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Abstract

Climate warming affects plant-plant interactions regulating species composition, productivity, structure, and dynamics in plant communities and ecosystems, which can often lead to a change in biodiversity. A competition experiment was set up to investigate the effect of warming on plant-plant interactions in semi-dry grasslands. The dominant grass Festuca rupicola and the four rare forbs Biscutella laevigata, Filipendula vulgaris, Scabiosa canescens, and Veronica spicata were placed in pots at similar densities but in mixtures with varying composition, monocultures, and as single individuals. In growth chambers, ambient temperatures (20°C by day / 10°C by night) and temperatures predicted under climate change (+ 3.5 °C) were simulated. After nine months, biomass and leaf number were measured and plant-plant interactions calculated. Under ambient conditions, the growth of three forbs was significantly reduced by increasing grass density, which indicated stronger interspecific than intraspecific competition. The growth of the grass decreased with a significant increase in interspecific competition, while F. rupicola mainly suppressed itself by intraspecific competition in the monoculture treatment. However, B. laevigata reacted in a contrasting way
 when the grass did not vary in competition. Under the predicted temperatures, all four forbs significantly increased in growth performance, but the grass showed a different pattern: biomass increased with F. vulgaris, remained unchanged with B. laevigata and S. canescens,  and decreased with V. spicata. This led to a different pattern in interspecific and intraspecific competition, which strongly positively affected only B. laevigata and V. spicata. Under predicted temperatures, the grass significantly reduced the magnitude of competition in the presence of F. vulgaris and S. canescens, but these forbs did not change their competitive ability in comparison to the ambient conditions. 
Under warming, some forbs like B. laevigata and V. spicata can benefit but others are unaffected, while the grass decreased or remained unchanged in growth performance and competition ability. All in all, the results estimate the relative roles of species-specific responses to neighboring species in shaping patterns of plant performance and biodiversity in the face of warming in semi-dry grasslands.
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Introduction

Currently, climate change is exerting three main effects on global plant biodiversity: (1) Ecosystem resilience is exceeded by a combination of climate change, anthropogenic disturbance, and other drivers of global change. (2) A temperature increase of more than 1.5 - 2.5 °C and rising atmospheric CO2 concentrations cause a major change in ecosystem structure, functioning, and species interactions. (3) Globally, 2 - 30% of all plant species face increasing extinction risk (Enright 2014). 


Several studies have investigated the reaction of plant communities to predicted warming and found numerous potential responses to higher temperatures, with the stimulation of primary productivity principally caused by the alteration of reaction kinetics (Larcher 2003), the lengthening the growing season (Walther 2003, Cleland et al. 2007), and improved nutrient availability for plant uptake (Rustad et al. 2001). Such stimulations can lead to changes in plant-plant interactions, which play a key role in the regulation of species composition, community dynamics, and ecosystem functioning (Callaway 1995, Whitford 2002, Brooker 2006, Thorpe et al. 2011). The effect of climate change on particular plant species can be direct by altering their physical environment, but also indirect by altering species interactions, which may influence population dynamics (Suttle et al. 2007, Adler et al. 2008, Liancourt et al. 2013). Climate change can affect the focal species directly or indirectly through its effects on the abundance of other species in the surrounding community that act as competitors, predators, mutualists, and pathogens (Adler et al. 2009, Levine et al. 2010). 


Plant-plant interactions are manifold; they depend on both environmental conditions and specific plant traits (Holmgren et al. 1997, Callaway & Walker 1997, Callaway 2007). Negative interactions (i.e. competition) are identified as plants competing for light, nutrients, water, space, pollinators, etc., while positive interactions (i.e. facilitation) include the protection of neighboring plants against the impact of competitors, herbivores, and climatic extremes. Positive interactions lead to the allocation of additional resources through canopy leaching, nutrient enrichment, and the formation of microbial and mycorrhizal networks (del-Val and Crawley 2005, Kuijper et al. 2005, Weigelt et al. 2007, Brooker et al. 2008, Craine and Dybzinski R. 2013). In addition, plant-plant interactions can be between the individuals of a conspecific species (intraspecific interaction) or between the individuals of different species (interspecific interaction). The prediction of coexistence theory indicates that the effect of intraspecific competition must be more negative than the limitation by interspecific competition to provide a stabilizing mechanism in regulating species abundance and coexistence (Chesson 2000, Silvertown 2004).

