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General introduction
Semi-natural temperate grasslands constitute important elements of European and North
American landscapes and deliver a wide range of ecosystem services, providing multiple
uses to human well-being (MA 2005). According to the EEA (2010b), agricultural areas with
high biodiversity, such as extensive grasslands, still make up about 30% of European
farmland and are among world biodiversity hotspots (Wilson et al. 2012). Intensification of
agricultural activity and expansion of cities and infrastructure have contributed largely to
biodiversity losses in grasslands (Tilman et al. 2001, Hopkins & Holz 2006, de Snoo et al.
2012, Wesche et al. 2012) and to the decrease of grassland areas (MA 2005). Furthermore,
intensification of agriculture continues to pose a threat both to biodiversity on farmland and
to the farmland soil (EEA 2010a). Apart from land-use transformation processes, climate
change impacts may deteriorate the delivery of ecosystem services by grasslands. For
instance, changes in the intensity of rainfall and prolonged summer drought are likely to
occur more frequently in future under projected climate change scenarios (IPCC 2007).

Biodiversity loss and its possible effects on ecosystem functioning have motivated
researchers to conduct a vast number of studies in grassland communities, with a large
variation in methodological issues as well as spatial and temporal aspects. So far, according
to the meta-analysis of recent studies by Hooper et al. (2012) biodiversity loss in the 21st
century could rank among the major drivers of ecosystem change. Most of the studies
reviewed by Balvanera et al. (2006) led the authors to the conclusion that biodiversity has
positive effects on most ecosystem services, among others above-ground biomass
production which is a highly important provisioning service of the grassland ecosystem.
While some authors reported that dominant species largely influence ecosystem functioning
(Grime 1998, Mokany et al. 2008) grassland multifunctionality was shown to require more
species than found in recent experiments (Hector & Bagchi 2007, Isbell et al. 2011).

So far, most of the studies in grassland ecosystems were conducted either using
experimental manipulation of biodiversity (mostly in sown swards) or via observation (in
diverse semi-natural and natural grasslands) (Diaz et al. 2003). The findings of the studies
from the two groups, however, lacked consistency considering such ecosystem service as
biomass production. Some authors found a positive relationship between species diversity
and biomass production (among others Tilman et al. 2001, Roscher et al. 2005). These
findings, however, came from experimental grassland communities (Sanderson et al. 2004)
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and may have underestimated the real effects of species losses on the ecosystem
functioning (Cardinale et al. 2007). It sometimes also remained uncertain how results
obtained in experimental studies could scale up to landscape and regional levels and be
generalized across ecosystem types and processes (Loreau et al. 2001). In semi-natural
grasslands, species richness, on the other hand, often only poorly explained the variation
in productivity for managed grasslands (among others Assaf et al. 2011). Observational
studies, in turn, were often criticized, for example for confounded site and diversity effects
(Kahmen et al. 2005). More recently, several of so called „removal experiments“ have been
established in different regions (Diaz et al. 2003, McLaren & Turkington 2010, Petersen et
al. 2012). Containing species composition in their natural abundances and allowing
compensatory growth of the remaining species were named as their main advantages (Diaz
et al. 2003). In removal experiments, biodiversity became both dependent and independent
variable (Diaz et al. 2003, Petersen et al. 2012).

Although a number of biodiversity studies have tackled the most important aspects of
ecosystem functioning, there are a lot of questions which need further research. For
instance, greater attention should be paid to what individual species do in such experiments
(Loreau et al. 2001). It also still remains unclear whether the effects of biodiversity found in
experimental studies are the same in mature natural ecosystems where competitive
feedbacks

and

complex

environmental

mechanisms

affect

diversity-productivity

relationships (Grace et al. 2007). A major future challenge is also to determine how
biodiversity dynamics, ecosystem processes, and abiotic factors interact (Loreau et al.
2001). More attention should also be paid to including agricultural management into
biodiversity research (Wrage et al. 2011). Another important issue in the biodiversity
experiments should include considering spatial scale at which different variables are
obtained (Dolnik & Breuer 1998, Grace et al. 2007, Šimova et al. 2013). It is important to
know how biodiversity loss may affect the functions of plant community dynamics under
more realistic conditions (Šmilauer & Šmilauerová 2013), thus multiple measures of
diversity might be of advantage for examining the role of biodiversity in the functioning of
grassland ecosystems.

Our study was conducted in the framework of the Grassland Management (GrassMan)
experiment which is one of the projects in the Excellence cluster „Functional Biodiversity
Research“ at the University of Goettingen, Germany. The experimental field is a seminatural permanent grassland of Lolio-Cynosuretum plant community with a more than
hundred-year-old history of extensive agricultural use. The combination of three
experimental factors (sward diversity, fertilization and cutting frequency) resulted in 12
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different treatments replicated 6 times and was established in a Latin rectangle in the year
2008. The project was aimed at studying plant functional groups removal, treated as
response variable, as well as at studying diversity and management effects on many
aspects of ecosystem functioning.
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Chapter 1

Exploring the relationship between diversity and productivity in a
semi-natural grassland at several spatial scales
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Abstract
There has been no consistent findings regarding the role that biodiversity plays for biomass
production so far. The role of spatial scale for exploring the relationship between the two
variables has been addressed in some studies but its importance and selection of the sizes
varied a lot. Biodiversity experiments conducted in experimental grasslands have often
reported inconsistent results regarding the role of sampling scale for ecosystem functioning.
Particularly poorly the effects of spatial scale on diversity-productivity relationship were
studied in semi-natural grasslands in a more systematic way. Our study explored the effects
of sampling scale on this relationship (expressed in species richness and evenness) and
above-ground biomass production by estimating yield shares of all plant species and
harvesting at four different spatial scales: small (0.04 m² and 0.16 m²), medium (1 m²), large
(9 m²), and very large (225 m²). The effects of species identity on the above-ground biomass
production were studied using multivariate analysis of vegetation composition. Harvesting
at small sampling scales revealed the highest coefficient of variation in species diversity
indicating the high importance of species identity at small scale whereas these effects were
eliminated at larger sampling scales. Correlation strength between species richness and
productivity differed across the harvesting dates in both years, scales, and at various
management intensities. The most common plot size for vegetation surveys used in
observational studies on semi-natural grasslands, 1 m², rather poorly described the
vegetation composition and biomass data varied a lot depending on management intensity.
While it might be a representative size for collecting data on vegetation composition, the
area for sampling biomass should take into consideration how homogenous the vegetation
composition of each particular site is. We suggest that employing the scale of sampling as
an additional variable in the analysis might increase the probability of meeting the correct
conclusion on the presence or absence and character of relationship between species
diversity and productivity or other ecosystem functions. Further studies are needed to
understand the role of spatial vegetation patterns in semi-natural grasslands. Role of
vegetation composition, species identity as well as management effects should be
considered in the way they interact in heterogeneous semi-natural environments and
contribute to biomass production.
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Introduction
Humans have induced changes in global biodiversity at an unprecedented rate (Vitousek et
al. 1997; Sala et al. 2000; Chapin et al. 2000; Rosenzweig 2003). Concerns about
agricultural intensification and biodiversity decline became one of the major driving forces
for conducting biodiversity experiments (Hooper et al. 2005; Flynn et al. 2009). One of the
most intensively studied questions was the functioning of ecosystems in relation to different
aspects of diversity (Mittelbach et al. 2001, Roscher et al. 2004), and identifying the
underlying mechanisms of ecosystem functioning (Loreau et al. 2001). Several biodiversity
experiments conducted on sown grasslands showed that reducing species richness can
lead to less efficient capture of resources in the ecosystem and reduce biomass production
(Hector et al. 1999; Tilman et al. 2006). On the other hand, in a study on an old grassland
in Minnesota, Gross et al. (2000) found a negative linear relationship between species
richness and productivity. Assaf et al. (2011) explored the relationship between species
diversity and productivity in natural and managed grasslands and found that higher biomass
production was associated with higher species diversity in natural, low productive, species
poor grasslands but was only poorly explained by species richness in managed grasslands.
So far, there has been not much consensus regarding the relationship between diversity
and productivity.

According to Addicott et al. (1987) scaling of ecological observations is extremely important
to make appropriate comparisons between field studies and theoretical models.
Transferability of results from experimental plant communities to natural ecosystems
(Loreau et al. 2001, Cardinale et al. 2004), as well as the lack of studies on semi-natural
grasslands (Sanderson et al. 2004) were mentioned as weaknesses of biodiversity
research. Chapin et al. (2000) pointed out that much less is known about the impact of
species diversity in species-rich, natural ecosystems than in experimental plant
communities. Grace et al. (2007) conducted a meta-analysis of studies on the relationship
between diversity and productivity across several natural grassland communities and found
that small-scale diversity in mature natural systems had only a weak influence on
productivity, in absolute and in relative terms (the size of the plots chosen in the study by
Grace et al. (2007) varied from 0.5 x 0.5 m² to 10 x 10 m²). While some investigators
explained diversity in temperate grasslands without considering spatio-temporal factors
(Herben et al. 1993), other studies reported that the relationship between diversity and
productivity is independent of the scale of sampling (Roscher et al. 2005). Munzbergova
(2004), for example, reported that data on seed and site availability and their role in species
distribution could not be extrapolated to the scales other than measured, thus pointing at
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the importance of multiple-scale studies. Huber (1999) found that patterns of spatial species
richness in a limestone grassland were correlated at larger scales (0.25 m²), but not at finer
scales (0.01 and 0.0004 m²), suggesting heterogeneous spatial and temporal distribution of
species.
In later generations of biodiversity experiments, scale has become a more important issue
(Scheiner et al. 2000; Schneider 2001; Sandel & Smith 2009). Na et al. (2010), for instance,
considered the uncertain relationship between diversity and ecosystem functioning to be
attributed to variations in ecosystems and community composition. In a study on oak
savannas, Weiher & Howe (2003) compared the patterns of small-scale (0.25 m²) and largescale species richness (1023 m²) and found that they were not correlated. Sandel & Smith
(2009) suggested that a thorough consideration of scale could help resolve some debates
on the topic by turning scale into a working variable. Adler & Lauenroth (2003) and Dolnik
& Breuer (2008) demonstrated the importance of considering scale range in analyzing
species-area relationships. Byers & Noonburg (2003) using a modelling approach to
examine the effects of scale on the resistance to invasion and Waide et al. (1999) in the
meta-analysis of diversity-productivity studies across ecosystems also stated that spatial
scale should be considered more in future studies as many ecosystems processes show
scale-dependent patterns of functioning. So far, there has been no systematic experimental
study of the effect of sampling scale on the diversity-productivity relationship in semi-natural
grasslands. Along with a need for larger spatial scale studies (Caliman et al. 2010), including
agricultural management aspects (Hopkins & Holz 2006, Wrage et al. 2011) and creating
more natural species abundances gradients (Díaz et al. 2003) were mentioned as important
issues to address in future studies on semi-natural grasslands. Whereas several diversityproductivity studies addressed the influence of management of semi-natural grasslands on
the relationship at the small scale (Gross et al. 2009, Rose & Leuschner 2012), it is
uncertain whether these results can be generalized to other spatial scales.
In the present study, we focused on the role of spatial scale on the relationship between
species diversity, expressed in species number (species richness) and evenness, and
productivity in agriculturally managed grassland. In the set-up year of the Grassland
Management experiment (GrassMan), it was found that a plot size of 9 m² for vegetation
surveys covers most of the species present and could thus adequately characterize the
vegetation composition of each experimental plot. Therefore, there were two main relevé
quadrat sizes established: 1 and 9 m². According to Dolnik & Breuer (2009), the most
common scale size for vegetation analysis is often 1 m². However, many experiments often
work with smaller sampling areas which might be of advantage for exploring the patterns in
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more homogeneous experimental (sown) grasslands, but can be insufficient for exploring
the general patterns between the species diversity and productivity in semi-natural systems.
We therefore involved further sampling scales in our study (small: 0.04 and 0.16 as well as
very large: 225 m²) in order to understand the role of spatial scale in the diversityproductivity relationship at the field level. We hypothesized that harvesting at the small scale
does not always reflect the diversity patterns in this semi-natural grassland due to natural
heterogeneity of vegetation cover and thus the results from harvesting at the small spatial
scales should not be extrapolated to larger scales or generalized.
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Materials and methods
Study site and climatic conditions
The study was conducted on a semi-natural permanent grassland more than 130 years old
at the Relliehausen experimental farm (51°44´53´´ N, 9°32´42´´ E, 490 m a.s.l.) in the
Solling Uplands, 60 km north of Goettingen (Germany). Before the start of the experiment,
the site was used for light cattle grazing and hay cutting. The annual precipitation is 1028
mm and the average annual temperature is 6.9 °C (German Weather Service 1960-1990).
For detailed information on the distribution of precipitation and temperature during the study
period, please refer to Supplementary Table 1 (Appendix 1 in this thesis). The vegetation
community is a nutrient-poor, montane mesic-moist to moist Lolio-Cynosuretum with high
shares of Festuca rubra and Agrostis capillaris. The soil is characterised as a haplic
Cambisol with pH H2O values of 5.2 - 5.6.
Experimental design
For detailed information on the set-up of the experiment, please see Petersen et al. (2012).
Twelve different treatments were established by combinations of the following experimental
factors: sward type, fertilization, and cutting regime (Table 1).
Table 1. Experimental factors, their levels and abbreviations
Factor
Level
Sward type
Control (Co)
Dicot-reduced (-Dic)
Monocot-reduced (-Mon)
Cutting frequency
One cut per year (1x)
Three cuts (3x)
Fertilization
No fertilizer (no)
180-30-100 kg of N-P-K ha-1 year-1 (NPK)

