intensity: (1) 

mowing in mid-July (mowing), (2) extensive rotational sheep grazing starting in June 

combined with burning of litter every third year in March (grazing+burning), (3) extensive 

rotational sheep grazing (grazing), and (4) lying fallow (fallow). Mowing consisted in cutting 

of the above-ground biomass to stubble of 5 cm height followed by immediate raking and 

biomass removal. Such a treatment thus simulated modern harvesting for the production of 

hay silage, not traditional haymaking, which enables numerous seeds to ripen and further 

disperse with hay turning and harvesting. Grazing treatments included two grazing cycles per 

year, the first in June and the second in August; in both cycles sheep were moved to another 

paddock within each site when approximately 50 % of the standing biomass had been grazed.  

Each treatment was 10-times replicated within each site; one replication comprised of one 

5 m × 5 m experimental plot. Treatments were arranged in blocks situated within two 

‘exclosures’ per site, i.e. one exclosure contained five blocks. Brumov: exclosure A 

(49°05'50" N, 18°01'47" E), exclosure B (49°05'56" N, 18°01'43" E); Kýchová: exclosure A 
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(49°17'28" N, 18°07'55" E), exclosure B (49°17'30" N, 18°08'02" E); Losový: exclosure A 

(49°19'04" N, 18°05'39" E), exclosure B (49°19'03" N, 18°06'09" E).  

In 2004 (Brumov) and 2006 (Kýchová, Losový) respectively, before application of 

treatments, baseline data were collected. Each year we monitored a permanent subplot 1 m
2
 in 

size which was located in the centre of each experimental plot in order to avoid edge effects. 

Monitoring of subplots in all treatments proceeded each year during May – June before 

grazing started, when most plant species occurring in the plots began to flower and their 

identification was thus facilitated. In order to improve precision of cover estimates we divided 

the permanent subplots, using an iron frame, into nine squares of equal size in which the 

cover of all vascular plant species was estimated in percentages. Further, average cover in the 

subplots (1 m
2
) was calculated for each recorded species. 

 

Functional traits  

After having excluded trees and shrubs from the 227 plant species recorded over all sites and 

years, we subsequently extracted functional traits for the remaining 178 species from 

databases. The following traits were extracted from BiolFlor database (Klotz et al., 2002): 

guild (its detailed classification was converted to four broader classes – grasses: Poaceae, 

sedges: Cyperaceae and Juncaceae, legumes: Fabaceae, forbs: all other dicotyledonous 

species), onset of flowering (in months), leaf persistence (binary coding: 1 for species with 

leaves persisting more than one year), rosettes (binary coding: 1 for species with all foliar 

leaves basally arranged forming a rosette), type of reproduction (fuzzy coding, classification 

according to species dependency upon generative or vegetative reproduction). Traits extracted 

from the LEDA traitbase (Kleyer et al., 2008) included: canopy height, LDMC and SLA (all 

quantitative variables). 

Cumulated cover of species with trait values always created more than 80 % of the total 

vegetation cover in a subplot, which has been acknowledged to be sufficient to capture 

community properties (Garnier et al., 2004). Based on the ‘biomass ratio hypothesis’ (Grime, 

1998), community-weighted means of traits were calculated by weighting the trait values of 

species with their relative abundances (Fortunel et al., 2009).  

 

Data analysis 

As experiments in the Bílé Karpaty and Javorníky were established in different years, we 

analyzed them separately. The Bílé Karpaty experiment included 40 experimental plots (10 

replications per treatment) located at one site (Brumov) within two exclosures, which were 

monitored over six years, in 2004–2009. The Javorníky experiment comprised 80 

experimental plots (20 replications per treatment) located at two sites (Kýchová and Losový), 

thus four exclosures, in which monitoring took place over five years, in 2006–2010. The 

design of the experiments encompassed factors with random effects, so that approaching data 

analysis with traditional repeated measures ANOVA was not eligible. Therefore, all analyses 

were carried out with linear mixed-effect models using restricted maximum likelihood 

methods (REML), in which management and its interaction with year were treated as fixed 

effects while site, exclosure, block, subplot code and year as random effects. First, the given 

model was tested with analysis of variance, in which effects of management, year and their 

interaction were evaluated. If the effects of management and particularly of management × 

year interaction were significant, we expected divergence in development between 

management treatments. In order to reveal the effects of disturbance intensity on community 

functional parameters over all experimental years we performed ‘treatment contrasts’, in 

which the most intensive disturbance, i.e. mowing, was selected as a control treatment. 

Further, ‘Helmert contrasts’ were used to assess temporal development; i.e. the average 

parameter value in each respective year was compared with the average value over all 
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preceding years (Crawley, 2007). Consequently, interaction of a particular management 

treatment with a particular year (henceforth we refer to this interaction when mentioning 

Helmert contrasts) enabled us to detect in which year the vegetation under this management 

treatment respectively its community functional parameter diverged significantly from the 

vegetation under mowing (control treatment) and in which direction (+ vs –). Analyses were 

carried out with R 2.10.1 software (www.r-project.org) using the ‘nlme’ package. 

 

 

RESULTS 

 

Table 1.  REML analyses of community functional properties; model testing with analyses of 

variance were followed by ‘treatment contrasts’ – all treatments were compared with mowing 

over all years of experiments. Bílé Karpaty experiment: 10 replications per treatment, 6 years; 

Javorníky experiment: 20 replications per treatment, 5 years. Abbreviations: g.+burning – 

grazing including spring burning, n.s. – not significant, * P < 0.05, ** P < 0.01, *** P < 

0.001; (+ / –) average of community functional parameter was higher / lower under the given 

treatment than under mowing (control treatment). 

http://www.r-project.org/
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Table 1 

  REML ‘treatment contrasts’ 

 man. year man. × year g.+burning grazing fallow 

Bílé Karpaty             

df 3/27 5/180 15/180 27 27 27 

Species richness          

Canopy height n.s. *** ** n.s.  n.s.  n.s.  

Rosettes * *** *** n.s.  *  (–) *  (–) 

LDMC * *** *** *  (+) n.s.  *  (+) 

SLA * *** n.s. *  (+) n.s.  n.s.  

Onset of flower * *** *** n.s.  n.s.  *  (+) 

Gen. reproduction n.s. *** n.s. n.s.  n.s.  n.s.  

Veg. reproduction n.s. *** n.s. n.s.  n.s.  n.s.  

Grasses n.s. *** *** *  (+) n.s.  n.s.  

Sedges n.s. * * n.s.  n.s.  n.s.  

Legumes * * n.s. *  (–) n.s.  n.s.  

Forbs n.s. *** *** n.s.  n.s.  n.s.  

          

Javorníky          

df 3/57 4/304 12/304 57 57 57 

Species richness          

Canopy height n.s. n.s. ** n.s.  n.s.  *  (+) 

Rosettes * *** *** *  (–) n.s.  *  (–) 

LDMC * *** *** *  (+) *  (+) **  (+) 

SLA n.s. * ** n.s.  n.s.  n.s.  

Onset of flower n.s. *** ** n.s.  n.s.  n.s.  

Gen. reproduction * *** *** *  (–) *  (–) **  (–) 

Veg. reproduction * *** *** *  (+) *  (+) **  (+) 

Grasses ** *** *** n.s.  **  (+) **   (+) 

Sedges n.s. n.s. * n.s.  n.s.  n.s.  

Legumes ** ** n.s. *  (+) n.s.  n.s.  

Forbs ** *** *** **  (–) **  (–) **  (–) 

 

Fig. 1. Medians of community functional parameters: (A1-A2) canopy height, (B1-B2) leaf 

dry matter content, (C1-C2) specific leaf area, and (D1-D2) onset of flowering in the Bílé 

Karpaty experiment (with suffix 1) over 6 years and the Javorníky experiment (with suffix 2) 

over 5 years; both experiments comprised mowing, grazing including spring burning every 

third year, grazing, and fallow treatments. 

 

Fig. 2. Medians of proportions for (A1-A2) generative reproduction, (B1-B2) rosettes, (C1-

C2) grasses, and (D1-D2) forbs in the Bílé Karpaty experiment (with suffix 1) over 6 years 

and in the Javorníky experiment (with suffix 2) over 5 years; both experiments comprised 

mowing, grazing including spring burning, grazing, and fallow treatments. 
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Fig. 1. 
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Fig. 2 
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DISCUSSION 

We demonstrated that structure and functioning of broad-leaved dry grasslands were 

consistently modulated by management regimes in both experiments over six and five years 

of vegetation monitoring, respectively. Especially mowing diverged considerably from both 

two grazing and the fallow treatments. 