Warming can cause biomass to sharply decrease in species-rich grassland communities


; this decrease may be attributed to the negative impacts of intense interspecific competition 
(De Boeck et al. 2008). In effect, particular species can show different species-specific responses. For example, after experiencing warming between 2 and 3 °C, the grass Festuca rubra decreased in biomass and height, whilst the same parameters of the forb Trifolium pratense remained unchanged (Zhang et al. 2008). Also, species of different functional groups, such as as grasses, forbs, and legumes, reacted differently to warming. For instance, Phleum pratense (grass) and Plantago lanceolata (forb) significantly increased in biomass as a result of the increase in nutrient availability through accelerating microbial activity following soil warming (1.7 and 3.4 °C), whereas Trifolium pratense 
(legume) growth was not promoted, possibly due to being part of another functional group (Thakur et al. 2014). Seedlings of a temperate grass (Austrodanthonia caespitosa) descending from plants grown under artificial warming were 20% smaller than those cultivated from unwarmed plants, suggesting that global warming will most likely reduce population growth or distribution of this dominant grass (Hovenden et al. 2008). Furthermore, in a competition experiment in California, the rare endemic annual forb Amsinckia grandiflora (Boraginaceae) was suppressed by competition from exotic annual grasses, but it developed better in the presence of the native perennial grass Poa secunda. However, both exotic and native grasses caused a reduction in biomass and number of flowers in the forb (Carlsen et al. 2001). 


The magnitude and direction of species-specific responses to warming can lead to changes in plant-plant interactions that vary with location depending on site conditions, biota, and management (White et al. 2012). As such, the prediction of climate change effects on dry grasslands is of great conservation interest, particularly with respect to ecosystems that have become vulnerable to climate change as a result of a long evolutionary history between climate and grassland productivity, nutrient cycles, and the evolution of associated species (Richter & Osborne 2014). Dry and semi-dry grasslands are widely characterized by having a high diversity of rare and endangered plant species (Vrahnakis et al. 2013) that are often adapted to habitat conditions with higher temperatures. This precondition suggests that such xerothermic species may be promoted under global warming. Partzsch (2013) reported that growth of the rare forb Dianthus carthusianorum strongly increased following a temperature increase of 3.5 °C, while that of the dominant grass Festuca rupicola declined. In other words, under future climate conditions, a switch in plant-plant interactions was triggered that reduced interspecific competition from the grass to the forb. Such changes are of great concern, as a reduction in the abundance of a dominant species can have widespread consequences in terms of habitat quality and ecosystem functioning (Hovenden et al. 2008). In order to provide a wider and more robust understanding of plant community dynamics under future climate conditions, growth performance and plant-plant interactions between grasses and forbs need to be investigated further. 


In this study, a pair-wise competition experiment including mixtures,   monocultures, and single individuals was conducted to compare plant-plant interactions of different forbs with the grass Festuca rupicola, which became widespread by the prevalence of traditional grazing in the past decades
. The experiment was conducted under ambient and predicted (warmer) temperature regimes using climate growth chambers and with varying compositions of four rare, subordinated forbs, Biscutella laevigata, Filipendula vulgaris, Scabiosa canescens and Veronica spicata, and the dominant grass F. rupicola. The following hypotheses were tested: (1) The growth performance of the semi-dry grassland forbs is promoted by warming, while the grass is negatively or not affected, and (2) the balance between inter- and intraspecific interactions between the forbs and the grass changes in such a way that the forbs face less competition after warming.

The growth performance and biotic interactions of the species were estimated by assessing aboveground biomass and number of leaves, and by the calculation of the Relative Interaction Index. The results should help to estimate the relative roles of individual responses and species interactions in shaping patterns of plant performance and biodiversity in semi-natural grassland communities in central Europe in the face of warming.
Material and methods