Herbicides against dicot species (Starane and Duplosan KV (active components Fluroxypyr/
Triclopyr and Duplosan KV; both 3 L ha-1) and monocot species (Select 240 EC, Stähler
Int., Stade, Germany; 0.5 L ha-1) were applied on July 31st 2008, resulting in immediate
significant changes in sward composition (Petersen et al. 2012). One third of the plots were
left untreated (control sward). Cutting regime was intensive, with three cuts (middle of May,
middle of July and late September), or extensive with one cut in the middle of July. Half of
the plots did not receive any fertilizer since the start of the experiment. The other half of the
plots received 90 kg of N applied at the beginning of April and 90 kg N, 30 kg P and 100 kg
K applied in the beginning of June each year (all corresponding amounts of fertilizer given
per ha). The 72 plots resulting from six replications of each treatment, 15m x15 m each,
were arranged in a Latin square of six rows and six blocks (each block consisting of two
columns). The combination of fertilization level and cutting frequency (“1xno” standing for
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plots cut once not fertilized, “1xNPK” – for plots cut once fertilized, “3xno” – for plots cut
three times not fertilized, and “3xNPK” – for plots cut three times fertilized) is referred to as
“management system” further on and used to explore the effects of different management
strategies on the relationship between diversity and productivity.
Sampling scale and harvesting
The study was conducted over two experimental years starting in May 2010. Above-ground
biomass was harvested at four different spatial scales: small (0.16 m² in 2010 and 0.04 m²
in 2011); medium (1 m²), large (9 m²) and very large (225 m²) at each mowing event.
Harvesting at small, medium and large sampling scales was conducted 5-6 days prior to
the harvest of the whole plots for logistic reasons. At both small sampling scales (0.04 m²
in 2011 and 0.16 m² in 2010), biomass was cut by hand and taken to the institute for
weighing and drying. Cutting of medium and large plots was performed with a bar mower.
Fresh biomass cut at medium, large and very large sampling scales was weighed in the
field to determine the fresh weight and subsamples of 200-300 g were taken to the institute
and dried at 60°C for 48 hours to correct the fresh weight for water content. As a standard
measure of above-ground biomass production at the plot level (very large scale) a Haldrup®
forage harvester was used to determine the weight of fresh biomass.
Vegetation composition
Vegetation surveys were performed twice a year by the same specialists for medium, large
and very large (overall species richness) sampling scales after Klapp & Stählin (1936) in
the beginning of May and end of August to account for temporal changes in species
composition. Along with species richness (defined as number of all species found per
sampling plot), we calculated the Shannon diversity and species evenness ((Shannon
evenness H´/log (n) where H´ is the Shannon index and n is species richness). At the small
scale (both for 0.04 and 0.16 m²) vegetation surveys were conducted directly before each
cutting event.
Data analysis
Turboveg for Windows 2.91d (Alterra, Wageningen) was used for processing vegetation
data and calculating Shannon diversity. Statistical analysis of the data was performed using
the R software, Version 2.14.0 (2011). We expressed all biomass data in g per m² to receive
comparable values for each plot and scale of sampling. We started analyzing the effects of
spatial scale on the relationship between diversity and productivity by implementing the
scale variable in the linear mixed-effect models (Pinheiro & Bates 2009) for the whole
dataset, with fertilization, cutting frequency and sward type as explanatory variables and
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species richness or evenness as covariables and included the spatial factors in the random
structure of the model. Weather conditions were considered in the main models as year
effects and included as fixed effects to account for temporal variation. Adjustments of nonlinearity were performed as needed. The best fitting models including the significant
predictive variables were selected by comparison of the Akaike Information Criteria (AIC)
and were selected using the marginality principle by not deleting the main effects if the
higher-order interactions of the respective factors were significant. Residuals of the models
were inspected for normality of distribution and homogeneity of variance in groups of
according factors and adjustments for heterogeneity of the variance were performed if
needed using the varIdent structure. A significant interaction term of scale and other factors
indicated that the effects of management on the dependent variable depended on spatial
scale. We therefore calculated parameters for each model at all harvest dates, across
scales and management systems.
To explore diversity effects in more detail, separate models for both years at all scales were
calculated for each of the four management systems. We further proceeded with additional
analyses of relationships between yield and species richness and yield and species
evenness separately for each year, as the largest variation of the data was found at all three
harvest dates in both of the years cutting event and management system as the response
of yield varied among experimental years, harvest dates and main experimental factors
(fertilization and cutting frequency). We used linear regressions to explore the relationship
between above-ground biomass production and diversity (for species richness and
evenness separately) and in case of significance of spatial effects (block or row effects) we
included these factors in the linear models as well. To inspect the differences of the
variances of average yields, species richness and evenness across scales we used all pairwise comparison procedure based on Tukey contrasts for mixed effects model with yield
(species richness or evenness respectively) as response variable and spatial structure
employed as random effects. We referred in the description of the results to the “small
spatial scale” keeping in mind that the sampling scales were different in the two
experimental years (0.04 m² in 2011 and 0.16 m² in 2011 respectively). As we included in
the analysis year factor and explored the relationship between species richness and
biomass production, as well as species evenness and biomass production separately for all
harvesting dates and management systems, it seemed to be legitimate.
Multivariate analysis of the data was performed with Canoco for Windows, version 4.53 (ter
Braak & Šmilauer 1997-2004). Species data were log-transformed. To explore the effects
of species composition on above-ground biomass production, we performed a detrended
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correspondence analysis (DCA) to find the appropriate method for further processing the
data. According to Lepš & Šmilauer (2003), unimodal methods should be used if the longest
gradient of ordination axis is larger than 4. Thus, we performed the constrained
correspondence analysis (CCA) – a unimodal method of constrained ordination on the data
from July 2011 as we found significant effects of species richness on productivity at this cut
at several spatial scales. Block and row were used as covariables to account for the
variation caused by the design of the experiment. We used CanoDraw (Version 4.12, written
by Petr Šmilauer (1999-2003)) to graphically explore the data. Treatments and scale level
variables were used as nominal environmental variables.
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Results
Species richness was correlated with the sampling area and was found to be the lowest at
the smallest harvesting scale, but with a high coefficient of variation (Table 2). The highest
coefficients of variation in species richness were found at both small spatial scales. With
increasing harvesting area, the coefficient of variation decreased and was found to be the
smallest at the very large sampling scale (11.3%).
Table 2. Means with standard deviation, minimum and maximum species richness and coefficient of
variation for five experimental scales (average of two years, 0.04 and 0.16 m²: average from three
cuts of 2011 and 2010 respectively). Further scale levels: medium: 1 m², large: 9 m², very large: 225
m². Letters indicate significant differences among the spatial scales based on linear mixed-effect
models with species richness as response variable (no significant differences between the two years
at medium, large and very large scales)
Scale

Small
Medium
Large
Very large

0.04 m²
0.16 m²

N

Mean species
richness

144
144
288
288
288

5±2 a
6±2 b
11±2 c
15±2 d
23±3 e

Minimum
species
richness
2
2.3
7.2
11.3
16.3

Maximum
species
richness
9.7
11
15.5
19.8
28.2

Coefficient of
variation, %
34.9
36.6
18.2
13.2
11.3

Species evenness did not differ among the two experimental years (thus average values for
the two years are shown) and was not significantly different between the both small spatial
scales (shown separately in Fig. 1) disregarding of management systems.
While the differences across scales were not significant between large and very large
scales, management intensity had significant effects on species evenness: cutting plots
three times a year increased species evenness (plots became more homogeneous)
compared to plots cut once a year (see the third chapter for overview) and fertilization
decreased evenness (increasing heterogeneity) of plots compared to non-fertilized ones.
Above-ground biomass production had a rather high coefficient of variation if viewed
disregarding of management systems (Table 3). The relationship between species diversity
and biomass as well as species evenness and biomass is therefore further on presented
across scales and within scales to explore the effects of the management systems as well.
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a

a

b

c

c

Fig. 1. Species evenness at five different spatial scales. Letters indicate significant differences
among the spatial scales based on linear mixed-effect models with species richness as response
variable (no significant differences between the two years at medium, large and very large scales)).
Small scale is presented separately (0.04 m² in 2011 and 0.16 m² in 2010); further scale levels are:
medium: 1 m², large: 9 m², very large: 225 m². n=144 for both small scales, n=288 for medium, large
and very large scales.

Lowest coefficients of variation for yield were found at the small sampling scale at May and
September harvests in the second experimental year (30.2% and 29.7%, respectively). The
highest coefficients of variation were found at the medium sampling scale in May 2010
(68.8%) and at the largest sampling scale in September 2011 (61.2%).
Table 3. Mean dry yields and coefficients of variation for five experimental
0.16 m² in 2011 and 2010 respectively; medium: 1 m²; large: 9 m²; very
harvests. n=36 in May and September and n=72 in July
Year
Scale
May
July
Mean
Coefficient
Mean
Coefficient
yield
of variation
yield
of variation
[g/m²]
[%]
[g/m²]
[%]
2010
Small
200.9
38.1
291.9
42.6
medium
192.7
68.8
524.0
43.3
Large
265.2
56.9
360.4
33.0
very large 152.8
41.9
357.2
33. 9
2011
Small
235.0
30.2
488.3
46.4
medium
295.1
43.9
621.6
50.6
Large
148.6
42.4
469.7
50.0
very large 222.1
52.8
479.5
43.0
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scales (small: 0.04 and
large: 225 m²) at three

Mean
yield
[g/m²]
95.7
230.6
155.2
255.2
263.4
216.0
163.6
83.1

September
Coefficient
of variation,
[%]
40.2
52.1
52.33
51.2
29.7
35.9
40.0
61.2

Harvesting at four different sampling scales, we found no consistent pattern in the
relationship between species richness and above-ground biomass production (Table 5),
however, significant relationships between the two variables at the corresponding scales
and cutting events were negative in both experimental years.
Table 5. Determination coefficient (R²), p-value (p) and slope direction for linear regression of yield
and species richness (block and row included as fixed effect if found significant). Small scale in 2010:
0.16 m², in 2011: 0.04 m². Further scale levels: medium: 1 m², large: 9 m², very large: 225 m². n=36
in May and September, n=72 at July harvest
Cut
Scale
2010
2011
Slope
R²
Slope
R²
P
p
May
small
0.42
0.02
0.11
0.07
medium
0.18
0.36
0.53
0.01
large
0.46
0.01
0.47
0.02
very large
0.51
0.01
+
0.29
0.03
<0.001
<0.01
July
small
0.35
0.18
0.05
<0.001
medium
0.02
0.15
<0.001
large
0.14
0.03
0.21
0.09
very large
0.04
0.58
0.04
0.09
Sept
small
0.14
0.24
0.08
0.05
medium
0.11
0.07
0.12
large
0.13
0.10
0.13
0.07
very large
0.62
0.007
0.84
0.004

At the small spatial scale a negative relationship between species richness and aboveground biomass production was found only at July harvests and a marginal effect in
September 2011. At the medium harvesting scale there were significant correlations
between species richness and biomass found in July and September of the second year.
At both large and very large scales significant relationship between productivity and species
evenness were detected only twice. Testing the correlation of above-ground biomass
production and evenness partly showed similar patterns as for the relationship of species
richness and productivity, but also revealed significant negative correlations at all cutting
events at further sampling scales (Table 6).
Table 6. Determination coefficient (R²), p-value (p) and slope direction for linear regression of yield
and species evenness (block and row included as fixed effect if found significant). Small scale in
2010: 0.16 m², in 2011: 0.04 m². Further scale levels: medium: 1 m², large: 9 m², very large: 225 m².
n=36 in May and September, n=72 at July harvest
2010
2011
Cut

Scale

May

Small
medium

Slope
+
+

p
0.03
0.32

R²
0.13
0.03
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Slope
-

p
0.03
0.32

R²
0.31
0.03

July

Sept

Large

+

0.69

0.001

-

0.20

0.05

very large

+

0.24

0.04

Small

0.25
0.06

0.02

medium

-

-

0.42

0.002

-

<0.01

0.10

0.05

-

<0.05

0.25

Large

-

0.02

0.07

-

<0.001

0.28

very large
Small

-

0.06

0.13

-

<0.001

0.35

-

0.62

0.20

-

0.06

0.09

medium

-

0.29

0.03

-

<0.001

0.31

Large

-

0.23

0.04

-

0.09

0.08

very large

-

0.04

0.18

-

0.14

0.06

Results of testing the data for the effects of management systems on the relationship
between species richness and above-ground biomass and evenness and above-ground
biomass are shown in the Supplementary Tables 2 & 3 (in this thesis Appendix 2 and 3).
The relationship between species richness and productivity varied (slope found being both
positive and negative) in the four different management systems established at the
experimental site.
A negative significant relationship between species richness and productivity in plots cut
once a year and not fertilized was found at several spatial scales. At the medium spatial
scale there was a positive relationship between the two variables only in one management
system: in plots cut three times a year and not fertilized. Regarding the relationship between
species richness and productivity in different management systems irrespective of scale
size, in plots cut three times a year and not fertilized this relationship was mostly found to
be positive while at plots cut three times a year and fertilized it varied, as it also did in plots
cut once a year and fertilized.
At plots cut once a year and not fertilized a significantly negative relationship between
species richness and above-ground biomass production was found only at the small spatial
scale. A significantly positive relationship between species evenness and above-ground
biomass production in plots cut three times a year and not fertilized was found more often
than a negative relationship while in plots cut three times and fertilized it varied. While in
some management systems at different cutting events the relationship between species
evenness and productivity varied among the spatial scales regarding the direction and the
strength of this relationship, some of the management systems had similar patterns to the
relationship between species richness and productivity, such as plots cut three times and
not fertilized.
In an ordination diagram of the vegetation data for the July harvest 2011, the first two axes
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of the canonical correspondence analysis (CCA) explained up to 49.4% of the speciesenvironment relation (Fig. 2). A high number of samples with species such as Agrostis
capillaris, Veronica chamaedrys and Festuca rubra constituted the species composition at
the small harvesting scale and thus were found to be grouped close to the small harvesting
scale gradient arrow. The length of the arrow for the medium-sized plots (1 m²) is short,
indicating that there are few samples having a unique species composition characteristic
only for the medium-sized plots. The majority of the samples at the large and very large
scale showed a more diverse species composition and were thus more scattered over the
diagram. The increasing biomass shares of one of the most productive species at the field,
Dactylis glomerata, was associated with fertilization and can thus be seen close to the
intrinsic variable “NPK”.