 

Vertical structure: competition for light vs. avoidance of disturbance 

Remarkably, although the applied management regimes differed in disturbance intensity 

(biomass removal: mowing > both grazing treatments > fallow), canopy height did not 

substantially diverge between treatments – except for mowing and fallow in Javorníky (Fig. 1, 

A2). This might be attributed to the low intensity of grazing and to the fact that in meadows 

mown in summer, similarly as in fallow grasslands, the main factor driving species growth is 

competition for light (see Doležal et al., 2011). On the contrary, disturbance intensity 

modified the proportion of rosettes substantially (Fig. 2, B1, B2). Mowing followed by 

grazing supported this functional group strongest, which is in line with the study by 

Römermann et al. (2009) in Bromion grassland in southwest Germany. Inferring from the 

above, it seems that introduction of summer mowing or extensive grazing to formerly 

abandoned dry grasslands did not markedly alter the community structure with regard to the 

capacity for competitive dominance (sensu Westoby, 1998). Nevertheless, tall grassland 

vegetation, after introduction of mowing or grazing, faced two opposing forces, namely 

competition for light and avoidance of disturbance; therefore plants having a substantial part 

of their assimilative organs below cutting or grazing height (i.e. rosette species) were 

favoured. 

 

Does mowing connected with nutrient removal promote species with resource- conservative 

strategies? 

Mowing followed by removal of biomass usually decreases nutrient availability in the soil, 

which in turn reduces standing biomass and its uptake of nutrients, especially in oligotrophic 

communities such as broad-leaved dry grasslands (e.g. Willems et al., 1993; Ryser et al., 

1995). Although we did not measure nutrient availability, in the Bílé Karpaty experiment we 

recorded the lowest biomass production and lowest nutrient uptake for vegetation under 

mowing (Mládek et al., 2011b). However, for mown plots we found the greatest reduction of 

LDMC in both experiments (Fig. 1, A1, A2), which is contrary to the generally accepted 

theorem that nutrient-poor conditions favour resource-conservative strategies (e.g. Weiher et 

al., 1999). LDMC was for a long time considered as the best predictor of a species potential 

for resource capture (Wilson et al., 1999); and on a large scale of grasslands low LDMC at the 

community scale was acknowledged to be connected to high soil fertility (Ansquer et al., 

2004) and high productivity (Garnier et al., 2004; Gaucherand and Lavorel, 2007). Lower 

LDMC values for vegetation under mowing than under grazing have recently been reported 

also by Duru et al. (2010), whose design enabled a separation of functional trait responses to 

management regime from responses to fertility. They showed that whatever the soil fertility 

mowing support tall plant species of a low LDMC, having the most upright herbage mass, the 

lowest mass : height ratio, thus features indicating capacity for competitive dominance. When 

a grassland is mown instead of grazed, plants need to grow fast and compete successfully for 

light, therefore it is not profitable to invest into a high LDMC despite low nutrient availability 

under mowing.  

Further, mowing did not support the highest SLA (as might be expected from the 

incurrence of lowest LDMC), but in the Javorníky experiment mowing even produced 

vegetation with a lower SLA and higher proportion of species with persistent leaves than all 

other treatments (see details in chapter 3.2). This apparent discrepancy in effects of mowing 
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onto alternative ‘resource acquisition’ traits, however, corresponds to the effect of mowing on 

plant life forms. Rosette forbs which were supported in our case most by mowing were 

reported to have a considerably lower LDMC than grasses while the SLA having the same 

(Duru et al., 2005; Ansquer et al., 2009b). In dry grasslands, mowing seems to be a factor 

implying effects on LDMC which are contrary to those on SLA and leaf persistence at the 

community level. The decrease of LDMC under mowing is probably a product of high 

disturbance intensity, whereas the simultaneous decrease of SLA and increase of leaf 

persistence may be due to nutrient impoverishment. Similarly, soil nutrient depletion 

occurring during succession was responsible for enhancement of species with leaves 

persisting more than one year (Bernhardt-Römermann et al., 2008). 

 

Management regimes act upon reproduction strategies  

Our results confirmed that onset of flowering is a function of disturbance intensity (e.g. 

Pakeman, 2004; Louault et al., 2005; Garnier et al., 2007; Kahmen and Poschlod, 2008). 

Mowing in both experiments accelerated flowering (Fig. 1, D1, D2) most, which was in line 

with the greatest decrease in LDMC under mowing, as LDMC at both plant and community 

level was reported to be positively correlated with onset of flowering (Duru et al., 2009). 

Although community-weighted onset of flowering in this paper was calculated from a 

database (rough values in month), the idea that mowing supported a faster phenological 

progression at the community level than grazing was confirmed by field measurements of 

grassland phenology in the Bílé Karpaty experiment (Mládek and Juráková, 2011). 

Most studies from dry grasslands reported that the less intensive management the more 

important role clonal growth plays in the community (e.g. Römermann et al., 2009). Greater 

significance of clonality under lower disturbance intensity was recorded due to intra-specific 

trait plasticity (Mückschel and Otte, 2003) while also due to an increase of species 

reproducing themselves mainly vegetatively, especially by means of rhizomes (Pakeman, 

2004; Köhler et al., 2005). Indeed, in Javorníky we detected greater importance of vegetative 

reproduction for the fallow and grazing treatments in comparison to mowing, and vice versa 

in the case of generative reproduction (Table 1). Hence, mowing considerably supported 

species with greater investment into generative reproduction (as classified in the BiolFlor 

database).  

 

How is functional divergence under management regimes related to shifts in plant guilds? 

Introduction of mowing in formerly abandoned dry grasslands led to a considerable increase 

in proportion of forbs (c. 20 % in both experiments over six and five years of monitoring, 

respectively, Fig. 2, D1, D2). This was mainly at the expense of grasses, as the proportions of 

legumes and sedges were not significantly affected by any management. Such a replacement 

seems to be related to different ecological adaptations of dominant grasses and forbs at our 

study sites. We decided to check functional traits for 30 most abundant species which 

comprised approximately 80 % cumulated cover within each experiment. In both experiments 

we revealed that the group of grasses in comparison to a group of forbs typically had a higher 

mean Ellenberg indicator value for nutrients and a later mean onset of flowering. Therefore, 

cutting in mid-July connected with biomass removal (and assumed gradual soil nutrient 

depletion) favoured expansion of forbs. Moreover, forbs (F) in comparison to grasses (G) 

possessed on average a lower LDMC (in mg g
-1

; F: 228 vs. G: 290 in Bílé Karpaty; F: 221 vs. 

G: 292 in Javorníky) and a lower SLA (in mm
2
 mg

-1
; F: 23 vs. G: 24 in Bílé Karpaty; F: 21 

vs. G: 25 in Javorníky). This was similar to a study by Ansquer et al. (2009b) and elucidated 

contradictory effects of mowing on community weighted means of these alternative ‘resource 

acquisition’ traits (Fig. 1). 
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Community response to management regimes: implications for agronomic outputs   

Although mowing decreased the performance of grasses (mainly Brachypodium pinnatum, 

data not shown) and enhanced forbs most of all treatments, we cannot recommend it as an 

optimal low-cost management for maintenance of broad-leaved dry grasslands. Long-term 

mid-July mowing produced vegetation with a high proportion of rosettes, whose biomass is 

mostly not accessible to mowing machines or grazing livestock. Thus, sparse upright herbage 

provides forage of low quantity. In addition, a high proportion of species relying on 

generative reproduction and on early flowering indicate that vegetation under long-term 

mowing regime, contrary to grazing, yields forage of lower quality. 
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Plant trait assembly affects superiority of grazer’s foraging strategies in species-rich 

grasslands 

 

J. Mládek, P. Mládková, P. Hejcmanová, M. Dvorský, V. Pavlů, F. De Bello, M. Duchoslav, 

M. Hejcman and R. J. Pakeman 

 

INTRODUCTION 

The processes influencing patterns of diet selection have been brought together in optimal 

foraging theory which states that diet selection of a herbivore is influenced by the trade-off 

between the benefit of consuming a preferred diet and the cost of handling and searching for it 

(Charnov 1976). The diet composition selected by herbivores, therefore, usually substantially 

differs from the factually preferred diet, i.e. forage which the animals select when given a 

minimum of physical constraints. In heterogeneous grasslands, a herbivore’s selection of the 

best quality components is impeded by their low abundance (Arnold 1987) and/or complex 

spatial distribution (Courant & Fortin 2010; Wang et al. 2010). Especially in species-rich 

grasslands, herbivores have to solve two opposing problems: obtaining maximum quality and 

adequate quantity (see review by Hejcmanová & Mládek 2012). This implies a trade-off in 

decision making which operates hierarchically at several spatial and temporal scales (Senft et 

al. 1987; Laca et al. 2010). Two contrasting foraging strategies, maximizing intake (MI) or 

maximizing forage quality (MFQ), may be adopted by herbivores under different 

environmental conditions (Schwartz & Ellis 1981; Van der Wal et al. 2000; Dumont et al. 