Study species

Festuca rupicola Heuff. (Gramineae) is a perennial, 15-80 cm high tussock grass. The dicotyledonous species Biscutella laevigata L. (buckler mustard; Brassicaceae), Filipendula vulgaris Moensch (meadow sweet; Rosaceae), Scabiosa canescens Waldst. et Kit. (Fragrant scabious; Dipsacaceae), and Veronica spicata L. (syn. Pseudolysimachion spicatum (L.) Opiz; Spiked speedwell; Plantaginaceae) are perennial hemicryptophytes that develop half rosettes and grow between 15 and 70 cm high. All five species are submeridional and distributed throughout southern temperate Europe (Jäger 2017). They occur together in semi-dry grassland communities of the class Festuco-Brometea (Class according to Zurich-Montpellier system; Ellenberg and Leuschner 2010), which have been promoted by grazing since the early Middle Ages (Richter et al. 2003). Due to the recent abandonment of pastures in the dry semi-natural grasslands in  central Germany, diverse grass species have become dominant while forbs have declined (Partzsch 2000, 2011). With the exception of Filipendula vulgaris, the abundance of the other forbs is currently declining, and the species are endangered and registered on the German Red List. Additionally, Biscutella laevigata and Veronica spicata are statutorily protected species in Germany (Korneck et al. 1996). In contrast, the grass F. rupicola is common and has spread extensively during the past decades as a result of traditional land-use change (Partzsch 2000, 2001). The abundance of the grass in its respective plant communities has consequently increased from ca. 25% to more than 90%, and it has converted the former species-rich communities into species-poor stands. Across the different semi-dry grassland communities (Festuco rupicolae-Brachypodietum pinnnati Mahn 1959 emend., Filipendulo-Helictotrichteum pratensis Mahn 1965), the abundance of the four forbs is rare, comprising only between 1 and 5% of the vegetation cover (Partzsch 2000).

 
All study species are very similar in their germination biology in that seeds are not dormant and they germinate quickly following dispersal. For the current study, mature seeds of 10 to 15 individuals of the species from five to eight populations were collected from semi-dry grassland in the surroundings of Halle (Saale) at the end of August 2011 (F. rupicola, S. canescens, V. spicata) and July 2013 (B. laevigata, F. rupicola, F. vulgaris) and pooled.

Competition experiment

In order to investigate the effect of plant-plant interactions between the single forbs with the grass F. rupicola under ambient and predicted (warmer) temperature conditions, a competition experiment, including mixtures, monocultures, and single individuals was conducted in climate-controlled growth chambers. This type of experiment was used because it is "particularly elegant for studying the interactions involving two species" (Harper 1977) and other environmental conditions should be kept constant. The proportion of species within mixtures was varied, with the total number of individuals capped at five per pot, which is similar to field densities after the species reach maturity
. The experiments comprised monocultures of five individuals of each species: B. laevigata (abbreviated to Bi5), F. vulgaris (abbreviated to Fi5), F. rupicola (abbreviated to F5), S. canescens (Sc5) and V. spicata (Ve5) and eight
 mixtures: four to one individuals of each forb was mixed with one to four individuals of F. rupicola (B. laevigata: Bi4F1, Bi3F2, Bi2F3, Bi1F4, F. vulgaris: Fi4F1, Fi3F2, Fi2F3, Fi1F4, S. canescens: Sc4F1, Sc3F2, Sc2F3, Sc1F4, and V. spicata: Ve4F1, Ve3F2, Ve2F3, Ve1F4).  In order to calculate the intensity of plant-plant interactions, the experiments included also cultures of a single individual of each species (abbreviated Bi1, Fi1, F1, Sc1, Ve1).


Seedlings were planted in spring 2012 (S. canescens, V. spicata, both with F. rupicola) and in 2014 (B. laevigata and F. vulgaris, both with F. rupicola) into plastic pots (10 x 10 cm x 11 cm high, containing 250 g dry mass of soil substrate). Individuals were evenly spaced in the pots with the less abundant species placed in the middle. One gram of NPK granule fertilizer (Basacote Plus 9M, 15% N; produced by COMPO GmbH & KG) was added to the potting soil in each pot, in order to simulate nutrient conditions in semi-dry grasslands.


The climate conditions in the growth chambers simulated a light regime (illumination 1850 (mol s–1 m–2) of 10 hours light and 10 hours darkness, in which the light phase started and ended with a twilight period (illumination 80 (mol s–1 m–2) of two hours. The temperature regime in the first chamber simulated the approximate current summer temperature (20°C during the day and 10°C during the night), while the second chamber simulated the predicted temperature conditions following global warming 
(22/15°C), simulating a net increase of approximately 3.5°C. During the twilight phases, the temperature was gradually increased or decreased. The specific regimes were chosen because it is predicted that future night-time radiant emittance for central Germany will be much less than it is today (Easterling et al. 1997) and that night-time temperatures will increase to a greater degree than daytime temperatures. The pots and the climate conditions were rearranged between the two growth chambers and randomly placed each week to mitigate placement effects in the chambers. The pots were watered every third day. After nine months, the number of leaves per individual, leaf length (data not shown), and aboveground biomass (weighed after drying at 80 °C for eight hours) were estimated. Each mixture composition was replicated eight times, resulting in a total of 96 pots per species (6 composition treatments x 2 temperature treatments x 8 replications).
Data analysis

All plant parameter data collected were checked for normality and log-transformed to meet the assumptions of analysis of variance (ANOVA). One-way ANOVAs 
were used to compare biomass and leaf number of the five study species from  the single individual treatment under ambient and predicted temperatures.