Fig. 2. Ordination diagram based on the canonical correspondence analysis (CCA) of the vegetation
composition at four different experimental scales in July 2011 (row and block as covariables). Species
data log-transformed. Presented are species with a fit > 3%. Abbreviations of species names:
Alc_vul: Alchemilla vulgaris, Ach_mil: Achillea millefolium, Agr_cap: Agrostis capillaris, Cra_pra:
Cardamine pratensis, Cir_arv: Cirsium arvense, Dac_glo: Dactylis glomerata, Des_ces:
Deschampsia cespitosa, Hol_mol: Holcus mollis, Leo_aut: Leontodon autumnalis, Lol_per: Lolium
perenne, Poa_ang: Poa angustifolia, Poa_pra: Poa pratensis, Poa_pra_a: P. humilis + P. pratensis
aggregated, Poa_tri: P. trivialis, Ran_rep: Ranunculus repens, Rum_ace: Rumex acetosa, Rum_obt:
Rumex obtusifolius, Car_pra: Cardamine pratensis, Tar_Rud: Taraxacum Sect. Ruderalia, Tri_rep:
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Trifolium repens, Ver_cha: Veronica chamaedrys. Nominal environmental variables: Control: control
sward, Sw -Mon: monocot-reduced, Sw -Dic: dicot-reduced. no_fert: no fertilization, NPK: fertilized,
Use_1x: cut once a year, Use_3x: cut three times a year, small: Small size (0.04 m²), Medium: 1 m²,
Large: 9 m², Very large: 225 m². Environmental variables: Grasses: share of grass species in the
relevé [%], Herbs: share of herb species [%], Legumes: share of legume species [%], FGR: number
of functional groups (grasses, herbs, legumes), Litter: % of litter per relevé, Open soil: % of bare soil
per relevé, Species richness: species number per sampling area, Evenness: Shannon Evenness.
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Discussion
The present study analyzed the effects of sampling scale on the relationship between
diversity (expressed in species richness and evenness) and above-ground biomass
production of a semi-natural permanent grassland. The relationship between species
diversity and productivity differed across sampling scales and management systems. The
direction of the relationship (positive or negative) also varied, with positive relationship
found often at plots cut three times a year and not fertilized compared to plots fertilized and
cut three times where it was more often also positive. Species identity effects were important
at smaller spatial scales.
We found that increasing the harvesting scale reduced the coefficient of variation of species
richness. Crawley & Harral (2001) and Sandel & Smith (2009) suggested that the number
of individuals generally increases with the size of the plot sampled, leading to an increased
probability of finding the most characteristic species reflecting the typical vegetation
composition of a semi-natural grassland, so that a larger plot could provide a better basis
for measuring productivity. Our results are in line with these findings. On the small scale not
species richness, but species identity can have stronger effects on biomass production
depending on the size of the species. Several tall and productive grasses can have more
biomass and additional species do not contribute significantly to biomass. Thus a negative
relationship between species richness and productivity can be detected. According to the
multivariate analysis of the vegetation data from our study, samples from the small
harvesting scale of 0.04 m² in July 2011 often had short herbs such as Veronica chamaedrys
and several low-productive grasses such as Agrostis capillaris and Festuca rubra. Such
patches had higher species richness, but did not perform well in terms of above-ground
biomass production. At the same time we had samples with only one or two species,
particularly Dactylis glomerata, which produced high yields, but had low species richness
due to the size of the plants in the vegetation quadrat.
At both larger sampling scales heterogeneity of the vegetation cover can reduce the
strength of the relationship between diversity and productivity even more or turn it into less
significant otherwise depending on the size and identity of species. Oksanen (1996)
explained a decline in species richness at higher productivity levels with an increase in the
size of plant individuals. The same space at the small-scale plots could be occupied by few
productive species such as Dactylis glomerata, or several less productive ones, such as
Veronica chamaedrys or Agrostis capillaris.
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Recent observational study by Šimova et al. (2013) on several herbaceous communities in
the Czech Republic demonstrated that at small spatial scale the relationship between
species richness and productivity was negatively significant while at larger spatial scales it
turned into a non-significant relationship. In our study there was quite often no significant
relationship detected between the two variables. We therefore suggest that species identity
plays an important role at the small sampling scale in the relationship between species
diversity and productivity. Weiher (1999) also reported that small-scale species richness
was not a good indicator of larger-scale species richness. In our study sampling at small
spatial scales in some of the management systems did not reflect the relationship between
diversity and productivity or species evenness and productivity found at the larger spatial
scales.
Commonly used area for describing vegetation composition is 1 m² (Dolnik & Breuer 2008).
In our study, the plots of 1 m² showed high coefficients of variation in species richness and
presence of the relationship between diversity and productivity. We suggest that in seminatural grasslands the plot size should not only cover the minimum species area, which
reflects most of the species present in the area of interest but should be optimized to include
possible heterogeneity effects, both in terms of species diversity measures and biomass.
While in sown grasslands sampling at the small-scale seems to be sufficient to draw general
conclusions on the mechanisms of ecosystem functioning due to larger homogeneity of the
vegetation, we suggest that in studies in semi-natural grasslands researchers should
consider sampling across several spatial scales to take into account the possible
heterogeneity of vegetation composition.
At two larger scales (in our case 9 m² and 225 m²) the relationship between species diversity
and productivity was also rather inconsistent across both experimental years and
management systems. Year effects could be partly explained by dry weather conditions in
the year 2010 (fertilization effects might have been weaker due to summer drought, see
Supplementary Table 1) and the distribution of rainfall over the vegetation period in both
years, as previously found by Bernhardt-Römermann et al. (2011). Further reasons could
lie in the seasonal changes of species richness. Bischoff et al. (2005), for example, argued
that the effects of species richness on productivity disappeared in late summer due to the
reduction of species richness at high productivity levels.
Generally vegetation structure of this experimental site could be characterized by a certain
patchiness due to a matrix of large grass tussocks (Dactylis glomerata and Festuca rubra)
interspersed with smaller herbs and grasses that might have reacted differently to nutrient
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addition and mowing. Increasing cutting frequency, for instance, may reduce the proportion
of tall herbs and grasses (Fenner & Palmer 1998). Wilsey & Stirling (2007) and Jiang et al.
(2009) suggested that species diversity in non-synthetic communities is particularly likely to
be affected by the abiotic and biotic properties of local habitats. We suggest that in our study
above-ground biomass production and vegetation diversity parameters at the plot level
might have been affected by this structure of the vegetation composition thus turning into
non-significant relationship. Kirwan et al. (2007) mentioned that in order to explain observed
responses of above-ground biomass production to diversity, information on site
environments, contribution of individual species to total yields, as well as temporal dynamics
are needed. Species composition seems to contain more useful data for exploring the
ecosystem processes than species richness alone.
We could see in our study that the relationship between species richness and productivity
varied across the sampling scales. Most importantly, it seemed that management system
and species composition and identity played a role in it to higher extent. Considering the
scale variable is an important initial step in selecting the minimum species area. We suggest
that an appropriate spatial scale should be selected especially to consider heterogeneity of
vegetation composition. A small sampling scale may be more often influenced by the identity
of common species present on the plot (due to the selection effect according to which more
common species are likely to be present in the sample), while at larger scales these effects
can be eliminated, but the sampling effort can become more significant. While in more
homogenous environments spatial scale may be rather irrelevant, in more heterogeneous
habitats it is important to consider the patchiness of vegetation composition to be able to
draw conclusions on the presence or absence of the relationship between diversity and
productivity.
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Chapter 2

Plant functional traits and dominant species diversity in a semi-natural
grassland along a management intensity gradient
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Abstract
Species richness, dominant species and their plant functional traits have rarely been
addressed together in biodiversity experiments on agriculturally relevant semi-natural
grasslands. We present the results of a study on the effects of management intensification
in a permanent grassland and the response of overall and dominant species diversity. A
removal experiment in the Solling uplands, Germany (three sward types: control, dicotreduced and monocot-reduced) employed four different levels of management intensity
resulting from a combination of two factors: fertilization (no and 180-30-100 kg ha -1 year -1
of N-P-K, respectively) and cutting frequency (cut once and three times a year). This study
was conducted over two years (2010, 2011), starting with a third year after introducing the
management treatments. We defined species diversity by species number per plot as well
as evenness and identified dominant species, making up about 80% of the yield share. We
collected information on several plant functional traits for each of the dominant species:
plant height, leaf dry matter content, stem dry matter content, leaf specific area, green
leaves / total leaves ratio, stem specific density, and calculated additionally the ratio of stem
specific density and plant height. Further measures of functional diversity included
functional groups shares, functional diversity index, defined as the total branch length of the
traits-species cluster diagram, and aggregated plant functional traits for each plot. We found
that management intensification did not affect the total species number, but affected species
evenness and functional diversity of dominant species, including their number and identity.
Correlations of above-ground biomass and several dominant species’ traits were
underlining reasons for fertilization effects on above-ground productivity in this grassland
rather than overall species number. This indicates the importance of monitoring not only
species richness but also other measures of diversity, as well as including management
aspects in studies of plant functional traits in grasslands.
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Introduction
Agricultural intensification and other land use transformation processes have considerably
affected the state of biodiversity and ecosystem functioning in the European and North
American grasslands (Tilman et al. 2001, Hooper et al. 2005, Hopkins & Holz 2006, Wesche
et al. 2012). A lot of biodiversity research has been concentrated on various aspects of
ecosystem functioning, such as productivity, nutrient cycling, and resistance of ecosystems
to invasive species (Tilman et al. 1996, Hector et al. 1999, Spehn et al. 2005, Campbell et
al. 2011). Biodiversity has been shown to support ecosystem multifunctionality and stability
(Hector & Bagchi 2007, Proulx et al. 2010). Many studies supplied evidence for a positive
relationship between phytodiversity and productivity (Loreau et al. 2001, Naeem et al. 2002,
Hooper et al. 2005), but these findings were based mainly on experiments with sown
grassland (Sanderson et al. 2004, Caliman et al. 2010) and included species richness as
the only measure of biodiversity (Balvanera et al. 2006). In natural and semi-natural
grasslands such a relationship was often found to be weak or even absent (Huston et al.
2000, Adler et al. 2011). Long-term effects of biodiversity and effects of its loss on provision
of ecosystem services also often remained unclear (Laliberté et al. 2010).
Apart from species richness, more recent studies involved other measurements of diversity,
such as plant functional traits, and linked them to the concept of ecosystem functioning
(Petchey & Gaston 2002, Mason et al. 2005, Violle et al. 2007, Diaz et al. 2007, Lavorel et
al. 2008, Duru et al. 2012, Garnier & Navas 2012). Among those new multiple measures of
diversity were functional diversity index (Petchey & Gaston 2002) and functional attribute
diversity indices (Mason et al. 2005, Mouillot et al. 2005). Some studies explored the
responses of plant functional traits to changes in management practices using data from
field measurements (Duru et al. 2012), whereas a number of studies investigated data on
functional traits that were derived from species traits databases (Liira et al. 2008). Multiple
plant trait analysis was used to assess grassland management effects such as grazing and
mowing (Louault 2005, Fortunel 2009, Klimešová et al. 2008), grassland succession and
land-use change (Kahmen & Poschlod 2004, Lindborg & Eriksson 2005) and was also
implemented in studies on synthetic communities (Roscher et al. 2012). However, the
question how dominant species and their functional traits may influence productivity under
different land-use management practices still needs further research (Flynn et al. 2009).

It is important to know how biodiversity loss may affect the functions of natural ecosystems
(Caliman et al. 2010), especially under realistic long-term conditions (Šmilauer &
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Šmilauerová 2013). Thus, using multiple measures of diversity might be of advantage for
exploring the role of biodiversity in ecosystem processes in semi-natural grasslands. So far,
such experimental studies on semi-natural grasslands have been rare. More attention
should be given to the role of the dominant species in this relationship as well. Yang et al.
(2011), for instance, found that the presence of highly productive species, which tend to be
dominant and have stabilizing properties, might enhance ecosystem stability, but this aspect
has not been well studied. According the EEA (2010), agricultural areas with high
biodiversity, such as extensive grasslands, still make up about 30% of European farmland,
but the intensification of agriculture poses a threat to this biodiversity. To understand this
threat better, agricultural management has to be included into biodiversity research (Wrage
et al. 2011, Schellberg & Pontes 2012).
The present study explores the effects of management intensification on the relationship
between productivity and different measures of dominant and overall species diversity.
Species richness and evenness, as well as the number of dominant species and their
functional diversity defined by the aggregated plant functional traits (after Garnier et al.
2004) and the functional diversity index, as described by Petchey & Gaston (2002, 2006)
were examined along a management intensity gradient. Use of the functional diversity index
allowed us to incorporate several plant traits into the analysis and to account for differences
in the number and identity of dominant species. We hypothesized that in an old semi-natural
grassland not species diversity (expressed in the number of species per plot and evenness),
but the different aspects of functional diversity such as dominant species number and their
plant functional traits matter more for productivity and that management intensification
affects all of the components of diversity. We also discuss the findings in terms of relevance
for intensification of grassland management for biomass production and conservation of its
diversity.
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Material and methods
Study site
The study site is situated in the Solling uplands, 60 km from Goettingen, Germany, at an
elevation of 490 m a.s.l. (51°44´53´´ N, 9°32´42´´ E). It was established in 2008 on a
permanent semi-natural Lolio-Cynosuretum grassland with high shares of Festuca rubra
and Agrostis capillaris. The soil is a nutrient-poor shallow stony haplic Cambisol with a mean
pHH2O of 5.34. The long-term annual temperature is 6.9°C, the annual precipitation 1028
mm (Deutscher Wetterdienst 1960-1991, station Silberborn–Holzminden, 440 m a.s.l.).
Before the start of the experiment the site was extensively used for permanent pasture by
cattle or hay cutting (for detailed description see Petersen et al. 2012).
Experimental design
In June 2008, 72 plots of 15 m x 15 m were established at the study site. The combination
of three management factors (three sward types, two fertilization levels and two cutting
frequencies) resulted in 12 different treatments replicated 6 times, which were assigned to
the experimental plots in a Latin rectangle design. Spatial variation is represented by two
factors: row and block. The three sward types were: control (Co), dicot-reduced (-Dic) and
monocot-reduced (-Mon). The dicot-reduced sward type was established via application of
herbicide in June 2008 (active components Fluoroxypyr + Triclopyr and Mecoprop-P (3 L
ha−1)). The monocot-reduced sward type was achieved by application of Clethodim (0.5 L
ha−1). The control sward was not treated by herbicide. Fertilization levels were as follows:
no fertilization (no) and 180-30-100 kg of N, P, K ha−1 year−1, respectively (NPK). Half of the
experimental plots were cut once a year (1x) in the middle of July. The other half was cut
three times (3x) a year (in the middle of May, middle of July and end of September). The
combination of fertilization level and cutting frequency (“1no” standing for cut once not
fertilized, “1NPK” – for plots cut once fertilized, “3no” – for plots cut three times not fertilized,
and “3NPK” – for plots cut three times fertilized) is referred to as management system
further on.
Vegetation composition
Vegetation surveys were conducted twice a year in early May and late August. Overall
species number (which we refer to as species richness) was recorded at the plot scale (225
m²), as well as in two 3 m x 3 m permanent vegetation relevé squares per plot. In both of
the 9 m² relevé plots we additionally estimated yield proportions of each species according
to Klapp and Stählin (1936) and shares of three functional groups (grasses, herbs and
legumes). Shannon Evenness was calculated as H´/log e (n) and is hereafter referred to as
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evenness (where H´ is the Shannon diversity index and n is the number of species found
on the corresponding plot).
Dominant species and their plant functional traits
Based on the results of the vegetation surveys in 2010, we selected for the further analysis
dominant species that made up about 80% of the yield (as suggested by Garnier et al. 2004)
on each of the 15 m x 15 m plots. In the following growing season, in the year 2011, before
each sampling of plant functional traits, we conducted an additional estimation of the
dominant species proportions at the plot level. Plant samples were randomly collected in
the field (2 individuals of each species per plot, replicated 6 times). Sampling took place
one week before each cutting event: in the beginning of May, beginning of July and middle
of September. We collected material by cutting the plant at the ground level and transported
it to the lab in sealed plastic bags with wet tissue inside. Plant samples were stored in the
cool dark chamber (9° C) prior to the analysis.