2005). The effectiveness of these strategies has been tested in models of plant – herbivore 

interactions (Hutchings & Gordon 2001; Pérez-Harguindeguy et al. 2003) that both predicted 

the superiority of a MFQ over a MI strategy. Consistently, experiments with mammalian 

herbivores grazing plant monocultures (e.g. Garcia et al. 2003; Laca et al. 2010; Thomas et al. 

2010) showed the superiority of a MFQ strategy. 

In diverse grasslands, the characteristics of bites (selected plant species) or feeding 

stations (i.e. the area available for a herbivore without moving its front feet, Senft et al. 1987) 
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favouring a high rate of intake (high available biomass) are also those that usually cause a low 

rate of passage and digestion as productive plant species are typically those with a high 

concentration of fibre and low concentration of nutrients (Drescher et al. 2006). Conversely, 

highly digestible plants/feeding stations allow only low intake rates. At both spatial scales diet 

selection was suggested to be explained by the energy gain maximisation hypothesis (Pyke, 

Pulliam & Charnov 1977). However, the finer the scale the smaller the associated costs and 

benefits of selection, and the harder it is to assess them by the animal (Roguet, Dumont & 

Prache 1998). Therefore, differential defoliation of feeding stations within a paddock might 

be ruled by the marginal forage value which needs to be determined first by sampling 

(Dumont et al. 2005). On the other hand, selection of plants within a feeding station seems to 

be ruled by momentary maximization (Senft et al. 1987), this hypothesis assumes that 

herbivores instantaneously select relatively better forage from an array of plants that it can 

reach without moving. When the best remaining item at the feeding station is below a certain 

threshold, or when the rate of forage acquisition at that station falls below that threshold, the 

animal moves forward, establishing a new feeding station at which diet selection proceeds 

again (marginal value theorem, Charnov 1976). As grazing progresses and the resources are 

gradually depleted, herbivores are forced to get back to sampling and searching a new 

threshold value (Hewitson, Dumont & Gordon 2005). Therefore a herbivore’s pattern of 

selection in the short-term may substantially differ from the long-term pattern, and for 

instance general recommendations for pasture management based on outcomes of the diet 

selection studies performed over only a few days may be misleading. 

In species-rich grasslands, the MFQ – MI dilemma has been addressed only in a few 

controlled experimental (e.g. Van der Wal 2000; Hejcmanová et al. 2009) or observational 

(Schwartz and Ellis 1981) studies assessing diet selection in single vegetation units. Diet 

selection strategies have rarely been compared between communities (but see Dumont et al. 

2007). This was caused by difficulties in assessing both quantity and quality in fine-grained 

heterogeneous environments. Standing biomass and compressed sward height (Correll, 

Isselstein & Pavlů 2003) are mainly used as indicators of forage availability (quantity). 

Organic matter digestibility has been highly recommended as an indication of forage quality 

(Drescher et al. 2006), but this is not easily measurable and also does not usually reflect the 

plant’s palatability (e.g. Thomas et al. 2010). An alternative method for direct comparison of 

diet selection across distinct vegetation units has become available recently due to the 

development of plant functional classifications (e.g. Garnier et al. 2004) and freely accessible 

databases of functional trait values for common European species (e.g. Kleyer et al. 2008). At 

the species level forage quantity has been recognized as correlated with canopy height 

(Cornelissen et al. 2003). However, forage quality in species-rich grasslands is difficult to 

assess with a single functional trait (Drescher et al. 2006). Organic matter digestibility, at least 

for grass species, negatively correlates with leaf dry matter content (LDMC) and positively 

with specific leaf area (SLA) (Pontes et al. 2007). A herbivore’s selectivity for these leaf 

traits, which are considered the best indicators of resource exploitative vs. conservative 

strategies, remains largely untested (but see Pérez-Harguindeguy et al. 2003; Cingolani, Posse 

& Collantes 2005; Lloyd et al. 2010). Forage quality is also modified by stage of species 

maturity (Thomas et al. 2010), and hence the diet selection pattern of herbivores is principally 

ruled by flowering period (e.g. Drescher et al. 2006; Hebblewhite, Merril & McDermid 2008). 

Possibly the most informative measure of forage quality would be the forage indicator value 

(Klapp et al. 1953). This expert-based ordinal classification of grassland species is based on 

information of protein and mineral biomass concentrations, leaf/stem ratio, palatability, 

accessibility and seasonal duration of the plant’s forage value for livestock. 

The principal aim of our research was to compare patterns of diet selection in two 

different grassland types, mesic Arrhenatherion and dry broad-leaved Bromion grasslands, 
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using plant functional traits. The selected grassland types provide distinct levels of both 

forage quantity (annual biomass production 4–6 t/ha in Arrhenatherion and 1–3 t/ha in 

Bromion grasslands, Schaffers & Sýkora 2002) and forage quality (during May–June c. 70 % 

organic matter digestibility in Arrhenatherion and c. 60 % in Bromion, Bokdam & Wallis De 

Vries 1992; Mládek et al. 2011). This distinction is connected with dominance by resource 

exploitative (e.g. Dactylis glomerata, Poa pratensis) vs. resource conservative (e.g. 

Brachypodium pinnatum, Bromus erectus) species (Duru et al. 2009). Both types are 

widespread in Central and Western Europe and very often serve as extensive sheep pastures 

(Mládek et al. 2011). As sheep (Ovis aries) are able to select better quality components at 

several spatio-temporal scales (e.g. Garcia et al. 2003; Laca et al. 2010), we suppose that 

sheep adopt different foraging strategies in order to exploit differently allocated energy 

resources most efficiently. We addressed the following hypothesis: as mesic grasslands 

provide a sufficient amount of available biomass of high quality, sheep here selectively feed 

on high quality plots/plant species (adopting MFQ strategy), in contrast, sheep grazing dry 

grasslands with generally low forage quantity and low quality select plots/plant species of 

greater biomass in order to fill their intestine capacity and fulfil their basic metabolic 

requirements (adopting MI strategy). 

 

METHODS 
Two distinct grassland types, mesic and dry grasslands, were selected to study grazing 

selectivity by sheep in the White Carpathians Mountains which are situated in the borderland 

between the Czech Republic and Slovakia. Within each grassland type two independent sites 

were selected. Mesic grasslands of the Arrhenatherion elatioris Luquet 1926 alliance included 

grassland ‘Mesic1’ (Brumov – Nad tunelem, 49° 05' 28'' N, 18° 01' 40'' E) and grassland 

‘Mesic2’ (Petrůvka, 49° 06' 00'' N, 17° 49' 00'' E). Dry grasslands of the Bromion erecti Koch 

1926 alliance were represented by grassland ‘Dry1’ (Brumov – Klobucká, 49° 05' 57'' N, 18° 

01' 55'' E) and grassland ‘Dry2’ (Suchovské Mlýny, 48° 53' 19'' N, 17° 33' 50'' E). These sites 

had been unmanaged for c. 15 years prior to the start of the study, therefore tall sward 

vegetation has established in all grasslands. Extensive rotational grazing with two grazing 

cycles per year was applied at all study sites. Approximately 80 cross-breed sheep of 

Walachenschaf, Merinolandschaf, Romney and Suffolk breeds grazed a 2-ha paddock for one 

month at each study site. All grasslands possess haplic cambisol soils developed on tertiary 

flysch sediments, consisting of alternating sandstone and rock clay layers of variable 

thickness. At Brumov meteorological station (nearby sites Mesic1 and Dry1) the mean annual 

temperatures is 7.9 °C and mean annual precipitation is 760 mm. 