Two-way ANOVAs were calculated to compare the performance of two plant parameters, aboveground biomass and number of leaves per individual, under the environmental factors (fixed factors), temperature (ambient, predicted), and mixture composition (monoculture, mixtures). HSD Tukey`s post hoc test (p<005) was used to compare the differences between the mixture compositions.


The intensity of plant interactions between the two plant species was calculated as the Relative Interaction Index (Armas et al. 2004):

RII = (P+N – P–N)/(P+N + P–N),

where P+N is the performance of the target plant in the presence of neighbors as a member of the opposite species (= mixture), and P–N is the performance of the target plant in the absence of any neighbors (single individual). The values range from –1 to 1 and are symmetrical around zero, with positive values indicating facilitation and negative values indicating competition. The calculation of the RII is based on the aboveground biomass per individual.

Statistical analyses were performed using SPSS 20.0 (2013).

Results

Growth performance of the single individuals of all five study species 

Single individuals of all four forbs produced higher biomass under the predicted temperatures, where the differences were highly significant in F. vulgaris, S. canescens, and V. spicata, but not in B. laevigata (Fig.1a). The biomass production of the grass F. rupicola was not affected by the temperature rise. 
Also, the number of leaves of all five species was not significantly affected by increasing temperature (Fig. 1b).
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Fig. 1 
Performance of above-ground biomass (a) and number of leaves (b) of a single individual of the forbs Biscutella laevigata (Bi), Filipendula vulgaris (Fi), Scabiosa canescens (Sc), Veronica spicata (Ve), and the grass Festuca rupicola (F) under ambient (grey bars) and predicted (black bars) temperature regimes (mean + SE). The letters show the significant differences between the two temperatures as a result of the one-way ANOVA´s and Tukey´s post hoc-tests.

Growth performance of the four forbs in mixtures with the grass and in monocultures

Biscute
lla laevigata 


In mixture with F. rupicola, the forb’s biomass and leaf number significantly increased with increasing temperature (Fig. 2a, b, Tab.1). The highest biomass and leaf number values were found in Bi1F4, which significantly decreased with decreasing number of grass individuals in the pots. The monoculture Bi5 was very similar to Bi4F1 and Bi3F2. There were significant interactive effects of temperature x mixture composition on both parameters.


In the 
monoculture treatment, the grass’s biomass and leaf number were not significantly affected by increasing temperature and mixture composition (Fig. 2c, d, Tab. 1). Only leaf number significantly increased with increasing number of grass individuals in the pot, with the highest number in the monoculture F5.

Filipendula vulgaris 


In mixture with F. rupicola, the forb’s biomass and leaf number  significantly increased with increasing temperature. The highest biomass and leaf number values were found in the monoculture Fi5, which significantly decreased with increasing number of the grass individuals in the pots (Fig. 3a, b, Tab.1). There were no significant interactive effects of temperature x mixture composition.


In mixture with F. vulgaris, the grass’s biomass and leaf number were significantly increased with increasing temperature (Fig. 3c, d, Tab. 1). The highest values were found in Fi4F1, which significantly decreased with increasing number of grass individuals in the pots. There were no significant interactive effects of temperature x mixture composition.
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Fig. 2 Performance of above-ground biomass and number of leaves of Biscutella laevigata (Bi) and Festuca rupicola (F) under ambient (grey bars) and predicted (black bars) temperature regimes (mean + SE) in mixtures and monocultures, ordered by increasing density of the species from left to right.
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Fig. 3 Performance of above-ground biomass and number of leaves of Filipendula vulgaris (Fi) and Festuca rupicola (F) under ambient (grey bars) and predicted (black bars) temperature regimes (mean + SE) in mixtures and monocultures, ordered by increasing density of the species from left to right. 

Scabiosa canescens 

In mixture with F. rupicola, the forb’s biomass significantly increased with increasing temperature, but leaf number did not. The highest biomass and leaf number values were found in the monoculture Sc5, which significantly decreased with increasing number of grass individuals in the pots (Fig. 4a, b, Tab.1). There were significant interactive effects of temperature x mixture composition on leaf number.


In mixture with S. canescens, the grass’s biomass and leaf number were not significantly affected by increasing temperature (Fig. 4c, d, Tab. 1). The highest values were found in Sc4F1, which significantly decreased with increasing number of grass individuals in the pots. There were significant interactive effects of temperature x mixture composition on leaf number.