Plant functional traits were chosen based on their possible reaction to different management
techniques applied at the study site (Lavorel & Garnier 2002, Cornelissen et al. 2003,
Louault et al. 2005, Garnier et al. 2007). The following traits were measured for each of the
species: plant height, leaf dry matter content, stem specific density, green leaves/total
leaves ratio, leaf specific area, stem dry matter content and the ratio of stem specific density
and plant height. We concentrated on above-ground traits and did not account for the traits
from species databases to explore the effects of management.
Plant height (expressed in cm) was measured as the difference between the height of the
highest photosynthetic tissue and the base of the shoot. We counted the total number of
leaves and the number of green leaves to receive the green leaves/total leaves ratio. Leaf
dry matter content was measured as the ratio of leaf dry weight and fresh weight (expressed
in mg/g). Leaves were weighed with the precision of 1/10 µg. The dry weight of the leaves
was obtained by drying them for 48 hours at 60°C. The leaf area was measured on fresh
leaves that were scanned fully exposed and analyzed with the WinRhizo scanning software
(Version 2007 d, Regent Instruments Inc., Quebec, Canada). The same software was
further used for the surface analysis of the surface area of the leaves and the volume of the
main part of the stem and used (these values were used to calculate stem specific density
(expressed in g/m³)). The specific leaf area was calculated as leaf area divided by the dry
weight of the leaf. For Ranunculus repens, the petioles were not removed from the leaves
for this analysis. The stem dry matter content of each plant was expressed as the weight of
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the dry stem (after drying for 48 hours at 60°C) divided by the weight of the fresh stem (mg
g-1).
Aggregated traits and functional diversity index
Aggregated traits for each plot were calculated as described in Garnier et al. (2004). This
measure allowed us to incorporate plant yield shares of the dominant species and test the
contribution of each aggregated trait separately to the above-ground biomass production.
Functional diversity index is a measure of functional diversity proposed by Petchey &
Gaston (2002). It is defined as the total branch length of a functional dendrogram of a
species-traits matrix. An increase of the index implies an increase in functional diversity of
the vegetation composition. Use of the functional diversity index allowed to incorporate
several plant traits into the analysis and to account for variation in the number and identity
of dominant species. The functional diversity index can be a substantial improvement over
using functional groupings to describe the functional diversity of a community (Flynn et al.
2009). The addition of a species can increase or not change the functional diversity index
of the community but not decrease (Flynn et al. 2009).
Measurement of above-ground biomass
Above-ground biomass production was estimated for each of the 72 plots by collecting fresh
biomass with a Haldrup® forage combine harvester (cutting height 7 cm). 10% of the total
biomass from each plot was weighed in the field and 100-200 g sub-samples were taken to
the lab for water content analysis after drying at 60°C for 48 h.
Data analyses
Univariate data analyses were performed in R Version 2.14.0 (R Core Development
Team 2012). Overall species richness was explored as a predictor of biomass in each of
the four experimental years and as no significant effects of species richness on aboveground biomass production were found, further analysis of the different measures of
functional diversity was performed in the year 2011, three years after the removal of the
functional groups. We tested the differences in yield treated as response variable using
linear mixed effects models (Pinheiro et al. 2009) and incorporated spatial structure as
random effects, comparing the means of the data using the all pair-wise multiple comparison
procedure (“cld” algorithm by Piepho 2004). In case of variance heterogeneity of the
residuals in the factor groups of selected models, we adjusted the variance for the
corresponding group by factor level (details in the corresponding result tables). Then we
calculated the functional diversity index for each plot at all three sampling dates. Functional
diversity index was calculated as described by Petchey & Gaston (2002) using the XTree
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function as described by Schumacher (XTree function for calculating functional diversity
index, 2003). Correlations between species richness, evenness, share of grasses, number
of dominant species, functional diversity index, and aggregated plant functional traits and
productivity were tested using Spearman rank correlation coefficient.
To explore the effects of species identity on functional diversity, we conducted a multiple
regression analysis with the functional diversity index as a response variable and shares of
the dominant species as explaining variables, reducing the final adequate linear model to
the species having a significant effect on the response variable. Multivariate analysis of the
vegetation composition was performed with CANOCO (version 4.5 for Windows, Ter Braak
C. J. F. & Šmilauer P. 1997–2004. Canoco for Windows. Plant Research International,
Wageningen). Species scores were log-transformed. We performed Monte-Carlo
permutation test to check the explanatory power of the main experimental factors for
vegetation composition. Row and block were used as covariables to account for the spatial
variation of vegetation composition. We used the “spatial distribution of experimental plots”
option to assign the plots to the experimental Latin rectangle design. We performed indirect
gradient analysis (partial RDA – Redundancy analysis) and standardized the samples by
species to define most common dominant species. If not stated otherwise, we used the
default settings of Canoco.
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Results
Impacts of management intensification on different diversity measures
In the year 2011, three years after the swards had been modified in their functional
composition by the use of herbicides, we found that overall species richness did not differ
significantly among the different management systems (Table 1) nor among the three sward
types (p=0.95), Table 2. Species evenness, however, responded to the intensification of
management and was significantly different among three of four management systems.
Table 1. Means and standard deviations of species richness (overall for the whole plot) and evenness
(mean of two vegetation relevés, 9 m² each) in four management systems in 2011 (N=72). Spatial
structure was incorporated in linear mixed-effect models as random effects and the main
experimental factors (sward type, fertilization and cutting frequency) as fixed effects. Letters indicate
significant differences based on all pair-wise comparison procedure using Tukey contrasts.
Management system
Species richness
Mean
Min
Max
CV, %
Species evenness
Mean
Min
Max
CV, %

1no

1NPK

3no

3NPK

26.7±2.4 a
23
32
9

26.8±1.7 a
23
30
6.3

26.4±3 a
21
33
11.4

26.6±2.9 a
21
32
10.9

0.76±0.04 b
0.69
0.82
5.8

0.70±0.07 a
0.53
0.80
9.6

0.82±0.04 c
0.77
0.88
4.5

0.78±0.06 b
0.60
0.86
7.8

Fertilization reduced species evenness compared to not fertilized plots while a higher
cutting frequency increased species evenness. Coefficients of variation for evenness were
smaller than for species richness in the corresponding management systems, except for
the plots cut once and fertilized, where species evenness had a higher coefficient of
variation than species richness. Fertilization increased the shares of grasses compared to
herb shares (p<0.0001) while cutting frequency decreased the shares of grasses through
promoting herbs’ shares (p<0.0001) (Table 2).
Table 2. Means and standard deviations of overall species richness (per plot), evenness (mean of
two vegetation relevées, 9 m² each) and functional group shares in three sward types (N=72),
average for 2011. Spatial structure was incorporated in linear mixed-effect models as random effects
and the main experimental factors (sward type, fertilization and cutting frequency) as fixed effects.
Asterisks indicate significant differences from the control sward with the following significance
values: . p<0.05, * p<0.01, **p<0.001, *** p<0.0001.
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Control
Overall species
number
Species
evenness
Grasses, %
Herbs, %
Legumes, %

26.5±2

Dicot-reduced
(-Dic)
26±2.7

Monocot-reduced
(-Mon)
27±2.5

0.78±0.06

0.76±0.08

0.76±0.08

71.7±9.9
26.9±9.0
1.4±1.6

75.9±10.7 .
25.3±9.7
0.5±1.0 **

68.1±11.6 *
29.9±10.1 .
2±2.4

The species number over the four experimental years differed slightly among the
management systems in the year 2010 (Figure 1) following the removal of functional groups,
while in the first year (2009) the variation in species richness was due to sward effects (Mon sward had 1.6 species more than the control sward (p=0.01); -Dic sward had 1.3
species less than the control sward (p=0.05)). A description of further effects of herbicide

Overall species richness per plot

application can be found in Petersen et al. (2012).
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Figure 1. Overall species richness (mean of two vegetation surveys) in corresponding management
systems (1no, 1NPK, 3no, 3NPK, see Table 1) in the four experimental years. Letters indicate
significant differences in the years 2008 and 2010 among the management systems based on linear
mixed-effect models with the three main experimental factors (sward, fertilization and cutting
frequency) as fixed effects and spatial structure incorporated as random effects (no significant
differences in 2009 and 2011).

Both the number of dominant species and the functional diversity index responded to the
changes in management and were significantly smallest in plots cut once and fertilized,
intermediate in 1no or 3NPK plots and significantly largest in plots cut three times and
unfertilized (Table 3). Cutting frequency increased both number and functional diversity
index (p<0.001), whereas fertilization decreased them (p<0.01). The number of dominant
species varied between four and eight in all management systems (Table 3). The smallest
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coefficient of variation in the functional diversity index (12.8%) was characteristic for plots
cut three times and fertilized.
Table 3. Mean, minimum and maximum number and coefficient of variation of dominant species and
functional diversity index per management system (mean of three sampling dates, N=72). Spatial
and temporal effects were incorporated in linear mixed-effect models as random effects and the main
experimental factors (sward type, fertilization and cutting frequency) as fixed effects. Letters indicate
significant differences based on all pair-wise multiple comparison procedure using Tukey contrasts.
Management system
1no
Dominant species
Mean
5.6±0.98 b
Min
4
Max
8
CV, %
17.45
Functional diversity index
Mean
18.53±2.78 b
Min
13.5
Max
25.6
CV, %
15.01

1NPK

3no

3NPK

4.9±0.79 a
4
7
15.92

6.17±1.02 c
4
8
16.59

5.67±0.95 b
4
8
16.79

16.83±2.53 a
13.05
23.67
15.02

19.91±2.73 c
14.5
25.66
13.73

18.44±2.35 b
13.51
24.13
12.77

Sampling date had significant effects on most of the studied plant functional traits (p <
0.0001) (Table 4), therefore the data are presented separately. Management system had
significant effects on several aggregated traits (Table 4).
Table 4. Aggregated traits (means and standard deviations) for each management system per
sampling date (N=18). Spatial effects were incorporated in linear mixed-effect models as random
effects and the main experimental factors (sward type, fertilization and cutting frequency) as fixed
effects. Letters indicate significant differences based on all pair-wise multiple comparison procedure
using Tukey contrasts at corresponding sampling dates. LDMC stands for leaf dry matter content,
SLA – for specific leaf area, Stem DMC –for stem dry matter content, Stem SpDens – for stem specific
density, Ratio Dens/Height represents the ratio between stem specific density and plant height.
Aggregated traits
May
Heightagg
Leaves ratioagg
LDMCagg
SLAagg
Stem DMCagg
Stem SpDensagg
Ratio Dens/Heightagg
July
Heightagg
Leaves ratioagg
LDMCagg
SLAagg
Stem DMCagg
Stem SpDensagg
Ratio Dens/Heightagg

1no

1NPK

3no

3NPK

12.04±2.02 ab
0.78±0.15 ab
0.23±0.03 b
0.015±0.001 a
0.20±0.02 b
0.17±0.03 b
0.01±0.003 a

12.5±3.01 a
0.82±0.02 a
0.23±0.02 ab
0.017±0.002 ab
0.17±0.03 a
0.14±0.031 a
0.01±0.003 ab

9.94±2.05 b
0.81±0.04 ab
0.24±0.02 b
0.016±0.02 ab
0.20±0.03 b
0.18±0.029 b
0.017±0.003 c

10.62±2.49 ab
0.72±0.15 b
0.21±0.03 a
0.017±0.004 b
0.16±0.03 a
0.12±0.03 a
0.01±0.004 b

41.88±5.5 c
0.54±0.12 b
0.28±0.08 a
0.015±0.002 a
0.27±0.03 a
0.27±0.03 b
0.006±0.0009 c

50.06±7.0 a
0.69±0.13 b
0.25±0.06 a
0.02±0.002 ab
0.25±0.028 a
0.24±0.03 ab
0.004±0.0007 a

31.79±5.08 b
0.57±0.21 ab
0.25±0.03 a
0.02±0.003 ab
0.26±0.03 a
0.26±0.03 b
0.008±0.002 b

38.63±4.49 c
0.67±0.09 ab
0.25±0.04 a
0.018±0.003 b
0.26±0.018 b
0.22±0.035 a
0.005±0.001 ac
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September
Heightagg
Leaves ratioagg
LDMCagg
SLAagg
Stem DMCagg
Stem SpDensagg
Ratio Dens/Heightagg

10.65±2.43 b
0.78±0.06 a
0.20±0.039 a
0.02±0.003 b
0.18±0.04 a
0.167±0.03 ab
0.015±0.005 ab

17.32±4.27 a
0.76±0.08 a
0.22±0.13 a
0.03±0.01 a
0.16±0.03 a
0.14±0.03 a
0.01±0.01 ab

10.16±2.09 b
0.77±0.04 a
0.20±0.02 a
0.18±0.04 b
0.20±0.01 a
0.18±0.04 b
0.017±0.007 a

16.06±4.13 a
0.74±0.09 a
0.19±0.03 a
0.25±0.005 ab
0.17±0.03 a
0.16±0.03 ab
0.009±0.003 b

Aggregated plant height, apart from the seasonal variation, was found to be significantly
different among most management systems, with the largest differences characteristic for
plots fertilized and not fertilized. Aggregated leaf dry matter content was only significantly
different between the plots cut once and fertilized and the other management treatments at
the first sampling date whereas in July and September, there were no differences among
management treatments. Aggregated stem dry matter content responded to the
management treatments in a similar way as the aggregated leaf dry matter content. The
strongest differences among the four management systems were found for the aggregated
ratio of stem specific density and height.
Biomass prediction
The overall dry matter yield was significantly different among the fertilized and not fertilized
plots with the smallest above-ground biomass characteristic for plots cut three times a year

Overall dry matter yield 2011, [g/m²]

and not fertilized (Figure 2).
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Figure 2. Overall dry matter yield in four management systems (1no, 1NPK, 3no, 3NPK) in 2011
[g/m²]. Letters indicate significant differences among the management systems based on linear
mixed-effect model with the three main experimental factors (sward, fertilization and cutting
frequency) as fixed effects and spatial structure incorporated as random effects.
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In 2011, biomass production was highly influenced by fertilization (up to 80% of biomass
production was explained by nutrient input regarding the main experimental factors). We
did not find any significant relationship between the overall species number and productivity
in the year 2011 (p=0.61).
Correlations between yield and evenness and yield and functional diversity measures were
larger than with species richness (Table 5). Functional group shares correlated positively
with biomass production. The number of dominant species was negatively correlated with
above-ground biomass, similarly to the functional diversity index, which had a slightly
weaker but also highly significant correlation with above-ground biomass. We found that
aggregated traits correlated differently with biomass production. While the smallest
correlation coefficients were found between the aggregated specific leaf area and aboveground biomass, and aggregated stem specific density and yield, the strongest correlation
was found between the ratio of stem specific density to height and biomass.
Table 5. Spearman rank correlation coefficients between yield and corresponding measures of
diversity and aggregated traits (agg). FGR ratio stands for the ratio of grasses / (herbs+legumes).
Height stands for plant height, LDMC stands for leaf dry matter content, SLA – for specific leaf area,
Ratio leaves – for the ratio between green leaves and total leaves number, Stem DMC –for stem dry
matter content, Stem SpDens – for stem specific density, Ratio Dens/Height represents the ratio
between stem specific density and plant height
Diversity measures
Diversity
Correlation
Significance
measure
coefficient
level
Overall species diversity
p=0.64
Species
0.04
richness
p<0.001
Species
-0.40
evenness
Functional diversity
p<0.001
Functional
0.64
group shares
p<0.001
Dominant
-0.39
species
p<0.001
FD index
-0.36

Aggregated traits
Aggregated trait
Correlation
coefficient
Heightagg
0.68
LDMCagg
0.28

Significance
level
p<0.0001
p<0.001

SLAagg

-0.18

p<0.05

Ratio leavesagg
Stem DMCagg

-0.3
0.26

p<0.001
p<0.01

Stem SpDensagg

0.21

p<0.05

Ratio
Dens/Heightagg

-0.75

p<0.0001

Role of dominant species identity for functional diversity of vegetation composition
In an ordination diagram of vegetation data from the year 2011, the first two axes of the
RDA explained 23.8% of the species-environment relation (Figure 3). The functional
diversity index arrow was close to the arrow of the dominant species number, showing a
high correlation between the two variables. The dry biomass arrow on the diagram was
close to the arrow of the share of grasses, which is showing the strong effects of functional
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group composition on the above-ground biomass production in the year 2011. Agrostis
capillaris, Festuca rubra, Dactylis glomerata, and Rumex acetosa were the most common
species that made up 80% of the yield on the majority of the experimental plots.