 

Experimental design and species data collection 

Four 34-metre parallel transects were marked out in each grassland. Transects followed the 

slope upwards and were placed two metres from one another. 18 permanent circle plots 

situated two metres apart were established on each transect and marked with an iron nail in 

the soil. The circle plots were 30 cm in diameter in order to approximate the plot to the 

sheep’s feeding station (the area available for an animal without moving its front feet, Senft et 

al. 1987). In this rectangular grid of 72 monitoring plots we recorded the cover of the herb 

layer and moss layer. Further, species biomass proportions in each plot were estimated using a 

calibrated weight-estimate method (Tadmor et al. 1975). At first, visual estimates of the 

absolute biomass of a species were calibrated by clipping and weighing in several training 

plots. When consistent estimates were attained, direct estimations of species proportions in 

the biomass of the studied plots were undertaken. Data collection prior to grazing was 

undertaken from 7 to 11 May at all sites in both years. We studied the effect of the first 

grazing cycle for two years (2005 and 2006) in one paddock at each site. Therefore, the rate of 
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species defoliation was estimated using grazed-class method (Schmutz, Holt & Michael 1963) 

after one month of extensive sheep grazing for each species within each plot from 8 to 15 

June according to following scale: intact – 0 %, touched – c. 20 %, and fully eaten – c. 75 % 

of aboveground plant biomass grazed. The scale of species defoliation was determined 

visually by comparison with undefoliated plants in the later grazed neighbouring paddocks. 

The 21 most abundant species which were in common in both sites of mesic type and both 

sites of dry type are given in Appendix S1 (see Supporting Information). 

Furthermore, the compressed sward height (CSH) was measured with a rising-plate meter 

(plate diameter 30 cm, weight 0.2 kg, Correll et al. 2003) in each plot before and after the first 

grazing cycle. Comparison of CSH measured before and after grazing allowed for an 

estimation of the overall grazing intensity.  

 

Functional classification of species 

The following traits were extracted from BiolFlor database (Klotz, Kühn & Durka 2002) for 

all 139 herbaceous plant species occurring in all grasslands and years: guild (its detailed 

classification was converted to three broader classes – grasses: Poaceae family, legumes: 

Fabaceae family, forbs: all other herbaceous species), forage indicator value sensu Klapp et 

al. (1953) (ordinal scale 1–9), onset of flowering (ordinal scale, in months), from the LEDA 

traitbase (Kleyer et al. 2008): specific leaf area, leaf dry matter content and canopy height 

(distance between the highest photosynthetic tissue and the base of the plant).  

 

Assessment of selection of plots within grassland type 

In order to analyse sheep diet selection at the scale of a paddock (between plots), plot 

defoliation PDj was calculated as follows:  

1
( )

n

j i ii
PD p g                    (1) 

where pi was the proportion of species i in plot j and gi was the rate of defoliation of species i 

in plot j (three classes converted into percentages – 0, 20, 75), n was the number of species in 

plot j. Thus, plot defoliation could range between 0 and 75%. Further, we investigated the 

importance of plant functional traits for plot defoliation. Many studies have made evident that 

functional trait values of species may be scaled up to community aggregated functional 

properties by weighting according to relative species abundances (e.g. Garnier et al. 2004). 

Therefore, plot averages Aj of the above traits were calculated for each plot j as follows: 

1
( )

n

j i ii
A p t                     (2) 

where pi was the proportion of species i in plot j, ti was the trait value of species i, n 

corresponded to the number of species in plot j.  

 

 

Assessment of selection of taxonomic/functional groups of species within plots 

Sheep selectivity within plots was evaluated using two different approaches: analysing 

selection of taxonomic group of species (grasses, legumes, forbs) or analysing selection of 

sum of species possessing higher trait values than proportion-weighted trait mean of each 

plot. Adopting the first approach, we looked at exclusive selection of taxonomic groups of 

species. This was done accordingly: biomass proportions of species in the plot as well as 

proportions of species in the diet were aggregated to the following pairs: grass: non-grass, 

legume: non-legume, forb: non-forb, leaf persistence: non-leaf persistence. Selectivity was 

assessed using Jacobs’ (1974) selectivity index Di which ranges from –1 (absolute avoidance) 

to +1 (absolute preference). 

( ) / ( 2 )i i i i i i iD r p r p r p                (3) 



15 

 

where pi was the biomass proportion of grasses (legumes, forbs) in the plot and ri was the 

proportion of the same group in the sheep diet in the respective plot. This was calculated 

separately for each species i using estimates of defoliation rate gi as follows: 

1
( ) / ( )

n

i i i i ii
r p g p g                  (4) 

where n was the number of species in the plot. 

The second approach was based upon the concept of momentary maximization at a 

feeding station (Senft et al. 1987). This concept stimulated us to analyse which plant traits 

sheep are able to perceive relatively within a feeding station (circle plot 30 cm in diameter) 

and make a selection from them. Therefore, selectivity was calculated for the group of species 

possessing higher trait values than the proportion-weighted trait mean of each plot Aj. First, 

proportions pi of k species in plot j with higher trait values than plot average Aj were summed: 

1

k

j i i ji
P p t A                    (5) 

Further, diet proportions ri of k species in plot j were summed as follows: 

1

k

j i i ji
R r t A                    (6) 

Jacobs’ selectivity from proportions P and R in plot j was calculated using equation 3. 

 

Statistical analysis 

As our dataset involved random effects statistical analyses were done with linear mixed 

effects models (Zuur et al. 2009). First, we analysed plot defoliation across both grassland 

types and subsequently performed the same analysis of plot defoliation for mesic and dry 

grassland types separately. Plot defoliation was the dependent variable and community 

aggregated traits and the biomass proportions of taxonomic groups were considered as 

separate fixed effects while site code in a given year of observation as the only one random 

effect. There was no spatial autocorrelation of plot defoliation at any site. 

Analysing diet selection within plots, sheep selectivity for plant traits was compared for 

mesic and dry grasslands using linear mixed effect models where Jacobs’ D was the 

dependent variable, grassland type (mesic and dry) was treated as a fixed effect, while code of 

site in a given year of observation was used as random effect. Jacobs’ selectivity for a 

particular trait was considered significantly positive/negative if the confidence interval did not 

involve a zero value (see Dumont et al. 2007). Quantitative comparison of Jacobs’ D values 

from different samples was appropriate as only two food types were considered (see 

Lechowicz 1982). Linear mixed effects models were performed with R 2.10.1 software 

(www.r-project.org) using the ‘nlme package’ (Pinheiro et al. 2012). 

http://www.r-project.org/
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RESULTS 

 

Table 1. Linear mixed effect models: plot defoliation was dependent variable and every 

community aggregated quantitative trait or biomass proportion of taxonomic group was 

treated in the separate model and considered as fixed effect, while site code in a given year as 

random effect (degrees of freedom 1/283). 

 

 Mesic grasslands  Dry grasslands 

 Effect F P-value  Effect F P-value 

 

Community aggregated quantitative traits 

Canopy  1.15 0.28  + 9.69 0.002 

Forage + 75.77 <0.001   1.30 0.25 

Flower  1.19 0.28  + 4.34 0.038 

LDMC  – 16.49 <0.001   0.01 0.94 

SLA + 15.43 <0.001   0.02 0.90 

 

Biomass proportions of taxonomic groups  

Grasses  0.01 0.94  + 7.07 0.0083 

Legumes + 10.44 0.0014   0.30 0.59 

Forbs  2.44 0.12  – 8.25 0.0044 

 

 
 

Fig. 1. Relationship between plot defoliation and community aggregated traits in mesic (a-b) 

and dry (c-d) grasslands. Four thin regression lines at each graph represent models for both 

sites in both years of observation (all levels of random effect), thick line (overlapping some 

thin lines) and its formula belongs to final mixed effect model. 
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Fig. 2. Sheep selectivity within plots for: a) sum of species possessing higher trait values than 

proportion-weighted trait average of each plot, b) taxonomic groups of species in mesic and 

dry grasslands evaluated with Jacobs’ D selectivity index ranging from –1 to 0 (avoidance) 

and from 0 to +1 (preference). Squares show means with 95% confidence interval (CI). 

