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Abstract

:

Background: Functional diversity effects on ecosystem processes, like on soil erosion, are not fully understood. Runoff and soil erosion in agricultural landscapes are reduced by the hydraulic roughness (HR) of vegetation patches, which furthers sediment retention. Vegetation with important stem density, diameters, leaf areas, and density impact the HR. A functional structure composed of these negatively correlated traits involved in the increase of the HR would constitute a positive effect of the functional diversity. Methods: Runoff simulations were undertaken on four mono-specific and two multi-specific communities, using herbaceous plant species from North-West Europe, presenting six contrasting aboveground functional traits involved in the HR increase. Results: An effect of dominant traits in the community was found on the HR, identified as the community-weighted leaf density. The non-additive effect of functional diversity on the HR could be explained by the presence of species presenting large stems in the communities with high functional diversity. Conclusion: We argued that functional diversity effect on the HR could change due to idiosyncratic effects of the plant traits, which would be influenced by soil properties, phylogeny diversity, and plant species interactions. These findings constitute an advancement in the understanding of plant trait assemblage on runoff and soil erosion processes.
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1. Introduction


Natural ecosystem processes are driven by the plant functional traits in vegetation communities [1,2]. Plant functional diversity, defined as “the value, range and relative abundance of plant functional traits in a given ecosystem” [3,4], can play a major role in ecosystem functioning and in supplying ecosystem services [2,5,6,7]. Studies have focused on the effects of functional diversity on ecosystem processes to understand if these effects were due to a dominant species composing the community or due to its functional diversity [3,6,8,9]. The mass ratio hypothesis stipulates that ecosystem processes would be driven by the traits of the most abundant species in the community, characterised as dominant species, and is represented by the community-weighted mean traits [10,11]. On the contrary, the diversity hypothesis specifies that ecosystem processes are driven by the trait diversity composing the plant community, inducing complementarity effects among species [7,12]. Higher dissimilarity of traits in a community would lead to a more complete use of resources and, thus, to a more important plant productivity [9,13], as well as a stronger impact on less studied plant–soil related processes like soil erosion, through an increase of hydraulic roughness and sediment retention [14].



The effect of plant functional diversity on soil erosion processes have recently appealed to the interest of the scientific community that studies plant–soil erosion processes, although the results of the functional diversity effects are contentious [14,15,16]. However, these studies focused on the effects of functional diversity of root traits of non-herbaceous communities, on soil stabilization and resistance in mountainous or semi-arid vegetation, which are community structures selected under the erosion processes, specific to these soil and climatic contexts [14,17,18]. In landscapes where annual crop fields on loamy soils represent an important area, runoff and linear soil erosion are mainly reduced by the hydraulic roughness in small vegetation patches [19]. Hydraulic roughness is defined as frictional resistance due to the contact of runoff with the vegetation [20,21,22,23,24]. Hydraulic roughness of herbaceous vegetation furthers sediment retention by reducing flow velocity; however, it is highly variable depending on the plant species and traits [21,24,25,26,27,28,29]. A positive relationship between the aboveground biomass and hydraulic roughness was highlighted, as an increase in the biomass productivity would further hydraulic roughness and sediment retention [25]. The aboveground functional traits that directly impact the hydraulic roughness for erosional events found under temperate climates were identified by Kervroëdan et al. [26]—herbaceous vegetation with important leaf density, leaf area, stem diameter, and stem projected area (stem area toward the flow direction) were found to be the most efficient in increasing hydraulic roughness. Nonetheless, these results emphasized the effects of negatively correlated trait combinations (i.e., leaf density and area) involved in hydraulic roughness increase, which suggested that communities with a high functional diversity would reach the best trade-off to maximize the vegetation effects on hydraulic roughness. A primary analysis was undertaken on the effects of aboveground functional trait divergence in herbaceous vegetation on the hydraulic roughness and sediment retention for processes occurring in loamy agricultural soils, emphasizing a dominant effect of the community-weighted traits in vegetation [16]. However, these results highlighted the need to deepen the understanding of the effects of functional diversity on runoff and linear soil erosion processes, by integrating a functional diversity gradient within the tested conditions.