Figure 3. Ordination diagram of the vegetation data 2011 based on the Redundancy Analysis (RDA).
Included the species with a fit of better than 3% (row and block as covariables). Species data logtransformed. Nominal environmental variables were: Sw_contr: control sward, Sw_Mon-: monocotreduced, Sw_Dic-: dicot-reduced. no_fert: no fertilization, NPK: fertilized, Use_1x: cut once a year,
Use_3x: cut three times a year. Environmental variables were: grasses: share of grass species in
the relevé [%], herbs: share of herb species [%], legumes: share of legume species [%], species
richness: species number per sampling area, Functional diversity (FD): functional diversity index,
dominant species: number of dominant species per plot, dry biomass: overall yield per year [g/m²].
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Discussion
This study examined different aspects of grassland diversity including plant species
richness and functional diversity in relation to management and productivity. We could show
that in an old permanent grassland management intensity did not negatively affect the total
species richness in the mid-term, but it did alter species evenness and the functional
diversity of the vegetation composition. The increase in the above-ground biomass
production, primarily associated with an increase in fertilizer application, was correlated with
several aggregated plant functional traits as well as functional diversity measures rather
than the overall species diversity. Nutrient input led to a decrease of species evenness and
the functional diversity of dominant species while increasing cutting frequency positively
affected the functional diversity of the sward and increased species evenness.
Overall species and functional group diversity
Three years after the manipulation of the sward by applying herbicides we found that
species richness did not differ significantly among the four management systems.
Furthermore, we did not find any significant relationship between species number and
productivity in any of the study years. Our results are thus in contrast to the findings of
several biodiversity experiments (Tilman et al. 2001, Hooper et al. 2005, Roscher et al.
2004) that showed that high species richness leads to an increase in biomass production.
Chapin et al. (2000) stated that in most cases however, species richness correlates with
rates of ecosystem processes when species numbers are small. In our case, the mean
number of species present on the plots was 12 species per m², which is larger than in most
biodiversity experiments and may better reflect the “real-world” semi-natural grassland
communities across Europe. In a review of recent studies on temperate permanent
grasslands, Wrage et al. (2011) stated that the initial species diversity is determined by the
available niches and is manipulated by management. It seems that at our site the four
established levels of management did not greatly interfere with the available niches as the
occurrence of most species did not change greatly in the investigated time period.
In our study, fertilization and cutting frequency were the main factors to explain productivity
best. These effects were apparent through reaction of species evenness and functional
diversity (aggregated plant traits) as well as species evenness to management
intensification. Evenness was lower in fertilized plots than in unfertilized plots, and might
thus have correlated better with the above-ground biomass production as the dominance
patterns of vegetation were influenced by nutrient input through promoting better growth of
larger dominant grasses, such as Dactylis glomerata. Higher shares of grasses and lower
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shares of herbs were characteristic for the fertilized plots. Some authors reported similar
results regarding the effects of species evenness on productivity: Mokany et al. (2008) found
that species identity was more important than species richness and in the study by Wilsey
& Potvin (2000) the relationship between aboveground biomass and species evenness
varied and depended on the identity of the dominant species. In a study on a Kansas prairie
by Foster et al. (2010) fertilization negatively influenced species evenness in plots which
were not cut for hay while cutting for hay increased species evenness of the plots where no
fertilizer was applied. Schaffers (2002) also reported that increasing mowing frequency
increased species evenness. These findings are similar to our results, as the largest
average species evenness was typical for plots cut three times and not fertilized and the
lowest average species evenness was characteristic for fertilized plots cut once a year.
According to Louault et al. (2005) major factors influencing the vegetation dynamics are
nutrient availability and disturbance which reflect at the same time the most common
agricultural activities, and the combination, as well as intensity of both are important.
In the year 2011, although the differences in functional group composition between the three
sward types were significant, we found that these differences were no longer as pronounced
as they were in the first two years after herbicide application. Petersen et al. (2012) showed
that herbicide application significantly changed the shares of functional groups in the year
following herbicide application. Apparently, a rather high resilience of the vegetation
composition along with management contributed to the fact that the shares of grasses, for
instance, almost regained the initial state with about 70% of the functional composition of
the sward. This might also explain the high correlation between the functional group
diversity, i.e. the ratio between grasses and herbs plus legumes, and above-ground
biomass production. Other authors found a higher explanatory power of functional group
diversity than species richness in a number of diversity-productivity studies (Diaz et al.
2003, Roscher et al. 2004). Šmilauer & Šmilauerová (2013) conducted a removal
experiment in the Czech Republic in a semi-natural grassland and reported that under
nutrient-poor conditions both functional groups, herbs and grasses, contributed to
maintaining grassland stability and productivity. We suggest that the functional group
diversity may therefore play an important role in securing sustainable biomass yields. In the
year with dry summer conditions (2010), for instance, overall biomass production in the
control sward was better than in the two other sward types supporting this suggestion as
the reduced effect of fertilizer application was apparently partly substituted by better
performance of the control sward regarding the above-ground yield.
Functional diversity of dominant species

41

The different measures of functional diversity, such as number of dominant species and
functional diversity index, had stronger correlations with the above-ground biomass than
overall species richness and explained similar parts of the variation in productivity as did
species evenness. It seems that plant functional traits reacted to different management
through changes seen in aggregated traits as well as the number and functional diversity of
the dominant species. It therefore led to more pronounced effects of fertilization and cutting
frequency on biomass formation. According to the mass-ratio hypothesis (Grime 1998),
dominant species largely influence ecosystem functioning. Spehn et al. (2005) and Mokany
et al. (2008) also reported that ecosystem processes were mostly influenced by the traits of
dominant species. These results are in accordance with our findings.
Some of the aggregated traits showed strong correlations with above-ground biomass
which is in line with previous findings (Garnier et al. 2004, Westoby & Wright 2006, Duru et
al. 2012). Although some species, especially grasses, may show a large plasticity regarding
certain plant functional traits, such as leaf dry matter content and specific leaf area, some
studies have incorporated plant functional traits from species databases only. However, in
studies like ours, this would have been a limitation due to plastic responses to management
(among others Rose et al. 2012, Duru et al. 2012). We did not measure the leaf N-content,
but we suggest that some other traits that have been reported to respond to management,
such as height or the ratio between stem specific density and height, can also be used as
indicators of management impacts. Klimešova et al. (2008) reported that some traits that
used in combination with height to assess the reaction of species to mowing or grazing are
related to shoot architecture.
The functional diversity index has been reported to be insensitive to the number of species
entering the analysis (Petchey & Gaston 2002, Mason et al. 2005), but in our case this was
not a limitation as we calculated the index for the dominant species only and this number
even differed slightly among the plots, reflecting management effects. The fact that not only
the number of dominant species, but also the functional diversity index differed among the
treatments indicates that both these components of functional diversity were important and
responded to the management intensification. Along with the number of dominant species,
we also found that their identity mattered for functional diversity. Plots cut once a year often
had species showing stronger dominance such as Dactylis glomerata, which could outshade other species. Kahmen & Poschlod (2004) found that without biomass being
removed, the plant height increased due to a larger share of tall species that out-compete
small species in the competition for light. We suggest that this might also explain the
increase of the functional diversity index in plots cut three times a year as more species
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have a chance for light competition on these plots. It seems that optimization of
management intensity can play a crucial role in biomass production and preserving species
diversity as fertilization was found to reduce species evenness and functional diversity of
dominant species, at the same time increasing the ratio of grasses over herbs and legumes,
producing higher yields. On the other hand, increasing cutting frequency promoted higher
species evenness and was found to increase the functional diversity.
Implications for agricultural land use
In our study management intensification did not have dramatic effects on species losses, at
least on the short to mid-term period, three years after the removal of functional groups to
create different sward types. According to Wellstein et al. (2011), environmental change
alters the trait composition indicating potential shifts in key ecosystem functions such as
productivity, carbon storage, and hydrology over an ecologically short time period. Thus,
after a change in management, effects on trait composition should be measurable before
changes in species composition can be detected. It is therefore important to measure
diversity not only in species number but look beyond that, including other diversity
parameters.
In our study, the difference in functional diversity of dominant species resulted from the
differences in management of the experimental plots which in turn came through response
of plant traits to management suggesting that agricultural activities, optimizing and
balancing nutrient input and cutting frequency, in semi-natural grasslands are of high
importance when considering species conservation issues. Increasing cutting frequency
even promoted slightly higher diversity of dominant species while fertilization led to
decrease of the functional diversity. While dominant species may explain a large share of
biomass production (Loreau et al. 2001), it is important to consider other ecosystem
functions for which the minor species would play an important role. Schwartz et al. (2000),
for example, argued that as ecosystem functions do not saturate at low species richness,
diverse communities are important for ecosystem functioning. In a study on a Festuca rubra
grassland by Pavlů et al. (2012) moderate application of NPK fertilizer did not generate
irreversible structural and compositional changes. It seems that the vegetation diversity of
a semi-natural grassland, its resilience and provision of further ecosystem functions such
as better nutrient and water retention (Wrage et al. 2011) can be important arguments for
farming on permanent swards rather than reseeding keeping monitoring of vegetation
composition to make sure the changes in it are not threatened by too intensive nutrient input
or intensive use.
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Chapter 3

Bringing biodiversity experiments to the real world: diversity versus
management in a semi-natural grassland
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Abstract
Recent studies in the field of biodiversity and ecosystem functioning in temperate grassland
systems reported a variety of results regarding the nature of the relationship between
diversity and productivity. Findings supporting the positive effects of species diversity on
productivity came mostly from experimental communities. Studies in natural and seminatural grassland communities, on the contrary, often reported weak or even no relationship
between the two variables. These studies were, however, criticized for not including
productive sites, confounded site and diversity effects, as well as low control of external
factors. We present the results of a 5-year biodiversity experiment in a semi-natural
grassland with a more than one-hundred-year-old history of extensive agricultural use. We
managed to create three different sward types via removal of functional groups and a
gradient of management intensity resulting from a combination of two cutting frequencies
and nutrient input. In our study, overall species richness had no significant effect on the
above-ground biomass production across the five study years. Sward type diversity had
significant effects on the above-ground biomass production only in the experimental year
with extremely dry weather conditions in the summer months before the peak standing crop,
when control plots had larger yields than dicot- and monocot-reduced. While management
intensification caused an increase in above-ground biomass production, changes in species
numbers were not dramatic over the whole investigation period with increasing cutting
frequency promoting establishing of more species. In our study existing species
composition of the semi-natural grassland was highly resilient and four years after the
removal of functional groups it regained a composition of grasses, herbs and legumes
showing almost no differences among the sward types with larger shares of grasses being
typical of fertilized plots and larger shares of herbs typical of frequent cutting. Shares of
legumes were suppressed by fertilization, but were found in almost all plots by the end of
the experimental period. We suggest that under appropriate agricultural management a
semi-natural grassland might have a potential for sustainable forage production at the same
time delivering multiple ecosystem services without significant species losses if
management strategy is carefully chosen and without the need of being converted to arable
land or reseeding it with diverse species mixtures.
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Introduction
A lot of grassland communities in Central Europe are nowadays characterized by a speciespoor composition of mowing-tolerant, N-demanding competitive grasses and a decline of
early-flowering species, especially insect-pollinated herbs (Wesche et al. 2012).
Multifunctionality of grasslands, however, depends on the plant species diversity (Hector &
Bagchi 2007, Zavaleta et al. 2010) and promotes stability across levels of ecosystem
organization (Isbell 2009, Proulx et al. 2010, Yang et al. 2012). But farmers and ecologists
often have different views on the role of biodiversity for grassland production (Wrage et al.
2011) leading to a controversy concerning research priorities between the two groups. The
need for agricultural production in Europe is still high, be it the primary source of forage for
livestock or for bioenergy purposes. Species-rich grasslands are not perceived as an
attractive source for agricultural production by farmers, but they are of focal interest for
nature conservation. There have been attempts to restore diverse grasslands all over
Europe, however, not all of them were successful (Critchley et al. 2003, Hodgson et al.
2005).

Due to this increasing interest in grassland biodiversity and the scarcity of land resources
for agricultural production, two main strategies emerged: intensification of the use of diverse
grassland or diversification of the existing species composition. The former may comprise
grassland diversity, while the latter requires knowledge about the relationship between
diversity and biomass production. Correspondingly, many studies addressed the problem
of species losses and ecosystem functioning, as well as the nature of the relationship
between diversity and biomass production (Chapin et al. 2000, Sala et al. 2000).