Selectivity for a particular trait/group was considered significantly positive/negative if CI did 

not involve a zero value. 

 

 

DISCUSSION 
Our results indicate how foraging strategies of herbivores change according to the plant trait 

assembly, i.e. the quantity and quality of available resources. As we had assumed, the selected 

mesic grasslands were differentiated by higher plot forage indicator value, higher SLA and 

lower LDMC (not shown) – i.e. indicators of higher forage quality (Pontes et al. 2007). The 

supposed higher forage quantity (availability) in mesic grasslands was not due to vegetation 

height, as the average plot canopy height was in a similar range in both grassland types, 

probably because all sites had been unmanaged for a long time and tall species were favoured. 

The higher quantity of forage in mesic grasslands was therefore due to higher vegetation 

density. We had assumed that different biomass would be well reflected by measurements of 

compressed sward height (Corell et al. 2003), but this was not the case because harder stems 

in dry grasslands probably magnified the measurements. Hence, the higher availability of 

forage for sheep in mesic grasslands was indicated by a higher cover of the herb layer. 

Moreover in dry grasslands, we recorded an average cover of moss layer of almost three times 

higher than in mesic grasslands (not shown), and high bryophyte biomass has been shown to 

be a good indicator of low herb layer density (see Hejcman et al. 2010). Our assumptions 

were met in that sheep appeared to use the MFQ strategy in mesic whereas used the MI 

strategy in dry grasslands consistently across different spatial scales. This finding corresponds 

to the conclusion by Laca et al. (2010) that small herbivores such as sheep are able to perceive 

and exhibit selectivity at multiple scales simultaneously. Adopting the terminology of 

behavioural studies, sheep exhibited a consistent pattern of selection at the paddock scale 

(selection between plots) and at the feeding station scale (selection within plots). Our findings 

might seem contradictory to the study by Thomas et al. (2010), who reported higher sheep 

preference for highly nutritious plants when the vegetation was of low quality. However, their 

conclusions are based on an experiment in which sheep had free access to plant monocultures 
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of equal size, so that the sheep grazing pattern was not constrained by low quantity and/or 

dispersed distribution of preferred plant species. Therefore these different conclusions are the 

consequence of preference and selection concepts, and direct comparison of their outputs 

deserves further attention (up to now done only for invertebrate herbivores: Pérez-

Harguindeguy et al. 2003).  

 

Diet selection between plots – paddock scale 

As mesic grasslands provided forage of relatively high quality and variation of the forage 

indicator value between plots was slightly higher than that of canopy height (not shown), 

sheep should benefit from a larger selection on quality. Indeed, sheep selected plots with 

higher forage indicator value, higher SLA, lower LDMC and lower canopy height (Table 1) 

which is in line with results of a study from fertile Argentinean steppe (Cingolani et al. 2005) 

that related community aggregated traits and sheep selectivity. This foraging strategy 

corresponds to predictions from the dynamic model by Hutchings and Gordon (2001) and 

empirical results by Garcia et al. (2003), who both concluded that the MFQ strategy is the 

most efficient strategy for grazing throughout the season whatever the stocking rate. In dry 

grasslands, however, it seems that the cost paid by sheep for searching and/or handling of 

higher quality plots was not compensated by respective energy gain. This was probably 

because of the low forage indicator value and its low variability between plots (not shown). In 

addition, low levels of plant biomass made it rather more efficient for sheep to maximize 

energy gain by selecting plots of higher quantity – i.e. plots with greater canopy height (cf. 

Arnold 1987; Van der Wal et al. 2000). Sheep selectivity was associated with high 

proportions of grasses but also with later onset of flowering in dry grasslands (Table 1) which 

may indicate that beside a prime focus on forage quantity, sheep tended to maintain the 

quality of their diet as the later flowering species often exhibit better nutritional value in 

spring than early flowering species (Evju et al. 2009).  

 

Diet selection within plots – feeding station scale 

Selection in a heterogeneous environment, where each species occurs with different 

abundance, should be evaluated with a suitable selectivity index. We chose Jacobs’ selectivity 

index rather than other indices for its low sensitivity to variations in relative species 

abundance (Lechowicz 1982; Dumont et al. 2005). Grasses were selected within plots instead 

of dicotyledons (both legumes and forbs) in both grassland types (Fig. 2b), which might be 

attributed to the period of grazing as several studies of sheep diet selection recorded that the 

initial spring preference for grasses shifted to dicotyledons in summer (Smith & Julander 

1953; Schwartz & Ellis 1981). Probably, during our first grazing cycle (7–11 May until 8–15 

June), the grass biomass had sufficient digestibility and sheep were not yet forced to choose 

dicotyledons, which maintain their nutritive value longer in the season (Long et al. 1999), but 

may cause digestive problems due to secondary metabolites (Long et al. 1999).  

Many studies have shown a preference of sheep for legumes when grown with grasses 

(e.g. Arnold 1987). Although sheep preferred plots with a high proportion of legumes (in 

mesic type), this group of plants was avoided within plots. Such a discrepancy can be 

explained by legume’s ability to enrich soil with nitrogen and thus support growth and leaf 

nitrogen concentration of neighbouring species (Spehn et al. 2002). Thus, sheep selectivity of 

plots with a high proportion of legumes might be rather caused by this indirect effect than by 

forage quality of diverse legumes in semi-natural grasslands which is on average much lower 

than that of Trifolium repens, mostly used as the legume in diet selection studies. 
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Assessment of product of maximizations within plot – significance of functional traits 

The momentary maximization hypothesis (Senft et al. 1987) assumes that a grazing animal 

selects a diet from a sensorially defined array of plants that it can reach without moving (i.e. 

within the feeding station). Although we did not observe the instantaneous decisions of 

animals within the feeding station, we were interested in the final effect of several momentary 

decisions made by different animals during the first grazing cycle in our permanent plots (30 

cm in diameter). We supposed that sheep are able to perceive an ‘average forage value’ and 

select relatively within a plot. In order to assess a product of all within-plot momentary 

maximizations, we performed an analysis of selection for the sum of species possessing a 

higher trait value than the trait average of each plot (see Methods). The results revealed the 

importance of plant traits for relative within-plot selection over a one month period. Even in 

this aspect of selection, sheep applied the MFQ strategy (indicated by forage indicator value) 

in mesic grasslands and the MI strategy (canopy height) in dry grasslands (Fig. 2a). Moreover, 

within plots sheep also favoured later flowering species in dry grasslands, and thus confirmed 

that early phenological stages of plants are preferably grazed by herbivores as these should 

have higher nutritional quality in terms of available energy and protein (Hebblewhite et al. 

2008). 

As for grasses digestibility negatively correlates with LDMC and positively with SLA 

(Pontes et al. 2007), positive selection of plant species with higher SLA or lower LDMC 

might be expected (Lloyd et al. 2010). However, reverse patterns of selection were found 

within plots (Fig. 2a). Such a result could be attributed to the high proportion of the grassland 

biomass created by dicotyledons (55 and 47 % of the total in mesic and dry grasslands, 

respectively). Moreover, by analyzing species pools at each site we found no relationships 

between species forage indicator value and SLA or LDMC. Consistent with our results, 

Cingolani et al. (2005) reported that SLA is not a good predictor of species selection within 

grassland patches as sheep surprisingly selected species with tougher leaves. This is in line 

with positive selection of species with higher LDMC within plots in both our grassland types, 

and corresponded to positive selection of grasses instead of dicotyledons (Fig. 2b) as grasses 

occurring within the grassland patch generally possess higher LDMC than their surrounding 

dicotyledonous neighbours (Ansquer et al. 2009).  

 

CONCLUSIONS 

We have shown here, for the first time to our knowledge, that foraging strategies of selective 

mammalian grazers such as sheep might be modulated by plant trait assembly. Although 

studied species-rich grasslands (on average 65 species per site) shared many plant species 

(Appendix S1), the predominance of resource-exploitative or resource-conservative plants led 

sheep to adopt different foraging strategies. When forage is abundant and offers a choice of 

highly nutritious species, the MFQ strategy appears to be the most favourable. On the other 

hand, if the sward consists mainly of species of low forage indicator value and the variation in 

forage indicator value is smaller than that in canopy height, the MI strategy seems to be more 

efficient in maximizing energy gain. Such contrast in herbivore exploitation of abiotically 

divergent habitats may be likened to differences between the MFQ strategy adopted in spring 

and the MI strategy being valid in autumn and winter (Schwartz & Ellis 1981; Dumont et al. 