Veronica spicata


In mixture with F. rupicola, the forb’s biomass and leaf number significantly increased by a factor between two and six with increasing temperature. The highest biomass and leaf number values were found in the monoculture Ve5 (with expectation of Ve1F4 under predicted conditions), which significantly decreased with increasing number of grass individuals in the pots (Fig. 5a, b, Tab.1). There were no significant interactive effects of temperature x mixture composition. 

In mixture with V. spicata, the grass’s biomass and leaf number were significantly reduced with increasing temperature (Fig. 5c, d, Tab. 1). The highest values were found in Ve4F1, which significantly decreased with increasing number of grass individuals in the pots. There were significant interactive effects of temperature x mixture composition only for leaf number.
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Fig. 4 Performance of above-ground biomass and number of leaves of Scabiosa ochroleuca (Sc) and Festuca rupicola (F) under ambient (grey bars) and predicted (black bars) temperature regimes (mean + SE) in mixtures and monocultures, ordered by increasing density of the species from left to right. 
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Fig. 5 Performance of above-ground biomass and number of leaves of Veronica spicata (Ve) and Festuca rupicola (F) under ambient (grey bars) and predicted (black bars) temperature regimes (mean + SE) in mixtures and monocultures, ordered by increasing density of the species from left to right. 

Table 1: Two-way ANOVAs testing the effect of temperature change (between ambient and predicted temperature regimes) and five mixture compositions, and the interaction effects on biomass, number of leaves and RII.  

	Source of variation
	df
	Biomass per individual [g]
	 
	Number of leaves per individual
	 
	Relative Interaction Index (RII)

	 
	 
	F
	P
	 
	F
	P
	
	F
	P

	Biscutella laevigata
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	49.053
	< 0.0001
	
	27.388
	< 0.0001
	
	28.527
	< 0.0001

	  Mixture composition (M)
	4
	15.842
	< 0.0001
	
	17.487
	< 0.0001
	
	23.162
	< 0.0001

	  T x M
	4
	5.529
	< 0.0001
	
	4.598
	0.002
	
	9.6210
	< 0.0001

	  Error
	70
	0.117
	
	
	0.061
	
	
	0.010
	

	Festuca rupicola
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	2.501
	0.118
	
	0.004
	0.952
	
	3.812
	0.055

	  Mixture composition (M)
	4
	2.137
	0.085
	
	5.490
	< 0.001
	
	2.085
	0.092

	  T x M
	4
	0.112
	0.978
	
	0.716
	0.584
	
	0.295
	0.880

	  Error
	70
	0.161
	 
	 
	0.120
	 
	 
	0.005
	 

	Filipendula vulgaris
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	35.701
	< 0.0001
	
	6.355
	0.014
	
	0.175
	0.677

	  Mixture composition (M)
	4
	44.444
	< 0.0001
	
	16.939
	< 0.0001
	
	126.334
	< 0.0001

	  T x M
	4
	0.480
	0.751
	
	2.388
	0.059
	
	1.089
	0.369

	  Error
	70
	0.260
	
	
	0.041
	
	
	0.001
	

	Festuca rupicola
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	45.859
	< 0.0001
	
	33.173
	< 0.0001
	
	65.689
	< 0.0001

	  Mixture composition (M)
	4
	80.297
	< 0.0001
	
	55.938
	< 0.0001
	
	91.488
	< 0.0001

	  T x M
	4
	0.487
	0.745
	
	2.306
	0.067
	
	0.632
	0.641

	  Error
	70
	0.058
	 
	 
	0.044
	 
	 
	0.006
	 

	Scabiosa canescens
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	29.534
	< 0.0001
	
	2.062
	0.156
	
	2.480
	0.120

	  Mixture composition (M)
	4
	18.201
	< 0.0001
	
	9.216
	< 0.0001
	
	31.607
	< 0.0001

	  T x M
	4
	1.310
	0.275
	
	2.970
	0.025
	
	0.817
	0.518

	  Error
	70
	0.546
	
	
	0.106
	
	
	0.008
	

	Festuca rupicola
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	0.779
	0.380
	
	6.978
	0.010
	
	4.684
	0.034

	  Mixture composition (M)
	4
	59.663
	< 0.0001
	
	92.790
	< 0.0001
	
	61.219
	< 0.0001

	  T x M
	4
	2.098
	0.090
	
	9.027
	< 0.0001
	
	1.549
	0.198

	  Error
	70
	0.092
	 
	 
	0.042
	 
	 
	0.009
	 

	Veronica spicata
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	36.939
	< 0.0001
	