A large number of studies was conducted in order to examine the ecosystem functioning
and the impacts of species losses on it. Biodiversity studies have often concentrated on the
relationship between species diversity and productivity (Hector et al. 1999, Tilman et al.
2001, Roscher et al. 2005), but most of these studies took place in experimental grasslands
sown with diverse species mixtures (Sanderson et al. 2004). Such studies (Tilman et al.
2001, Roscher et al. 2005, Reich et al. 2012) found mostly strong positive effects of species
diversity on biomass production, which in long-running studies were also reported over time
(Cardinale et al. 2007, Tilman et al. 2012). These results, however, were criticized for
unnatural species abundances and artificial conditions, leading to the difficulty of scaling up
or generalizing those findings (among others Loreau et al. 2001, Wilsey & Polley 2004).
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Observational studies, conducted in natural and semi-natural grasslands, often reported
weak or no relationship between species diversity and productivity (Huston et al. 2000,
Adler et al. 2011, Assaf et al. 2011), but were considered to have a number of weaknesses,
such as no defined biodiversity levels, confounded sites and diversity effects (Jiang et al.
2009, Kahmen et al. 2005) or low control of external factors (Diaz et al. 2003). Therefore,
later generations of biodiversity studies, known as removal experiments, simulated the
losses of certain species and functional groups and examined induced ecosystem
responses emphasizing that these responses differ between natural and semi-natural
grassland communities on the one hand and synthetic communities on the other (Wardle et
al. 1999, Symstad & Tilman 2001, McLaren & Turkington 2010, Petersen et al. 2012).

Inconsistency of the findings from experimental and observational studies, as well as the
challenges of transferring the results from synthetic communities to natural ecosystems and
the need for long-term and large-scale studies have been on the agenda of many research
projects as diversity loss was considered by many authors to be underestimated in synthetic
communities compared to natural and semi-natural grassland systems (Diaz et al. 2003,
Tylianakis et al. 2008). Thus, many scientists considered that research should focus on how
biodiversity changes and biodiversity loss affect functioning of „real-world“ ecosystems
(among others Schmid & Hector 2004, Zavaleta & Hulvey 2004, Naeem et al. 2012).

We present the results of a biodiversity experiment in an old semi-natural grassland in
central Germany. By establishing a management gradient and creating three different sward
types via removal of functional groups, we induced a change likely to affect ecosystem
processes and functions. Thus, we could investigate not only the effect of the removal itself,
but the functioning of the native species composition of this grassland ecosystem under
disturbance resembling common levels of moderate intensification of grassland
management and associated changes in yield production. Along with the herbicide
treatment, we created a management gradient resulting in four management systems
presented by a combination of fertilization and cutting frequency. The total of twelve
established experimental treatments thus represented the combination of the three main
experimental factors and matched common agricultural practices in Europe. We
investigated the relationship between species diversity and productivity, as well as the
changes in above-ground biomass production and vegetation diversity under management
intensification.
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Material and methods
Study site
The study site is situated at the experimental farm of the University of Goettingen in the
Solling uplands, Germany (51°44´53´´ N, 9°32´42´´ E, 490 m a.s.l.). Before establishing of
the experiment, the site was used in common farm management as pasture or for hay
cutting. The mean annual temperature is 6.9 °C, mean annual precipitation 1100 mm
(German Weather Service: DWD 1960-1990). The vegetation composition is characteristic
of a nutrient-poor montane mesic-moist Lolio-Cynosuretum community with high shares of
Festuca rubra and Agrostis capillaris. The soil is a haplic Cambisol with pH H2O values of
5.2 - 5.6.

Experimental design
In total, 72 plots, 15x15 m each, arranged in a Latin rectangle design consisting of six blocks
and six rows, were set up in 2008 and resulted from the combination of the three
experimental factors and their 6-times replication. The main experimental factors were
sward type, fertilization, and cutting frequency. A change in sward diversity was achieved
by the application of herbicides on July 31st 2008 to reduce the shares of grasses in the
monocot-reduced (-Mon) sward (active component Clethodim (0.5 l ha-1): Select 240 EC,
Stähler Int., Stade, Germany; 0.5 l ha-1) and the share of herbs in the dicot-reduced (-Dic)
sward (active components were Fluoroxypyr + Triclopyr and Mecoprop-P (3 l ha-1)). One
third of the plots were left untreated (control sward). Fertilization (180-100-30 kg NPK ha-1
year-1 (NPK)) and cutting frequency (plots cut once a year (1x) and 3 times a year (3x) were
two further management factors. As N fertilizer, we used calcium ammonium nitrate N27
(half of it applied in the beginning of April and half in the beginning of June), as P&K fertilizer
Thomaskali® (8% P2O5, 15% K2O, 20% CaO) in 2008-2009 and „PK fertilizer“ (12% P2O5,
24% K2O, 6% S, 21% CaO) in 2010-2012. Plots cut three times a year were harvested in
the middle of May, middle of July, and late September. Plots cut once a year were harvested
at July harvest. Harvesting of the plots was done using a Haldrup® forage harvester by
cutting of two stripes, each 1.5 m wide and 15 m long, on each plot, which was found to be
a representative measurement technique for the plot size of 225 m² and established as the
standard measure of above-ground biomass production at the set-up of the experiment.

Vegetation surveys
Before the start of the experiment, the vegetation community was characterized and the
minimum species area determined for defining the optimal vegetation survey size.
Vegetation surveys were subsequently conducted twice a year in the beginning of May and
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in the end of August by recording species number and identity for each plot and estimating
yield shares of each species, as well as functional groups’ shares (grasses, herbs and
legumes) according to Klapp & Stählin (1936) in two 3 m x 3 m vegetation survey areas and
1 m x 1 m quadrates per plot. The total species pool consisted of 73 species that were found
over the whole vegetation period at the site. The mean overall species richness per plot
was 25.3 species across all study years disregarding the differences in management
system or sward type. Shannon evenness was calculated as J´ = H´/log e (n) and is
hereafter referred to as evenness (where H´ is the Shannon diversity index (log e) and n is
the number of species found on the corresponding plot).

Data analyses
Turboveg for Windows 2.91d (Alterra, Wageningen) was used for processing vegetation
data and calculating diversity indices (Shannon diversity, Shannon evenness, Simpson
diversity). Statistical analysis of the data was performed using the R software, Version
2.14.0 (2012) with a significance level of α ≤ 0.05. The climate data was implemented in the
models as year effects. We used linear and linear mixed effect models (Pinheiro & Bates
2009) to explore the effects of the three main treatment factors on the relationship between
species richness and productivity, as well as further diversity indices. The best fitting
adequate minimum models including the significant predictive variables were selected by
comparison of the Akaike Information Criteria (AIC) following the principle of marginality
implying not deleting non-significant effects in presence of higher-order interactions of the
corresponding factors. We used the maximum likelihood method to update the models and
recalculated the final models with REML as we had spatial factors included as random
effects. Residuals of the models were inspected for normality of distribution and
homogeneity of variance in groups of according factors. Adjustments for non-linearity were
performed if needed. If the models’ residuals were heterogeneous, the variance was
adjusted with the varIdent structure for the corresponding factor. We used the
autocorrelation function in the models for the dataset from the whole investigation period to
account for temporal variation of the data. Models were simplified using an updated AICc
procedure for small data-sets (Scherber 2011). Means (for grasses and herbs) and medians
(for legumes) in the dicot-reduced and monocot-reduced swards were compared to the
shares of corresponding functional groups in the control sward based on the linear models
with block and row included as spatial factors using linear contrasts with the sward type as
explanatory variable.
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Results
Overall species richness increased by the end of the experimental study period (from 23
species on average up to 25.7 species on average per plot) (Fig. 1). We successfully
achieved the expected change in sward composition by the year following the herbicide
treatment (Petersen et al. 2012). Compared to the set-up year, there were slightly higher
numbers of species (on average 1.4 species more) in monocot-reduced plots than in the
control sward and 1.6 species less in dicot-reduced plots than in control plots in 2009.

Fig. 1. Change in overall species numbers over time in 100-year-old grassland. Lines show predicted
values from minimal adequate mixed effects models corrected for temporal autocorrelation and
variance heterogeneity. Abbreviations of treatments are combinations of the following factors: Monstands for monocot-reduced sward, Dic- is dicot-reduced sward, Con stands for control sward. 1x
stands for plots cut once a year, 3x – for plots cut three times a year; NPK – for fertilized plots.

In the last vegetation period (2012), recorded maximum species loss compared to the initial
year was 3 species while the maximum number of species gained was 10 species per plot.
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Changes in species numbers were affected by the experimental year (p<0.0001) and cutting
frequency (p<0.05) and the interactions of year and the following factors: sward type
(p<0.0001), cutting frequency (p<0.001), as well as fertilization (p<0.01).

Fig. 2. Consecutive species losses of overall species richness in the three sward types (based on
differences in species presence-absence data for consecutive years).

Species losses in all of the three sward types did not exceed 4 species per plot (Fig. 2).
Along with the losses of species in swards that were treated with herbicides to manipulate
the functional groups abundances, there was a natural dynamic of species present and
absent in the control sward as well (Fig. 2 & 3). In the year 2011, there was a significant
effect of sward type on the number of species gained with higher number of species found
in dicot-reduced plots (3.7 on average) while the effects of herbicide application were
weakening (Fig. 3).

Regarding the effects of management intensification on species richness, in some of the
years the change in species number and number of species gained compared to the
previous year was found to be positively affected by cutting frequency (p<0.05), whereas
fertilization was not significant unless in combination with the experimental year (p<0.01)
with a trend in decreasing species numbers in fertilized compared to non-fertilized plots. In
the year 2010, the change in species number, compared to the year 2009 was not affected
by any of the main experimental factors, except for the combination of fertilization and
cutting frequency (p<0.02), with on average less than one species change over all

56

management systems. In the fourth year after the set-up of the experiment, plots cut three
times and not fertilized had on average 2.8 species more than control plots cut once a year
and not fertilized (p<0.01).

Fig. 3. Consecutive species gains of overall species richness in the three sward types (based on
differences in species presence-absence data for corresponding years).

Species evenness was found to be significantly affected by all experimental factors and
their influence varied across the years (p<0.0001) (Figure 4), sward types (p<0.0001),
cutting frequencies (p<0.0001) and fertilization levels (p<0.05). In the year following the
herbicide application species evenness across all treatments was smaller compared to that
of the initial species composition (p<0.001).

In the two years following the herbicide application, species evenness was significantly
different among the three sward types (p<0.0001 in 2009; p<0.001 in 2010): in the control
sward, species evenness was 10% higher than in the dicot-reduced sward while the highest
evenness was found in the monocot-reduced sward (J´=0.78) in 2009. When the removal
treatment effects were weakening in the year 2011 (Table 1), there were no significant
differences found in the species evenness among the three swards (p=0.45) (Fig. 4, a).
Fertilization tended to have a slightly significant effect on species evenness in the year 2009
(p=0.07) (Fig. 4, b) and was found to affected species evenness in the year 2011 when the
average species evenness in fertilized plots was 5% lower compared to non-fertilized plots
(p<0.001). Cutting frequency had significant effects on species evenness in all of the
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experimental years following the set-up year: in plots cut three times a year it was 3% (2009,
p<0.05) to 7% (p<0.0001 in 2010 and p<0.0001 in 2011) and 8% (2012, p<0.0001) higher
compared to the plots cut once a year (Figure 4, b).

a

b

Fig. 4. Change in species evenness in three sward types (a) (n=18, average of vegetation surveys
from May and September) and management systems (b) (n=24, average of vegetation surveys from
May and September) in corresponding experimental years. Sward types are abbreviated here as
following: Con stands for control sward, Dic- for dicot-reduced sward, Mon- for monocot-reduced
swards.

The herbicide effects on sward composition lasted up to three years after the removal
treatment (Table 1 & Fig. 5) whereas in the last two experimental years we found that the
functional group composition did not differ significantly between the sward types and came
close to the initial composition of the set-up year (73% grasses, 25% herbs and 1-2%
legumes in 2012 versus 75.5% grasses, 21.7% herbs and 2.8% legumes, mean overall
shares across all plots for corresponding year, for each group respectively).
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Table 1. Means (medians for legumes) and standard deviations (median deviations) for biomass
shares (%) of grasses, herbs and legumes in corresponding sward types. Asterisks indicate
significant differences from the control sward with the following significance values: . p<0.05, *
p<0.01, ** p<0.001, *** p<0.0001.

2008

2009

2010

2011

2012

Functional group

Control sward

-Dic sward

-Mon sward

Grasses

74.8±4.8

75.6±6.6

76.2±4.5

Herbs

22.4±.6

21.6±4.5

21.2±4.2

Legumes

2.8±2.8

2.8±0.2

2.6±1.9

Grasses

69.9±7.1

90.6±4.1 ***

43.6±7.7 ***

Herbs

26.3±6.9

9.3±4.0 ***

49.6±6.4 ***

Legumes

3.8±2.7

0.1±0.1 ***

6.8±3.6 ***

Grasses

65.7±7.8

78.0±8.1 ***

49.3±8.6 ***

Herbs

32.8±7.0

21.8±7.7 ***

48.7±7.9 ***

Legumes

1.5±1.9

0.2±0.7 ***

2.0±3.1 ***

Grasses

71.7±9.9

75.0±10.7 .

68.1±11.6 *

Herbs

26.9±9.0

25.3±9.7

29.9±10.1 .

Legumes

1.4±1.6

0.5±1.0 **

2±2.4

Grasses

73.1±8.8

71.8±10.4

72.2±9.7

Herbs

25.3±8.6

28.0±9.9

25.9±9.1

Legumes

1.6±1.2

0.6±0.9 **

1.9±1.9

While in the first year after the removal treatment the shares of grasses, herbs and legumes
were significantly different from those of the initial composition (Table 1), in the second year
after herbicide application (2010) in the dicot-reduced sward type herbs gained about 12%
compared to the shares in 2009 at the expense of the average shares of grasses, which
were reduced by 12% compared to the year 2009 as well (Fig. 5, a, b and c).

Fertilization and cutting frequency had significant effects on the shares of grasses, herbs
and legumes regarding the whole experimental period. Fertilization generally increased
shares of grasses by 4.9% compared to unfertilized plots (p<0.0001) and reduced the
shares of herbs by 3.8% on average compared to unfertilized plots (p<0.0001). Increasing
cutting frequency promoted larger shares of herbs compared to the plots cut once a year
by 2% on average (p<0.0001) and decreased shares of grasses by 3.7% (p<0.001). There
were on average 1% less legumes in the fertilized than unfertilized plots (p<0.0001) and
1.6% more legumes on plots cut three times a year compared to the plots cut once a year
(p<0.0001).
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a

b

c

Fig. 5. Change in shares of functional groups (grasses (a), herbs (b) and legumes (c)) in
corresponding management systems over the five experimental years.

Biomass production over the whole investigation period was not affected by overall species
richness, except for a marginal effect of the interaction between species richness and sward
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type (p<0.1). There was only a trend of a significant correlation found between the aboveground biomass production and the Shannon diversity index (p=0.05). Species evenness
was slightly positively correlated with productivity (p<0.001), except for the year 2011 when
the relationship between species evenness and productivity was significantly negative
(p<0.05). In presence of other experimental factors, however, species evenness was only
marginally related to above-ground biomass production (p=0.1).