2005). These temporal alterations of foraging strategies are related to high food availability 

and high quality in spring in contrast to low availability and low quality late in the season. 

Such temporal differences are analogical to the differences in forage characteristics between 

mesic vs. dry grasslands which are induced by divergent environmental conditions. The point 

where the shift between MFQ and MI strategies occurs will likely vary depending on the size 

of the herbivore: smaller herbivores will be capable of continuing longer with the MFQ 

strategy as overall forage quality declines (cf. Laca et al. 2010). We advocate performing 
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more studies of diet selection in semi-natural grasslands differing in plant trait assembly, this 

could provide better understanding of various grazer effects under different environmental 

conditions, which has puzzled ecologist for a long time (e.g. Cingolani et al. 2005; Evju et al. 

2009) and remains to be fully resolved. 
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Conclusions from the research reports prepared during STAPLEDON fellowship 

Leaf dry matter content (LDMC) is often reported as highly negatively correlated to specific 

leaf area (SLA); therefore one might expect inverse effects of management treatments on 

these two traits. However, this did not hold true in our management experiments. For mown 

plots, we found the greatest reduction of community-weighted LDMC and also decrease of 

community-weighted SLA in both experiments. This finding is contrary to the generally 

accepted theorem that nutrient-poor conditions (here in mown plots where regular removal of 

nutrients with cutting takes place) favour resource-conservative strategies. Thus, we suggest 

LDMC represents a functional trait responding mainly to disturbance intensity while SLA to 

nutrient availability. When grassland is mown instead of grazed, plants need to grow fast and 

compete successfully for light; therefore it is not profitable to invest into a high LDMC 

despite low nutrient availability under mowing. Further, although mowing decreased the 

performance of grasses and enhanced forbs; pattern desired by nature conservationists, we 

cannot recommend it as an optimal management due to effects on agronomic value. High 

proportion of rosettes formed sparse upright herbage providing low forage quantity, and high 

proportion of generative reproduction and early flowering indicated low forage quality. 

Outputs of the second study indicate that maximizing forage quality strategy appears 

superior over maximizing intake strategy only in habitats with a predominance of resource-

exploitative species. Different outcomes of experiments evaluating grazing of monocultures 

and field studies are the consequence of preference and selection concepts and deserve 

attention when constructing new models of plant – herbivore interactions. 

 

General acknowledgements 

I would like to thank to the Stapledon Memorial Trust for financing my 12 week fellowship in 

The James Hutton Institute (TJHI, Aberdeen, Scotland) and my four day visit of Rothamsted 

Research Station (RRS, Harpenden, England). I am especially grateful to Professor Robin J. 

Pakeman (TJHI), who gave me the opportunity to ask for the fellowship. He substantially 

helped me with improving my writing style and introduced me to advanced statistical 

techniques. My thanks also belong to Richard Hewison, Luke Beesley and Nick Littlewood 

(from TJHI), who helped me to solve many tasks raised during my stay in Aberdeen. I would 

like to thank also to Jonathan Storkey (RRS) for fruitful scientific discussions and his patient 

guiding through Park Grass Experiment. I thank also to Dr. Alan Hopkins for help with 

administration of the fellowship. 

 



21 

 

References 

 
Manuscript 1 

Ansquer, P., Cruz, P., Prevot, P., Theau, J.P., Jouany, C., Duru, M., 2004. Are structural plant traits relevant 

indicators of fertility level and cutting frequency in natural grasslands? Grassl. Sci. Eur. 9, 760–762. 

Ansquer, P., Al Haj Khaled, R., Cruz, P., Theau, J.P., Therond, O., Duru, M., 2009a. Characterizing and 

predicting plant phenology in species-rich grasslands. Grass Forage Sci., 64, 57–70.  

Ansquer, P., Duru, M., Theau, J.P., Cruz, P., 2009b. Convergence in plant traits between species within 

grassland communities simplifies their monitoring. Ecol. Indic., 9, 1020–1029.  

Bernhardt-Römermann, M., Römermann, C., Nuske, R., Parth, A., Klotz, S., Schmidt, W., Stadler, J., 2008. On 

the identification of the most suitable traits for plant functional trait analyses. Oikos, 117, 1533–1541. 

Correll, O., Isselstein, J., Pavlů, V., 2003. Studying spatial and temporal dynamics of sward structure at low 

stocking densities: the use of an extended rising-plate-meter method. Grass Forage Sci., 58, 450–454. 

Crawley, M.J., 2007. The R book. John Wiley & Sons, Chichester. 

Doležal, J., Mašková, Z., Lepš, J., Steinbachová, D., deBello, F., Klimešová, J., Tackenberg, O., Zemek, F., 

Květ, J., 2011. Positive long-term effect of mulching on species and functional trait diversity in a nutrient-

poor mountain meadow in Central Europe. Agric. Ecosyst. Environ., doi:10.1016/j.agee.2011.01.010 

Duru, M., Tallowin, J., Cruz, P., 2005. Functional diversity in low input grassland farming systems: 

characterisation, effect and management. Agron. Res., 3, 125–138. 

Duru, M., Al Haj Kaled, R., Ducourtieux, C., Theau, J.P., Quadros, F.L.F., Cruz, P., 2009. Do plant functional 

types based on leaf dry matter content allow characterizing native grass species and grasslands for herbage 

growth pattern? Plant Ecol., 201, 421–433. 

Duru, M., Ansquer, P., Jouany, C., Theau, J.P., Cruz P., 2010. Comparison of methods for assessing the impact 

of different disturbances and nutrient conditions upon functional characteristics of grassland communities. 

Ann. Bot., 106, 823–831. 

Fortunel, C., Garnier, E., Joffre, R., Kazakou, E., Quested, H., Grigulis, K., Lavorel, S., Ansquer, P., Castro, H., 

Cruz, P., Doležal, J., Eriksson, O., Freitas, H., Golodets, C., Jouany, C., Kigel, J., Kleyer, M., Lehsten, V., 

Lepš, J., Meier, T., Pakeman, R., Papadimitriou, M., Papanastasis, V.P., Quétier, F., Robson, M., Sternberg, 

M., Theau, J.P., Thebault, A., Zarovali, M., 2009. Leaf traits capture the effects of land use changes and 

climate on litter decomposability of grasslands across Europe. Ecology, 90, 598–611. 

Garnier, E., Cortez, J., Billès, G., Navas, M.-L. Roumet, C., Debussche, M., Laurent, G., Blanchard, A., Aubry, 

D., Bellmann, A., Neill, C., Toussaint, J.-P., 2004. Plant functional markers capture ecosystem properties 

during secondary succession. Ecology, 85, 2630–2637. 

Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz, P., Doležal, J., Eriksson, O., Fortunel, C., Freitas, H., 

Golodets, C., Grigulis, K., Jouany, C., Kazakou, E., Kigel, J., Kleyer, M., Lehsten, V., Lepš, J., Meier, T., 

Pakeman, R., Papadimitriou, M., Papanastasis, V.P., Quested, H., Quétier, F., Robson, M., Roumet, C., 

Rusch, G., Skarpe, C.,Sternberg, M., Theau, J., Thébault, A., Vile, D., Zarovali, M.P., 2007. Assessing the 

effects of land-use change on plant traits, communities and ecosystem functioning in grasslands: a 

standardized methodology and lessons from an application to 11 European sites. Ann. Bot., 99, 967–985. 

Gaucherand, S., Lavorel, S., 2007. New method for rapid assessment of the functional composition of 

herbaceous plant communities. Austral Ecol., 32, 927–936. 

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder effects. J. Ecol., 86, 

902–910. 

Grime, J.P., 2001. Plant strategies, vegetation processes and ecosystem properties. Wiley, Chichester. 

Kahmen, S., Poschlod, P., 2008. Effects of grassland management on plant functional trait composition. Agric. 

Ecosyst. Environ., 128, 137–145. 

Kahmen, S., Poschlod, P., Schreiber, K.F., 2002. Conservation management of calcareous grasslands. Changes 

in plant species composition and response of functional traits during 25 years. Biol. Conserv., 104, 319–328. 