	20.375
	< 0.0001
	
	51.612
	< 0.0001

	  Mixture composition (M)
	4
	9.718
	0.017
	
	1.920
	< 0.0001
	
	1.813
	0.136

	  T x M
	4
	6.784
	0.072
	
	0.780
	0.062
	
	1.419
	0.237

	  Error
	70
	0.752
	
	
	0.332
	
	
	0.019
	

	Festuca rupicola
	
	
	
	
	
	
	
	
	

	  Temperature (T)
	1
	3.510
	0.016
	
	3.836
	< 0.001
	
	3.263
	0.075

	  Mixture composition (M)
	4
	1.633
	0.030
	
	1.842
	< 0.001
	
	14.881
	< 0.0001

	  T x M
	4
	0.750
	0.275
	
	0.899
	0.034
	
	2.134
	0.086

	  Error
	70
	0.573
	 
	 
	0.325
	 
	 
	0.013
	 


Plant-plant interaction between the forbs and Festuca rupicola


Biscutella laevigata showed the highest significant RII in Bi1B4 (-0.19), which decreased with increasing forb individuals in the pots under the predicted temperature.
 Under ambient temperature, the RII values varied less and the smallest value (-0.76) was present in the monoculture Bi5. Beside significant effects in temperature and mixture composition, a significant interactive effect of temperature x mixture composition was found (Fig. 6a, Tab. 1). F. rupicola’s RII varied only between a minimum of -0.87 and maximum of -0.74, and did not react significantly to temperature change, mixture composition or their interaction.


Filipendula vulgaris showed very low RII values in the mixtures from Fi1F4 to Fi4F1 (below -0.92), which significantly increased only in the monoculture Fi5 (-0.69). The change in temperatures did not have a significant effect and there was no interactive effect of the temperature x mixtures composition. F. rupicola’s RII gradually significantly decreased from approximately -0.41 to -0.91 under the ambient temperature 
and from -0.23 to -0.74 under the predicted temperature. It significantly reacted to temperature change and mixture composition, but not to their interaction.


Scabiosa canescens showed RII values between a minimum of -0.93 and a maximum of -0.84 in the mixtures Sc1F4 to Sc3F2, which increased significantly to -0.59 in monoculture Sc5. The change in temperatures did not have a  significant effect and there were no significant interactive effects of the temperature x mixture composition.  F. rupicola’s RII gradually significantly decreased with an increasing number of grass individuals in the pots, where the lowest values (-0.83 to -0.78) were found in the monoculture F5. The grass exhibited very similar behavior as in the mixtures with F. vulgaris and significantly increased under the predicted temperature, but there was no interactive effect of the temperature x mixture composition.


Veronica spicata reacted differently to the grass compared to the other three forbs (Fig. 6d, Tab.1). The RII was significantly the lowest in Ve1F4 (-0.95) and the highest in monoculture Ve5 (-0.84) under the ambient condition, but significantly increased under the predicted temperature (from -0.75 to -0.63). F. rupicola’s RII declined from Ve4F1 (maximum -0.45) to monoculture F5 (minimum -0.83) with very similar curve shapes under both temperature regimes.
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Fig. 6 RII of Biscutella laevigata (Bi), Filipendula vulgaris (Fi), Scabiosa canescens (Sc), Veronica spicata (Ve), and Festuca rupicola (F) in mixtures under ambient (solid line) and predicted (dotted line) temperature regimes (mean + SE); ordered by increasing density of the species from left to right.

Discussion

The study species grew differently in the pots with heterospecific and conspecific neighbors. Filipendula vulgaris, S. canescens, and V. spicata had their highest growth rate
 in the monocultures, but in the pair-wise mixtures, their growth performance decreased stepwise with an increasing number of grass individuals in the pot. The grass Festuca rupicola exhibited  similar behavior in presence of the three forbs, with a stepwise decrease in growth with an increasing number of grass individuals in the pots (lowest values in F5). Surprisingly, B. laevigata was the least productive in the monoculture Bi5 and most productive in the mixture Bi1F4 with doubled productivity
under the predicted temperature. In mixture with B. laevigata, the grass did not significantly vary in biomass but in leaf number, with the highest values in the monoculture. 