The main factors determining the above-ground biomass production were fertilization and
cutting frequency, as well as the combination of both factors. Increasing the fertilizer input
and cutting frequency, we found an increase in biomass production (Table 2) irrespective
of the sward types. Sward type was only a significant determinant of above-ground biomass
production in the year 2010, when the summer conditions before the cutting event in July
were characterized by particularly warm temperatures and scarce amounts of precipitation
(Appendix 1 in this thesis).
Table 2. Percent variance in above-ground biomass production explained for the experimental years
2009-2012 based on linear models with block and row as spatial factors. Asterisks indicated
significant levels as following: *p<0.01, **p<0.001, ***p<0.0001.
Experimental factors

2009

2010

2011

2012

Block

1.67

3.96 **

1.36

1.45*

Row

2.73

5.0 **

1.9

1.9*

Sward type

0.19

2.34 **

0.16

0.19

Fertilization

58.47 ***

34.92 ***

81.26***

41.89***

Cutting frequency

10.35***

24.71 ***

1.34*

26.35***

Fertilization:Cutting
frequency

8.62 ***

16.96 ***

4.09***

22.02***

Residuals

17.96

12.11

11.24

6.2

Intensification of management had significant effects on the biomass production with the
plots cut three times a year and fertilized having the highest dry matter yields in all of the
experimental years following the set-up of the experiment (Fig. 6). In 2009 and 2011, we
also found that the biomass yields of plots cut once a year and fertilized were significantly
higher than in 2010 and 2012.
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Fig. 6. Overall dry-matter yields (average of 24 plots) in four management systems (1xno, 1xNPK,
3xno, 3xNPK) over the whole experimental period.
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Discussion
In the present study, we investigated the effects of diversity and management on aboveground biomass production in a semi-natural temperate grassland. We found that changes
in sward composition associated with functional groups removal lasted for three years and
affected the shares of grasses, herbs and legumes, as well as species evenness, while
dynamics of species richness varied across the sward types and years. Overall species
richness was not directly associated with an increase or loss of productivity regarding the
whole experimental period while species evenness had a slight correlation with aboveground biomass production, direction and degree of which varied across the years. The
primary determinants of an increase in biomass production were fertilization and cutting
frequency with the highest dry matter yields characteristic for intensively managed plots.
Sward type had a significant effect on above-ground biomass production only in the year
with extremely dry summer conditions. After five years of establishing the experiment, the
change in species numbers across the management systems of this grassland was not
dramatic, but certain changes in vegetation composition were apparent.

Changes in plant species richness
Given the site characteristics, the experimental design represented the most typical
management strategies in common temperate agriculturally-used grasslands. It was
previously found that the major agricultural changes have occurred in the second half of the
twentieth century and were diminishing after the 1990 (de Snoo et al. 2012, Wesche et al.
2012). We assume that the species composition of this semi-natural grassland was highly
adapted to the local environmental factors at the set-up of the experiment and the changes
mediated by the removal of functional groups, fertilization and cutting frequency could
successfully reflect the dynamic of species changes in temperate grasslands under
corresponding management intensification. While the dynamics of species gains and losses
varied across all experimental years, the average species numbers recorded in the fifth year
were higher than at the set-up of the experiment.

Depending on the state of the plant community and levels of nutrient input, it was found by
some authors that fertilization can reduce the species number (Lepš 2004), but it may also
have no significant effect on the species number and composition (Pavlů et al. 2012). While
the overall species number fluctuated across the experimental years, some of the species
that disappeared initially after the removal treatment were found again in the year 2011 as
the herbicide effects were weakening. We also found the number of species to fluctuate
slightly across the years in the control plots as well. In the study by Marini et al. (2007) both
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field management and soil fertility were along with topography the main determinants of
vascular species richness. We suggest that the long history of use of this grassland for hay
cutting and pasture was the primary determinant of the present species composition and
the site conditions apparently allowed for the higher levels of above-ground biomass
production than at the set-up year of the experiment (about 420 g/m² on average across all
plots at the harvest in the end of June) without significant changes in species numbers.
While in short-term synthetic communities biomass production may be affected by initial
species abundances (Jiang et al. 2009), it seems that in real-world grasslands the natural
variation of species dynamics is also important for above-ground biomass production. We
conclude that at our study site changes in overall species numbers were not dramatic after
five experimental years and fluctuations in species composition seemed normal. However,
sward composition changes and changes in species evenness could be detected.

Changes in sward composition: functional groups shares and species evenness
Along with the changes in species numbers, the removal treatment proved to be successful
regarding the shares of the three functional groups (for detailed description of the results
see Petersen et al. 2012). While the immediate effects of removal of dicot- and monocotspecies on the shares of grasses and herbs were significant, three years after herbicide
application the changes in sward composition were weakening and disappeared by the
fourth year. Nevertheless, we found significantly larger shares of grasses in fertilized plots
and significantly larger shares of herbs in plots cut three times even in the last observation
period, suggesting that along with high natural resilience of this grassland‘s species
composition, management matters for the sward diversity.

It was previously found that the productivity of plots within natural vegetation was related
more to the relative composition of species (evenness) than to the number of species, with
predominantly negative relationships between the two variables (Laird et al. 2003, Mulder
et al. 2004). In our study, there was a significantly positive correlation between species
evenness and productivity found, but the degree and the direction of this correlation varied
across the years while the effects of the main experimental factors (fertilization, cutting
frequency and sward type) had various effects on species evenness as well. We suggest
that when a positive relationship was found between species evenness and productivity
(e.g. in the years 2010 and 2012), the sward composition at our site became more even,
productive species took advantage of an increased nutrient input, but not at the expense of
limiting growth of the less-dominant species. It seems that in this grassland coexistence of
the characteristic matrix of large productive grasses (Dactylis glomerata, Lolium perenne)
and shorter sub-dominant grasses (Agrostis capillaris, Festuca rubra) and herbs (Veronica
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chamaedrys, Ranunculus repens) was possible also under increased fertilization levels. It
was previously shown that species composition might be highly variable and change
according to the environmental conditions while species richness stays within narrow limits
(Brown et al. 2001). Interestingly, in our study the species composition of most plots did not
differ significantly after five years compared to the initial composition suggesting that this
grassland remained rather stable concerning the species richness reaction on mid-term
(multivariate analysis of the vegetation composition performed with Canoco (ter Braak &
Šmilauer 1997-2004) revealed a short gradient of the variation of vegetation relevés in the
dataset for the whole investigation period, data not shown).

Diversity-productivity relationship in a real-world grassland
Our results suggest that the absence of a direct effect of species richness on above-ground
biomass production regarding the whole investigation time-period is the result of multiple
direct and indirect effects of fertilization, sward composition and cutting frequency. In the
year 2010, however, the sward diversity had an effect on the biomass production, and it
might be due to combination of still pronounced differences in the sward diversity and better
nitrogen use efficiency in the control sward (as shown by Keuter et al. 2012). Laird et al.
(2003) considered that the absence of a relationship between diversity and productivity in
an old field might have been due to competitive dominance causing deterministic structuring
of the vegetation composition. Jiang et al. (2009) compared the findings from synthetic and
natural communities and suggested that reduction in diversity in a natural community does
not necessarily result in the reduced presence of productive species, thus a negative effect
of reduced diversity on productivity may not apply. We could not find any consistent effects
of diversity on productivity across the experimental years. While dominant species are the
most important factors in determining ecosystem processes and properties (Grime 1998,
Mokany et al. 2008), it seems that their contribution to the above-ground biomass
production did not cause a reduction of the numbers of less-dominant species in this
grassland and the effects of species richness on productivity were therefore not significant.

In line with the results reported by Assaf et al. (2011) who found that species richness poorly
explained productivity in managed grasslands, we found that species number had no direct
effects on the above-ground biomass production only and that sward diversity had a positive
effect on biomass production in the year 2010 when the control swards had higher drymatter yields compared to the further two sward types. Keuter et al. (2012) found in the year
2010 a better N-use efficiency in the control sward plots which may have improved biomass
production under the exceptionally dry summer months. Bernhard-Römermann et al. (2011)
investigated the effects of climate, species and functional diversity on the biomass yields in
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temperate environments and found that the importance of each factor depended on the
nutrient status and management frequency of the system. In our study, fertilization and
cutting frequency were the determining factors of productivity. We suppose that in the dry
summer period 2010 the not disturbed shares of grasses, herbs and legumes in the control
sward composition might have compensated in terms of yield production for the reduced
effects of fertilizer under drought conditions.

Need for more biodiversity experiments in real-world grasslands?
On the one hand, the needs for agricultural production in Europe are still growing and large
areas of temperate grasslands are needed as the primary source of forage for cattle and
other grazing animals, which drives the attention to maximizing their production potential.
Such grasslands, however, are mostly represented by relatively species-poor mixtures
sown on highly fertilized arable land. On the other hand, species-rich grasslands often
receive a special status of high biodiversity value and are not used for agricultural practices
anymore. Changes in species diversity do not only directly influence the ecosystem
processes but have also direct links to ecosystem services, resilience of the ecosystem and
resistance to disturbance (Chapin et al. 2000). Managing for improved biodiversity and for
conservation is particularly challenging in agriculturally used areas (Hopkins & Holz 2006).
And while experimental grasslands can on the one hand sometimes offer more insights into
the functioning of the ecosystems (e.g. Spehn et al. (2000) who reported that in
experimental grassland communities mixtures perform better than monocultures suggesting
complementary resources use), effects of realistic species losses can be studies better in
removal experiments (Diaz et al. 2003, Jiang et al. 2009). Therefore, it is particularly
important to study the patterns of diversity effects on ecosystem functioning in the realworld ecosystems.

Implications for agricultural land use
Our results suggest that with proper management strategies, providing sufficient resources
for the least-productive species, it is possible to maintain sustainable biomass production
levels without losing many plant species. Increasing cutting frequency, for instance,
promoted species gains over the years compared to the plots cut only once a year in our
study. Previous work has indicated that extensification might not be an adequate measure
to increase grassland diversity (Schmid 2002). The studied grassland ecosystem was quite
resilient and after disturbance bounced back to the original state of its long-term well-tried
functional group composition while an increase of above-ground biomass production was
mainly achieved by an appropriate management without a trade-off of losing diversity.
Weigelt et al. 2009, as well as Tilman et al. (2012) found recently that the use of diverse
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mixtures might be more effective in increasing grassland productivity of some crops than
fertilization and may provide better ecosystem services. We found that at least on a midterm basis it was possible to improve productivity of an old grassland and even gain new
species through management adapted to the site conditions without the need of reseeding
it with diverse species mixtures. The high nature value of this really long-term grassland
system might thus be even higher, especially regarding its capacity for carbon storage, for
example, provided the soil is not disturbed by plowing activities. Still, further monitoring of
vegetation diversity should not only include species number but also composition as it
seems to react faster to changes in agricultural management.
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General discussion
The present work investigated several aspects of the relationship between diversity and
productivity in a semi-natural grassland, including the effects of sampling scale, plant
identity, and impacts of management. Biodiversity and ecosystem functioning were among
the most intensively studied research topics lately, and a number of studies were conducted
to investigate the different ecosystem processes, often including various methods and
approaches. Nevertheless, there are more topics which need to be studied. Those include,
for instance, the effects of biodiversity on ecosystem functioning in real-world species
losses (Schmid & Hector 2004) which might imply impacts on the state of ecosystem
diversity and provision of ecosystem services. I will further discuss the findings of this study
regarding recent work by other authors and relevance of the experimental results for the
state of knowledge on semi-natural temperate grasslands, as well as the implications for
agricultural management and multifunctional use of landscapes. I will primarily concentrate
on the following questions. Does the spatial scale at which the relationship between
diversity and productivity is investigated affect this relationship? Whether and how does
plant functional diversity impact the relationship between biodiversity and above-ground
biomass production and what is the role of agricultural management in the diversityproductivity relationship?

The first chapter of this thesis was aimed at investigating the effects of the scale of sampling
on the relationship between species diversity and productivity. We found that harvesting at
smaller spatial scales did not always reflect the relationship between diversity and
productivity found at larger sampling scales. Species identity seemed to be important, on
the other hand, particularly at small spatial scales. It is therefore important to include scale
in future studies in natural and semi-natural grasslands particularly when those are
characterized by patchy structure of the vegetation composition. It will allow not only to
describe better vegetation diversity but will also ensure that the findings are not biased by
the size of the vegetation relevé quadrats and species selection effects. Our results are in
accordance with Grace et al. (2007) who reported that influence of small-scale diversity on
productivity in mature communities can be a weak force. We often found non-significant
relationships between diversity measures and productivity. In an observational study on
multiple herbaceous communities in the Czech Republic Šimova et al. (2013) did not find
any universal form of the relationship between species diversity and productivity. We could
experimentally show that under different management regimes the relationship between
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diversity and productivity varied. While selection of the vegetation relevé size of 1 m² seems
to be a reasonable choice in many studies (Dolnik & Breuer 1998), biomass data collected
from the plots of identical size might have a certain inaccuracy. In our study the largest
variation of the data was typical at the spatial scale of 1 m². The high variation in the data
regarding harvested biomass might often be the case in the studies on natural and seminatural grasslands where vegetation composition might consist of patches of tall and
productive grasses (Dactylis glomerata in our study) and short less productive grasses and
herbs (Agrostis capillaris, Festuca rubra, Veronica chamaedrys in our study). Due to the
natural heterogeneity of the vegetation cover and varying relationship between aboveground biomass production and diversity, it is therefore important to consider selection of
an appropriate sampling scale for vegetation surveys and harvesting of biomass and to
include scale variable in the models exploring the functioning of semi-natural grassland
communities. The effects of management should also be studied further in detail as
management tends to affect species composition in agricultural grasslands.

The second chapter of this thesis was dedicated to exploring the effects of management
intensification on the diversity-productivity relationship with a focus on plant functional traits
of dominant species and their role in this relationship. We concentrated on the dominant
species diversity as several previous studies (among others Mokany et al. 2008) reported
that the traits of dominant species influence ecosystem processes and properties. In our
study, we did not only explore the effects of dominant species’ traits on the above-ground
biomass production, but also the impacts of management on changes in the functional
diversity of dominant species. We found that fertilization led to decrease of different diversity
measures (such as evenness, number and functional diversity of dominant species)
whereas increasing cutting frequency positively affected these measures. Our results are
in line with the findings by Flynn et al. (2009) who reported that land-use intensification
leads to the reduction of functional diversity beyond changes in species richness. In our
study, while overall species richness was not affected by the management intensification,
at least on the mid-term, changes of the vegetation composition could be detected through
evenness and functional traits. It seems therefore that it is important to include management
aspects and multiple measures of diversity in future studies on semi-natural grasslands to
understand better the link between management intensification and ecosystem processes
in these systems. While overall species richness may not change dramatically due to
management intensification, at least on short or mid-term basis, there still might be more
benefits of swards with higher diversity which should not be overlooked. Many authors,
among others de Bello et al. (2010), Balvanera et al. (2006), showed that high diversity is
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needed for many ecosystem processes. It is therefore important to monitor other diversity
parameters, beyond species number only.