Kleyer, M., Bekker, R.M., Knevel, I.C., Bakker, J.P., Thompson, K., Sonnenschein, M., Poschlod, P., Van 

Groenendael, J.M., Klimeš, L., Klimešová, J., Klotz, S., Rusch, G.M., Hermy, M., Adriaens, D., Boedeltje, 

G., Bossuyt, B., Dannemann, A., Endels, P., Götzenberger, L., Hodgson, J.G., Jackel, A.K., Kühn, I., 

Kunzmann, D., Ozinga, W.A., Römermann, C., Stadler, M., Schlegelmilch, J., Steendam, H.J., Tackenberg, 

O., Wilmann, B., Cornelissen, J.H.C., Eriksson, O., Garnier, E., Peco, B., 2008. The LEDA Traitbase. A 

database of lifehistory traits of Northwest European flora. J. Ecol., 96, 1266–1274. 

Klotz, F., Kühn, I., Durka, W., 2002. BIOLFLOR - Eine Datenbank mit biologisch-ökologischen Merkmalen zur 

Flora von Deutschland. Bundesamt für Naturschutz, Bonn, Bad Godesberg. 

Köhler, B., Gigon, A., Edwards, P.J., Krüsi, B., Langenauer, R., Lüscher, A., Ryser, P., 2005. Changes in the 

species composition and conservation value of limestone grasslands in Northern Switzerland after 22 years 

of contrasting managements. Perspect. Plant Ecol. Evol. Syst., 7, 51–67. 



22 

 

Lavorel, S., Grigulis, K., Lamarque, P., Colace, M.P., Garden, D., Girel, J., Pellet, G., Douzet, R., 2011. Using 

plant functional traits to understand the landscape distribution of multiple ecosystem services. J. Ecol., 99, 

135–147. 

Lindborg, R., Eriksson, O., 2005. Functional response to land use change in grassland: Comparing species and 

trait data. Écoscience, 12, 183–191. 

Louault, F., Pillar, V.D., Aufrére, J., Garnier, E., Soussana, J.F., 2005. Plant traits and functional types in 

response to reduced  disturbance in a semi-natural grassland. J. Veg. Sci., 16, 151–160. 

Mládek, J., Hejcman, M., Hejduk, S., Duchoslav, M., Pavlů, V., 2011a. Community seasonal development 

enables late defoliation without loss of forage quality in semi-natural grasslands. Folia Geobot., 46, 17–34. 

Mládek, J., Mládková, P., Hejcman, M., Hejduk, S., Pavlů, V., Duchoslav, M., 2011b. Grassland response to 

long-term management and amounts of nutrients in standing biomass. Book of abstracts from 54th 

Symposium of the IAVS, 20. – 24. 6. 2011, Lyon. 

Mládek, J., Juráková, J., 2011. Using phenological progression and phenological complementarity to reveal 

potential for late grassland harvest. Grassl. Sci. Eur., accepted 

Moog, D., Poschlod, P., Kahmen, S., Schreiber, K-F., 2002. Comparison of species composition between 

different grassland management treatments after 25 years. J. Appl. Veg. Sci., 5, 99–106. 

Moog, D., Kahmen, S., Poschlod, P., 2005. Application of CSR- and LHS-strategies for the distinction of 

differently managed grasslands. Bas. Appl. Ecol., 6, 133–143. 

Mückschel, C., Otte, A., 2003. Morphometric parameters: an approach for the indication of environmental 

conditions on calcareous grassland. Agric. Ecosyst. Environ., 98, 213–225. 

Pakeman, R.J., 2004. Consistency of plant species and trait responses to grazing along a productivity gradient: a 

multisite analysis. J. Ecol., 92, 893–905. 

Poschlod, P., WallisDeVries, M. F., 2002. The historical and socioeconomic perspective of calcareous grasslands 

– lessons from the distant and recent past. Biol. Conserv., 104, 361–376. 

Quétier, F., Thébault, A., Lavorel, S., 2007. Plant traits in a state and transition framework as markers of 

ecosystem response to land-use change. Ecol. Monog., 77, 33–52. 

Römermann, C., Bernhardt-Römermann, M., Kleyer, M., Poschlod, P., 2009. Substitutes for grazing in semi-

natural grasslands - do mowing or mulching represent valuable alternatives to maintain vegetation structure? 

J. Veg. Sci., 20, 1086–1098. 

Ryser, P., Langenauer, R., Gigon, A., 1995. Species richness and vegetation structure in a limestone grassland 

after 15 years management with six biomass removal regimes. Folia Geobot. Phytotax., 30, 157–167. 

Ryser, P., Urbas, P., 2000. Ecological significance of leaf life span among Central European grass species. 

Oikos, 91, 41–50. 

Tallowin, J.R.B., Jefferson R.G., 1999. Hay production from lowland semi-natural grasslands: a review of 

implications for ruminant livestock systems. Grass Forage Sci., 54, 99–115. 

Wallis De Vries, M.F., Poschlod, P., Willems, J.H., 2002. Challenges for the conservation of calcareous 

grasslands in northwestern Europe: integrating the requirements of flora and fauna. Biol. Conserv., 104, 

265–273. 

Westoby, M., 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant Soil, 199, 213–227. 

Willems, J.H., 2001. Problems, approaches, and results in restoration of Dutch calcareous grassland during the 

last 30 years. Restor. Ecol., 9, 147–154. 

Willems, J.H., Peet, R.K., Bik, L., 1993. Changes in chalk-grassland structure and species richness resulting 

from selective nutrient additions. J. Veg. Sci., 4, 203–212. 

Wilson, P.J., Thompson, K., Hodgson, J.G., 1999. Specific leaf area and leaf dry matter content as alternative 

predictors of plant strategies. New Phytol., 143, 155–162. 

 

 

Manuscript 2 

Ansquer, P., Duru, M., Theau, J.P. & Cruz, P. (2009) Convergence in plant traits between species within 

grassland communities simplifies their monitoring. Ecological Indicators, 9, 1020-1029. 

Arnold, G.W. (1987) Influence of the biomass, botanical composition and sward height of annual pastures on 

foraging behaviour by sheep. Journal of Applied Ecology, 24, 759-772.  

Bokdam, J. & Wallis De Vries, M.F. (1992) Forage quality as a limiting factor for cattle grazing in isolated 

Dutch nature reserves. Conservation Biology, 6, 399-408. 

Charnov, E.L. (1976) Optimal foraging: The marginal value theorem. Theoretical Population Biology, 9, 129-

136. 

Cingolani, A.M., Posse, G. & Collantes, M.B. (2005) Plant functional traits, herbivore selectivity and response to 

sheep grazing in Patagonian steppe grasslands. Journal of Applied Ecology, 42, 50-59. 

Cornelissen, J.H.C., Lavorel, S., Garnier, E., Díaz, S., Buchmann, N., Gurvich, D.E., Reich, P.B., ter Steege, H., 

Morgan, H.D., van der Heijden, M.G.A., Pausas, J.G. & Poorter, H. (2003) A handbook of protocols for 



23 

 

standardised and easy measurement of plant functional traits worldwide. Australian Journal of Botany, 51, 

335-380. 

Correll, O., Isselstein, J. & Pavlů, V. (2003) Studying spatial and temporal dynamics of sward structure at low 

stocking densities: the use of an extended rising-plate-meter method. Grass and Forage Science, 58, 450-

454. 

Courant, S. & Fortin, D. (2010) Foraging decision of bison for rapid energy gains can explain the relative risk to 

neighboring plants in complex swards. Ecology, 91, 1841-1849.  

Drescher, M., Heitkönig, I.M.A., Van Den Brink, P.J. & Prins, H.H.T. (2006) Effects of sward structure on 

herbivore foraging behaviour in a South African savanna: An investigation of the forage maturation 

hypothesis. Austral Ecology, 31, 76-87. 

Dumont, B., Renauda, P.C., Morellet, N., Malleta, C., Anglarda, F. & Verheyden-Tixierb, H. (2005) Seasonal 

variations of red deer selectivity on a mixed forest edge. Animal Research, 54, 369-381. 

Dumont, B., Rook, A.J., Coran, C. & Röver, K.U. (2007) Effects of livestock breed and grazing intensity on 

biodiversity and production in grazing systems: 2. Diet selection. Grass and Forage Science, 62, 159-171. 

Duru, M., Al Haj Khaled, R., Ducourtieux, C., Theau, J.P., de Quadros, F.L.F. & Cruz, P. (2009) Do plant 

functional types based on leaf dry matter content allow characterizing native grass species and grasslands for 

herbage growth pattern? Plant Ecology, 201, 421-433.  