When comparing the growth of the pair-wise mixtures and monocultures with the growth performance of the single individuals of the species, there were differences between the four forbs and the grass; the grass individuals performed approximately twice to ten times better than the single forb individuals. The reason is the difference in growth form, where F. rupicola grows as a compact tussock grass with many  thin, hair-like leaves, while forbs..
 (Jäger 2017). The growth parameters of the single individuals of all five study species are around five to ten times higher than in the pair-wise mixtures. With increasing heterospecific or conspecific density in the pots, the species responded density-dependently (Connolly 1986) and significantly decreased in growth performance. This result is caused by the competition for essential resources from a common, finite pool by neighboring individuals (Trinder et al. 2013, Aschehoug et al. 2016). Beside nutrient and water, light is also a resource that becomes reduced with increasing density in the pots. Plants that preempt
 light by positioning their leaves between their neighbors grow taller, earlier or faster (Farrer and Goldberg 2011, Craine & Dybzinski 2013). However, the biomass and the number of leaves of the single individuals reacted differently to warming. While warming significant increased biomass in three forbs (F. vulgaris, S. canescens, and V. spicata), the number of leaves of all five species was not significantly affected. The gain in biomass but not leaf number can by associated with an increase in the specific leaf area (SLA), as reported by Wang et al. (2012). 


The performance of the single individuals was included in the estimation of RII, which showed negative interactions in all forb-grass mixtures and in the monocultures. However, the magnitude of competition depended on mixture composition and warming. Therefore, the interspecific competition had a much stronger effect on the forbs F. vulgaris, S. canescens, and V. spicata than intraspecific competition, but the grass F. rupicola reacted in a contrasting way. When F. rupicola was grown among the highest number of forb individuals, the interspecific competition on F. rupicola was lowest. In constrast, the grass was more strongly affected by intraspecific competition in the monoculture (F5), meaning that the grass suppressed itself. Other authors also reported that an increase in conspecific frequency leasd to a strong reduction in biomass per individual (Blank 2010, Müller et al. 2016). This kind of self-limitation by intraspecific competition agrees with the theory of species coexistence, with the assumption that competition inevitably decreases species diversity (Aschehoug and Callaway 2015). The effect of intraspecific competition should be stronger than limitation by interspecific competition to provide a stabilizing mechanism in regulating species abundance and coexistence (Chesson 2000, Silvertown 2004). This means that the intraspecific interactions must be more negative than interspecific interactions (Farrer and Goldberg 2011), which is compatible with the behavior of the forb B. laevigata and the grass F. rupicola. 


Some authors suggested a relationship between intraspecific competition with the commonness of the species, in that common species are less self-limited by intraspecific competition than rare species (Comita et al. 2010, Müller et al. 2016). However, in the present study, the widespread, recently expanding grass F. rupicola showed similar self-limitation only in comparison with the rare forb B. laevigata, but much stronger self-limitation than F. vulgaris, S. canescens, and V. spicata. However, other authors also did not find a general pattern between conspecific and heterospecific interactions (Goldberg and Barton 1992, Shipley and Keddy 1994, Goldberg 1996, Aguiar et al. 2001, Müller et al. 2016). Surprisingly, in the presence with B. laevigata, the common grass F. rupicola exhibited different behavior without significant differences between intraspecific and interspecific competition. This seems to be a result of the different growth performance of B. laevigata in comparison with the other forbs.


The species can vary in the magnitude of the differences between self-limitation and limitation by heterospecific species, which was indicated by the Relative Interaction Index and showed that the forbs F. vulgaris, S. canescens, and V. spicata were mostly suppressed by interspecific competition with the grass, but the first two species strongly recovered in monocultures, while the monoculture benefit was not significant for  V. spicata. Generally, B. laevigata suffered much lower 
in the pair-wise mixtures than the other three forbs. The RII of the grass showed a significant decline with increasing number of grass individuals in a pot when it grew with F. vulgaris, S. canescens, and V. spicata, but in the presence of B. laevigata, the interaction intensity of the grass did not significantly differ. 

After warming, the growth performance was significantly promoted for all four forbs, with the highest effect on S. canescens and V. spicata, where biomass was generally stronger positively affected than the number of leaves. The grass reacted differently in the mixtures with the four forbs: F. rupicola significantly increased in growth only in the presence of F. vulgaris, significantly decreased in the presence of V. spicata, and did not vary in combination with B. laevigata and S. canescens. Whereas warming did not significantly affect the competition of F. vulgaris and S. canescens, the negative interactions on B. laevigata and V. spicata were significantly reduced. The competitive ability of the grass F. rupicola significantly decreased in combination with F. vulgaris and S. canescens and remained unchanged in the presence of B. laevigata and V. spicata. Interestingly, the temperature x mixture competition had a significant interactive effect on B. laevigata, which showed that warming changed the behavior of this species in growth performance and competitive ability. Other interactive effects were found only for leaf number in S. canescens and for the grass in the presence of S. canescens and V. spicata, but it
 had no effect on the competitive ability.