In this study on trait-based plant ecohydrology, we aimed to examine the effects of functional diversity on hydraulic roughness, based on a functional diversity gradient, by using four monospecific and two multi-specific communities. We predicted that functional diversity increased the hydraulic roughness, by exerting a synergistic effect. The stem and leaf traits involved in the hydraulic roughness increase (stem diameter and projected area; leaf density, area, and specific area) would present a complementarity in the space-use, representing a competitive balance among the species in the community. The communities with a high differentiation degree among these traits will, thus, use the aboveground space more efficiently and lead to an increase in hydraulic roughness.




2. Materials and Methods


2.1. Plant Material


Four indigenous plant species from North-West Europe that presented selected functional types, contrasting aboveground functional traits, and that were involved in the increase of hydraulic roughness (leaf—area and density; stem—projected area, diameter, and density) [26], were used in the present study. The chosen plant species presented a minimal vegetative height within the range of 20 and 60 cm, in order to limit competition for light and ensure a uniform development of each species in the plots. Three replicates of monospecific and two multi-specific communities of Carex flacca Schreb. I, Tanacetum vulgare L. (T), Festuca arundinacea Schreb. (F), and Phalaris arundinacea L. (P), with contrasting traits were tested (Figure 1A). There were two types of multi-specific communities, one composed of C. flacca, T. vulgare, and F. arundinacea (CTF); and the other with C. flacca, T. vulgare, F. arundinacea, and P. arundinacea (CTFP). Each species was collected in their natural habitat in March 2016 (i.e., three months before the experiments), to ensure the creation of densely planted plots with grown individuals. The experiments were ex-situ and the plants were planted in a 60 × 30 × 15 cm wooden frame with a grid fence at the bottom to allow the roots’ development. The multi-specific plots were covered with the same proportion of each species, which were placed such that patches of the same species would not be in contact.




2.2. Plant Functional Traits Measurements


Six aboveground functional plant traits (stem—density, diameter, and projected area; leaf—density and area) that are known to increase the hydraulic roughness [29], were measured on three levels along the stem—between 0 and 5 cm, 0 and 10 cm, and 0 and 20 cm. Guidelines from Pérez-Harguindeguy et al. [30] were followed regarding the sampling collection, samples conservation, and analyses methods. As analyses could not be performed directly after sampling, the leaves were stored in sealed bags with moist tissue until measurements, and were then dried at 70 °C for 72 h.



As the plots presented a homogeneous plant cover, all traits measurements were carried out within one quadrat (10 by 10 cm) per monospecific community plot and one quadrat per species within the multi-specific community plots. The determination of stem density (stem dm−2) included plant stems, as well as pseudoculms for the sedges species (Cyperaceae) and tillers for the grass species, which here are considered to have the same functional effect on hydraulic roughness, as the stems. The stem diameter (mm) was measured on three representative stems and was used to determine the stem projected area (mm2) of each stem, using the rectangle area formula. The leaf area (mm2) and the specific leaf area (mm2 mg−1) were estimated from six representative leaves, which were scanned using a 600 dpi resolution and the images were processed using Gimp 2.8. The aboveground biomass (g) was entirely removed, dried at 70 °C for 72 h and weighted.



Furthermore, the density of traits within the quadrat was calculated through the product of (1) the leaf traits by the leaf density and (2) the stem traits by the stem density. These densities and the traits were dissociated with a “D” in front of the trait names.




2.3. Characterisation of the Community Functional Structure


Both multi-specific communities were created with an equal abundance of each species. The CTF communities accounted for 33% of each species (C. flacca, T. vulgare, and F. arundinacea) and the CTFP communities accounted for 25% of each species (C. flacca, T. vulgare, F. arundinacea, and P. arundinacea).