The last chapter of this thesis summarized the results of the whole experimental period
regarding the diversity-productivity relationship and addressed such an important question
as whether diversity is the main predictor of productivity in a semi-natural permanent
grassland. It was highlighted by several authors that it is crucial to take biodiversity
experiments to more “real-world” systems and consider long-term and large-scale effects
of biodiversity on productivity in grasslands (Schmid & Hector 2004, Lemaire et al. 2005).
We found that species richness was a poor predictor of diversity while fertilization and
cutting frequency were the main factors influencing the above-ground biomass production.
In the study by Roemermann et al. (2011) contribution of species richness and functional
diversity depended on nutrient status and management frequency. Our results, on one
hand, support these findings as management variables were of primary importance for
above-ground biomass production, but on the other hand, overall species richness in our
study did not decrease dramatically with nutrient input compared to not fertilized swards in
the investigation period but certain changes in species evenness and composition were
detected. Sward type had significant effect on productivity only in the year 2010 which might
be associated with particularly dry conditions in the summer months before July harvest, so
that control sward performed better regarding overall dry-matter yield than monocot- and
dicot-reduced swards. Interestingly, changes in overall species number were not significant
over the whole investigation time period. Increasing cutting frequency even promoted
establishing of new species on plots cut three times a year. In the study by Fenner & Palmer
(1998) the identity of species changed under addition of nutrients, but there were no
consistent trends in species numbers. It seems that at our site vegetation composition
reacted to management intensification with certain stability in overall species number. It
may be argued that agriculturally used semi-natural grasslands are often rather speciespoor, but this fact may be due to the land use changes that have already taken place in
European agricultural grasslands in the twentieth century. By reseeding permanent swards
and increasing fertilization levels humans induced irreversible changes of biodiversity.
Thus, our findings can be seen as a supporting idea for considering the use of permanent
swards and not further reseeding them to provide sustainable yields, as suggested by
Tilman et al. (2012) who showed recently that the use of diverse mixtures might be more
effective in increasing productivity of some crops than fertilization and may provide better
ecosystem services. Permanent grasslands can provide many other ecosystem services,
beyond only biomass production and should therefore be viewed as multifunctional systems
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which play an important role in habitat provisioning, pollination services and carbon
sequestration.

GrassMan project addressed biodiversity and ecosystem functioning issue from a rather
new perspective. Taking the experimental approach to the “real-world” ecosystem seems
to have given us new insights in the different aspects of the diversity-productivity
relationship. Biodiversity can be both: externality of multifunctional land-use and its result
at the same time, and can thus contribute to delivery of multiple ecosystem functions
(Hopkins & Holz 2006).

In our study we explored only some aspects of ecosystem functioning, such as aboveground biomass production and biodiversity relationship, but certainly addressing the issues
of spatial scale, multiple measures of functional diversity and including management effects
was an advantage of exploring this relationship in agriculturally used grassland using
experimental approach. Our findings suggest that permanent swards are important for
considering using them for optimising sustainable herbage production under appropriate
management. While productivity of grasslands is dependent on balanced fertilization and
cutting frequency selected for each particular site and environmental conditions, it should
not be forgotten that other ecosystem services which are delivered by grassland system
might require high species diversity (Isbell et al. 2011, MacDougall et al. 2013).
Furthermore, preventing ploughing activities on old grasslands may affect their contribution
to carbon storage and delivering other ecosystem services, such as soil microbial diversity
or erosion control, more stable yields and further benefits.
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Summary
Present study was aimed at examining the effects of spatial scale, plant identity and
management on the relationship between diversity and productivity in an old semi-natural
grassland in the Solling uplands, Germany. The study was conducted in the framework of
the Grassland Management (GrassMan) experiment which is a part of the Excellence
cluster „Functional Biodivesity Research“ at the University of Goettingen. The experimental
field is a Lolio-cynosuretum semi-natural permanent grassland with more than a hundredyear old history of extensive agricultural use. The three experimental factors (sward
composition, fertilization and cutting frequency) results in 12 different treatments and are
set in Latin Rectangle, comprising 6 replications of each treatment. Experimental approach
that we used, the so called „removal experiment“, is aimed at studying the effects of removal
itself and recovery of the vegetation after disturbance, as well as the different aspects of
ecosystem functioning
In the first chapter we investigate the effects of sampling scale on the relationship between
species diversity and productivity. So far, many observational studies, conducted in seminatural grasslands, explored the relationship between species diversity and productivity at
the common size of vegetation surveys of 1 m² or larger, selected according to the species
minimum areal. Experimental studies, on the other hand, referred to the small-scale effects
of diversity and productivity relationship which often caused the problem of extrapolating
and generalizing of their results to more natural plant communities. We studied the effects
of spatial scale on the biomass production and diversity relationship by selecting four spatial
scales: small (0.04 m² and 0.16 m²), medium (1 m²), large (9 m²), and very large (225 m²)
and comparing the power of this relationship, including the effects of agricultural
management. We found that the relationship between diversity and productivity of a seminatural grassland differed across the scales of sampling and that harvesting of the biomass
at small spatial scales did not always fully reflect the relationship between the two variables
(which often turned into insignificant at larger spatial scales). The most common size of
plots for vegetation surveys, being 1 m², in this study showed high variation, both in
vegetation composition and harvested biomass. Management system established at the
field seemed to play a role in the direction of this relationship (positive or negative). So,
plots cut three times a year, becoming more homogeneous (more even) in vegetation
composition showed a positive relationship between diversity and productivity. We suggest
that selecting an appropriate spatial scale is therefore very important in heterogeneous
natural grasslands, also those agriculturally managed. While in more homogeneous
environments rather small spatial scale is adequate for describing the composition and
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many aspects of ecosystem functioning, in more heterogeneous habitats it is important to
include this parameter in the analysis.
In the second chapter we present the results of a study on the effects of management
intensification in a permanent grassland and the response of overall and dominant species
diversity. A removal experiment in the Solling uplands, Germany (three sward types: control,
dicot-reduced and monocot-reduced) employed four different levels of management
intensity resulting from a combination of two factors: fertilization (no and 180-30-100 kg ha
-1

year

-1

of N-P-K, respectively) and cutting frequency (cut once and three times a year).

This study was conducted over two years (2010, 2011), starting with a third year after
introducing the management treatments. We defined species diversity by species number
per plot as well as evenness and identified dominant species, making up about 80% share
of the yield. We collected information on several plant functional traits for each of the
dominant species: plant height, leaf dry matter content, stem dry matter content, leaf
specific area, green leaves / total leaves ratio, stem specific density, and calculated
additionally the ratio of stem specific density and plant height. Further measures of
functional diversity included functional group shares, functional diversity index, defined as
the total branch length of the traits-species cluster diagram, and aggregated plant functional
traits for each plot. We found that management intensification did not affect the total species
number, but affected species evenness and functional diversity of dominant species,
including their number and identity. Correlations of above-ground biomass and several
dominant species’ traits were responsible for fertilization effects on above-ground
productivity in this grassland. This indicates the importance of monitoring not only species
richness but also other measures of diversity, as well as including management aspects in
studies of plant functional traits in grasslands.
In the third chapter of the thesis we present the results from the whole investigation period
and summarize the findings of the GrassMan experiment regarding the relationship
between species richness and productivity, as well as the changes in species number over
time and the main determinants of productivity. We analyzed the overall effects of species
diversity expressed in species number, functional group composition and species identity
effects on the above-ground biomass production. We found that the effects of species
richness on the productivity were rather weak while the functional group diversity was a
better predictor of productivity in some years. Intensifying the management, however,
caused higher above-ground biomass production. It also affected species composition and
evenness: increasing cutting frequency increased the evenness while increasing
fertilization decreased it. We suggest that functional group richness might be important for
better use of available resources. We conclude that existing species composition under
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appropriate agricultural management seems to have a potential for sustainable forage
production without significant species losses, when not used and fertilized too intensively,
and without the need of being converted to arable land or manipulating the species
composition. The changes in species diversity should, however, be monitored, including not
only species number but also other parameters, such as vegetation composition and
functional group shares.
We finally discuss that our findings do not necessarily support the evidence from
experimental studies on sown grasslands which often found that species richness had a
defining role in biomass production. While overall species richness was of relatively less
importance than management in this grassland, species composition was changing beyond
just the number of species. We thus underline the importance of bringing biodiversity
experiments to the „real-world“ ecosystems and suggest that thorough consideration of
spatial aspects of the diversity-productivity relationship, as well as incorporating multiple
measures of diversity in the experiments, conducted in agricultural grasslands under
appropriate management strategies, might give better insights in their functioning and serve
as motivation for farmers to conserve existing species diversity. Apart from the number of
important ecosystem functions, providing fodder for herbivores and ruminants, conserving
natural vegetation composition contributes to delivering further ecosystem services, which
could support cultural and biodiversity benefits of the agricultural landscapes.
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Appendix
Appendix 1. Supporting information for Chapter 1 (Supplementary table 1).
Precipitation and mean air temperatures (mean 1960-1990) at Silberborn, Solling Uplands (German
Weather Service, 1960-1990) and at the GrassMan site at 2 m height (2009-2012, overall dataset
for corresponding years available from 2009 onwards)
Mean 1960-1990
Precipitation (mm)
Temperature (°C)
2009
Precipitation (mm)
Temperature (°C)
2010
Precipitation (mm)
Temperature (°C)
2011
Precipitation (mm)
Temperature (°C)
2012
Precipitation (mm)
Temperature (°C)

April

May

June

July

Aug

Sep

Annual

77
6

84
11

108
14

97
15

85
15

78
12

1031
7

22
11.6

70.4
11.8

52.9
12.5

112.6
16

48.9
17.3

80.6
13.5

1000.6
7.8

15
7.8

113
8.5

26
15.7

47
19.8

182
15.4

102
11.4

1110
6.6

41.8
11.3

23.3
12.7

61
15.2

110.9
14.5

125.3
16.6

54.8
14.8

724
8.9

45.3
6.7

59.3
13.1

104.6
13.2

112.3
15.7

49.6
17.4

29.4
12.3

810.1
8.6
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Appendix 2. Supporting information for Chapter 1 (Supplementary table 2).
Summary of linear models between productivity and species richness according to each
management system (block and row included as fixed effects if their effects were found significant),
p-value (p) and R²; n=18. Small scale in 2010: 0.16 m², in 2011: 0.04 m². Further scale levels:
medium: 1 m², large: 9 m², plot: 225 m²

Cut
May

Scale
small
medium
large
very large

July

small

medium

large

very large

Sep

small
medium
large
very large

Environment
3xno
3xNPK
3xno
3xNPK
3xno
3xNPK
3xno
3xNPK
1xno
1xNPK
3xno
3xNPK
1xno
1xNPK
3xno
3xNPK
1xno
1xNPK
3xno
3xNPK
1xno
1xNPK
3xno
3xNPK
3xno
3xNPK
3xno
3xNPK
3xno
3xNPK
3xno
3xNPK

2010
p
0.06
0.77
0.37
0.13
0.54
0.68
0.89
0.96
0.07
0.49
0.71
0.03
0.63
0.89
0.37
0.84
0.38
0.07
0.18
0.20
0.57
0.65
0.9
0.01
0.03
0.96
0.06
0.41
0.08
0.62
0.17
0.08

Slope
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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R²
0.2
0.006
0.05
0.14
0.04
0.01
0.001
0.001
0.18
0.03
0.009
0.26
0.02
0.001
0.05
0.002
0.05
0.18
0.11
0.10
0.02
0.01
0.001
0.48
0.66
0.002
0.20
0.04
0.51
0.02
0.51
0.17

Slope
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

2011
p
0.47
0.27
<0.01
0.28
0.13
0.07
0.26
0.59
0.03
0.62
0.87
0.96
0.88
0.03
0.95
0.07
0.25
0.54
0.8
0.20
0.26
0.09
0.65
0.22
0.12
0.47
0.17
0.76
0.33
0.62
0.68
0.62

R²
0.35
0.45
0.40
0.21
0.14
0.60
0.28
0.02
0.25
0.02
0.002
0.002
0.002
0.25
0.003
0.19
0.08
0.02
0.004
0.10
0.08
0.32
0.01
0.09
0.14
0.03
0.12
0.07
0.06
0.02
0.001
0.02

Appendix 3. Supporting information for the Chapter 1 (Supplementary table
3).
Summary of linear models between productivity and species evenness according to each
management system (block and row included as fixed effects if their effects were found significant),
p-value (p) and R²; n=18. Small scale in 2010: 0.16 m², in 2011: 0.04 m². Further scale levels:
medium: 1 m², large: 9 m², plot: 225 m²
2010
2011
Cut

Scale

Environment Slope

May

small

3xno
3xNPK

medium
large
very large
July

small

medium

large

very large

Sep

small
medium
large
very large

R²

Slope

+
-

0.19
0.32

-

0.02
0.72

0.62
0.03

3xno

-

0.74

0.007

-

0.80

0.06

3xNPK

+

0.12

0.14

-

0.87

0.04

3xno

-

0.70

0.01

-

0.10

0.15

3xNPK

+

0.94

0.001

+

0.20

0.10

3xno

+

0.14

0.13

+

0.01

0.16

3xNPK

-

0.30

0.07

-

0.85

0.002

1xno

-

0.55

0.02

-

0.17

0.12

1xNPK

-

0.54

0.02

-

0.56

0.02

3xno

-

0.13

0.14

+

0.87

0.002

3xNPK

-

0.07

0.27

+

0.08

0.18

1xno

+

0.82

0.003

+

0.82

0.006

1xNPK

+

0.79

0.004

-

0.84

0.003

-

0.16
0.09

0.12

3xno
3xNPK

-

0.12

0.17

-

0.87

0.002

1xno

-

0.35

0.05

-

0.68

0.01

0.69
0.04

0.01

1xNPK

+
-

3xno

-

0.09

0.10

-

0.10

0.15

3xNPK

-

0.09

0.17

-

0.24

0.09

1xno

0.79
0.04

0.005

-

0.31

0.06

1xNPK

+

0.25

+

0.09

0.13

+

0.12
0.03

0.14

3xno
3xNPK

-

0.5

0.02

-

<0.001

0.52

3xno

-

0.62

0.38

+

0.64

0.01

3xNPK

-

0.01

-

0.14

-

0.55
0.05

0.02

3xno

0.66
0.02

3xNPK

-

0.93

0.002

-

0.20

0.10

3xno

+

0.18

0.11

+

0.04

0.26

3xNPK

+

0.35

0.05

+

0.82

0.003

3xno

+

0.64

0.01

+

0.09

0.23

3xNPK

+

0.49

0.03

+

0.87

0.002
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p

R²

p
0.07
0.01

0.32

0.23

0.27

0.23