Other studies also reported that species in the same plant community can react differently to warming and show more species-specific responses. Zhang et al. (2008) found a decrease in the biomass and height of Festuca rubra, while Trifolium pratense’s parameters remained unchanged. Otherwise, Phleum pratense (grass) and Plantago lanceolata (forb) significantly increased in biomass as a result of soil warming, whereas Trifolium pratense (legume) 
growth was not promoted, possibly due to its membership in another functional group (Thakur et al. 2014). Seedlings of a temperate grass (Austrodanthonia caespitosa) were 20% smaller after warming than those cultivated under unwarmed conditions, which suggested that global warming will most likely reduce population growth or distribution of this dominant grass (Hovenden 
et al. 2008). Additionally, after three years of warming by 3 °C in an experimental grassland community, a reduction in aboveground (–29 %) and belowground (–25 %) biomass was found, with the highest level of suppression  in the most species-rich communities, which may be attributed to negative impacts of intense interspecific competition (De Boeck et al. 2008). All in all, the present findings agree with the results of del-Val & Crawley (2005), who reported a competitive hierarchy in grasslands where the monocotyledonous species, such as grasses, were much stronger competitors than forbs.


As shown in this study, the effect of warming on plant species can be caused by different physiological and morphological plant traits, such as life-form, life history, and strategy type (after Grime 1979). All five species are similar in life-form and life history as they are long-living, perennial hemicryptophytes, but they differ in their strategy types and growth forms. While the forbs belong to the competition-stress-ruderal-strategy type (CSR-type), to which most of the semi-dry grassland forbs of Central Germany belong, the grass F. rupicola represents a stress tolerant competitor of the CS-strategy type, resulting in a higher competitive ability over the four forbs (Grime 1979). 


The four forbs had a half rosette growth form with B. laevigata and F. vulgaris producing the largest growth
. In comparison to the thin, tender, pinnate leaves of F. vulgaris, B. laevigata produce very compact, sclerophyllous, unfledged leaves (Jäger 2017), which create a large obstacle against the growth of neighboring plants. A possible reason is that, in the presence of B. laevigata, the grass produces the lowest biomass without significant differences between inter- and intraspecific competition. On the other hand, V. spicata develops the smallest half rosettes and thin, less branching, flowering stems that are able to pass between the grass tussocks. This growth behavior can be an advantage in survival and growth for this forb in F. rupicola dominated semi-dry grasslands (Partzsch et al. 2018) and plays an important role in the magnitude of interspecific competition. 

Conclusion

The results of this study show that with climate warming, the grass F. rupicola, which has expanded its coverage in the semi-dry grasslands of central Germany, will affect co-existing forbs in different ways depending on their particular plant traits. Whereas the dominant grass reacted with growth depression or unchanged performance with warming, the four subordinated forbs increased in growth performance. This led to a different pattern in interspecific and intraspecific competition, which was only strongly positive affected in B. laevigata and V. spicata. After warming, the grass reduced the magnitude of competition in the presence of F. vulgaris and S. canescens, but not to the other two forbs. 


Although plant species occur in multispecies assemblages in nature and not in pair-wise arrangements as conducted in this experiment, the results of the present study give insights to the growth performance of the forbs in the presence of the dominant grass and the magnitude of interspecific and intraspecific interactions. It suggests that the effect in terms of biodiversity in such grassland habitats over time
, while the implications under field conditions can be much weaker than in artificial growth experiments (Aschehoug and Callaway 2015). The effect of warming was tested in a climate-controlled chamber because under field conditions, there are a lot of uncontrolled climate factors as well as spatial variation in vegetation cover, soil and moisture, neighbor effects or fungal infection.
 However, climate warming proceeds gradually over a long period of time and will very slowly affect plant-plant interactions and species composition. The predicted temperature rise of ca. 3.5°C used in this experiment will be reached in the dry region of central Germany within the next 80 to 100 years, on the basis of forecasts derived from the prognoses of the Intergovernmental Panel on Climate Change (IPCC 2013). 
In the meantime, nature conservation efforts like traditional land use by grazing will 
still be required as a priority to conserve the rare forb species and maintain the biodiversity of the remaining species-rich, semi-dry grasslands.
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