Evju, M., Austrheim, G., Halvorsen, R. & Mysterud, A. (2009) Grazing responses in herbs in relation to 

herbivore selectivity and plant traits in an alpine ecosystem. Oecologia, 161, 77-85. 

Garcia, F., Carrère, P., Soussana, J.F. & Baumont, R. (2003) The ability of sheep at different stocking rates to 

maintain the quality and quantity of their diet during the grazing season. Journal of Agricultural Science, 

140, 113-124. 

Garnier, E., Cortez, J., Billès, G., Navas, M. L., Roumet, C., Debussche, M., Laurent, G., Blanchard, A., Aubry, 

D., Bellmann, A., Neill, C. & Toussaint, J.P. (2004) Plant functional markers capture ecosystem properties 

during secondary succession. Ecology, 85, 2630-2637. 

Hebblewhite, M., Merril, E. & McDermid, G. (2008) A multi-scale test of the forage maturation hypothesis in a 

partially migratory ungulate population. Ecological Monographs, 78, 141-166. 

Hejcman, M., Száková, J., Schellberg, J., Šrek, P., Tlustoš, P. & Balík, J. (2010) The Rengen Grassland 

experiment: bryophytes biomass and element concentrations after 65 years of fertilizer application. 

Environmental Monitoring and Assessment, 166, 653-662.  

Hejcmanová, P., Stejskalová, M., Pavlů, V. & Hejcman, M. (2009) Behavioural patterns of heifers under 

intensive and extensive continuous grazing on species-rich pasture in the Czech Republic. Applied Animal 

Behaviour Science, 117, 137-143. 

Hejcmanová, P. & Mládek, J. (2012) Diet selection of herbivores on species rich pastures. Agricultural Research 

Updates - Volume 2 (ed B.P. Hendriks), pp. 167-206. Nova Science Publishers, New York. 

Hewitson, L., Dumont, B. & Gordon, I.J. (2005) Response of foraging sheep to variability in the spatial 

distribution of resources. Animal Behaviour, 69, 1069-1076. 

Hutchings, N.J. & Gordon. I.J. (2001) A dynamic model of herbivore-plant interactions on grasslands. 

Ecological Modelling, 136, 209-222. 

Jacobs, J. (1974) Quantitative measurement of food selection, a modification of the forage ratio and the Ivlev’s 

electivity index. Oecologia, 14, 413-417. 

Klapp, E. (1953) Wertzahlen der Grünlandpflanzen - Das Grünland. Hannover Schape, Hannover. 

Kleyer, M., Bekker, R.M., Knevel, I.C., Bakker, J.P, Thompson, K., Sonnenschein, M., Poschlod, P., Van 

Groenendael, J.M., Klimeš, L., Klimešová, J., Klotz, S., Rusch, G.M., Hermy, M., Adriaens, D., Boedeltje, 

G., Bossuyt, B., Dannemann, A., Endels, P., Götzenberger, L., Hodgson, J.G., Jackel, A-K., Kühn, I., 

Kunzmann, D., Ozinga, W.A., Römermann, C., Stadler, M., Schlegelmilch, J., Steendam, H.J., Tackenberg, 

O., Wilmann, B., Cornelissen, J.H.C., Eriksson, O., Garnier, E. & Peco, B. (2008) The LEDA Traitbase. A 

database of life-history traits of Northwest European flora. Journal of Ecology, 96, 1266-1274. 

Klotz, S., Kühn, I. & Durka, W. (2002) BIOLFLOR - Eine Datenbank zu biologisch-ökologischen Merkmalen 

der Gefäßpflanzen in Deutschland, Schriftenreihe für Vegetationskunde 38. Bundesamt für Naturschutz, 

Bonn. 

Laca, E.A., Sokolow, S., Galli, J.R. & Cangiano, C.A. (2010) Allometry and spatial scales of foraging in 

mammalian herbivores. Ecology Letters, 13, 311-320. 

Lechowicz, M.J. (1982) The sampling characteristics of electivity indices. Oecologia, 52, 22-30. 

Lloyd, K.M, Pollock, M.L., Mason, N.W.H. & Lee, W.G. (2010) Leaf trait-palatability relationships differ 

between ungulate species: evidence from cafeteria experiments using naïve tussock grasses. New Zealand 

Journal of Ecology, 34, 219-226. 

Long, R.J., Apori, S.O., Castro, F.B. & Ørskov, E.R. (1999) Feed value of native forages of the Tibetan Plateau 

of China. Animal Feed Science and Technology, 80,101-113. 



24 

 

Mládek, J., Hejcman, M., Hejduk, S., Duchoslav, M. & Pavlů, V. (2011) Community seasonal development 

enables late defoliation without loss of forage quality in semi-natural grasslands. Folia Geobotanica, 46, 17-

34. 

Pérez-Harguindeguy, N., Díaz, S., Vendramini, F., Cornelissen, J.H.C., Gurvich, D.E. & Cabido, M. (2003) Leaf 

traits and herbivore selection in the field and in cafeteria experiments. Austral Ecology, 28, 642-650. 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Development Core Team (2012) nlme: Linear and nonlinear 

mixed effects models. R package version 3.1-103. 

Pontes, L.S., Soussana, J.F., Louault, F., Andueza, D. & Carrère, P. (2007) Leaf traits affect the above-ground 

productivity and quality of pasture grasses. Functional Ecology, 21, 844-853. 

Pyke, G.H., Pulliam, H.R. & Charnov, E.L. (1977) Optimal foraging: a selective review of theory and tests. 

Quarterly Review of Biology, 52, 137-154. 

Roguet, C., Dumont, B. & Prache, S. (1998) Selection and use of feeding sites and feeding stations by 

herbivores: A review. Annales de Zootechnie, 47, 225-244. 

Schaffers, A.P. & Sýkora, K.V. (2002) Synecology of species-rich plant communities on roadside verges in the 

Netherlands. Phytocoenologia, 32, 29-83. 

Schmutz, E.M., Holt, G.A. & Michael, C.C. (1963) Grazed-class method of estimating forage utilization. Journal 

of Range Management, 16, 54-60. 

Schwartz, C.C., & Ellis, J.E. (1981) Feeding ecology and niche separation in some native and domestic 

ungulates on shortgrass prairie. Journal of Applied Ecology, 18, 343-353. 

Senft, R.L., Coughenour, M.B., Bailey, D.W., Rittenhouse, L.R., Sala, O.E. & Swift, D.M. (1987) Large 

herbivore foraging and ecological hierarchies. Bioscience, 37, 789-799. 

Smith, J.G. & Julander, O. (1953) Deer and sheep competition in Utah. Journal of Wildlife Management, 17, 

101-112.  

Spehn, E.M., Scherer-Lorenzen, M., Schmid, B., Hector, A., Caldeira, M.C., Dimitrakopoulos, P.G., Finn, J.A., 

Jumpponen, A., O’Donnovan, G., Pereira, J.S., Schulze E.D., Troumbis, A.Y. & Körner, C. (2002) The role 

of legumes as a component of biodiversity in a cross-European study of grassland biomass nitrogen. Oikos, 

98, 205-218. 

Tadmor, N.H., Brieghet, A., Noy-Meir, I., Benjamin, R.W. & Eyal, E. (1975) An evaluation of the calibrated 

weight-estimate method for measuring production in annual vegetation. Journal of Range Management, 28, 

65-69. 

Thomas, D.T., Milton, J.T.B., Revel, C.K., Ewing, M.A., Dynes, R.A., Murray, K. & Lindsay, D.R. (2010) 

Preference of sheep among annual legumes is more related to plant nutritive characteristics as plants mature. 

Animal Production Science, 50, 114-123.  

Van der Wal, R., Madan, N., van Lieshout, S., Dormann, C., Langvatn, R. & Albon, S.D. (2000) Trading forage 

quality for quantity? Plant phenology and patch choice by Svalbard reindeer. Oecologia, 123, 108-115. 

Wang, L., Wang, D., Bai, Y., Jiang, G., Liu, J., Huang, Y. & Li, Y. (2010) Spatial distributions of multiple plant 

species affect herbivore foraging selectivity. Oikos, 119, 401-408. 

Zuur, A.F, Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009) Mixed effects models and extensions 

in ecology with R. Springer, New York. 