The community-weighted traits (CWT) were calculated, for each trait in both multi-specific communities, as the mean trait value after each trait was weighted by the abundance of each species composing the community [11,31]:


  C W  T i  =   ∑   k = 1    n i     A  k , i    T  k , i   ,  



(1)




where CWTi is the community-weighted value of the trait in the community i, Ak,i, and Tk,i are, respectively, the relative abundance and the trait value of the species k in the community i and ni is the number of species in community i.



The functional variance (FDvar) was calculated for each trait in both multi-specific communities. FDvar represents the variance of the trait values of the species in the community [32]:


  F  D  v a r   =  2 π  arctan [ 5     ∑   i = 1  N  [    (  ln  C i  −   ln x  ¯   )   2   A i  ,  



(2)




where Ci is the value of the trait i,     ln x    ¯    is the weighted logarithmic mean of the trait and Ai is the abundance of the species with trait i [32,33].



The Rao’s quadratic entropy (FDQ) [34], a multidimensional index of the functional diversity to reflect the diversity hypothesis, was also used to characterize the functional divergence within the multi-specific conditions. It is a generalized form of the diversity Simpson index [35] and combines a measure of the pairwise functional differences between species and the relative abundance of the species [36]. The FDQ was determined using the package FD in R (version 3.3.2).




2.4. Hydraulic Measurements


The effect of the functional diversity on the hydraulic roughness was measured using a runoff simulator that recreated a flow at set discharges in controlled conditions [37]. The flow discharge was monitored through Venturi channels (flow range of 0.06–6 L s−1) and ultrasound probes measuring the water level in the channels (±1.26 mm), located in the upper and lower parts of the simulator. This system was manufactured by ISMA, France [37]. Measures of the hydrological processes were carried out in the central part of the simulator, a channel area which consisted of two 5.40 m galvanized iron sheets buried 60 cm away from each other on a 5% levelled slope. The entire channel area was waterproofed using a tarpaulin to avoid water losses during the experiment, such as leaks and infiltration in the ground. The plot was located 4 m away from the head of the channel in a 17 cm deep rectangular hole to level the plants with the channel (Figure 1B). To measure the channel topography and the backwater level in front of the plants, five spacers were placed upstream of the plot, from approximately 1.46 m from the channel head, every 0.75 m. Each spacer was levelled and its elevation was measured to use them as elevation-known baselines for the water level measurements.



In order to investigate the behaviour of the plant communities towards processes occurring more or less frequently, four discharges were used: 2, 4, 8, and 11 L s−1 m−1 at ±7% (observed approximately every 0.5, 1, 2, and 5 years, respectively, in 5 ha catchments with a 5 m-wide thalweg [37]). Discharges were continuously monitored through both upstream and downstream flowmeters. When the upstream and downstream discharges were equivalent, the water levels were measured as the perpendicular distance between the bottom of the spacer and the top of the water flow (Figure 1B), using the closest spacer upstream of the plot. Seven vertical water profiles were made per discharge per plot, one every 10 cm along the spacer from the edges of the channel.



The unit stream power (USP) was used here as a proxy to characterize the hydraulic roughness, being often used as a sediment transport capacity index [38,39], as it represents the “energy dissipation per unit of time and per unit of weight of the flow” [39]:


USP = VS,



(3)




where USP (m s−1) depends on V, the mean velocity of the flow (m s−1), and S, the slope of the channel (m m−1). The USP is negatively related to the hydraulic roughness—the lower it is, the higher is the hydraulic roughness. The Manning n coefficients and the water levels data at each discharge for each condition are provided as supplementary data (Table S1).




2.5. Data Analysis


Mann Whitney and T tests were conducted on the functional variance for each trait to analyze the variation of the functional structure between the two multi-specific communities. After regrouping the data under the categories “monospecific” and “multi-specific”, Mann Whitney analyses were performed on the USP data to compare (1) the mean value of monospecific communities with the multi-specific communities and (2) both multi-specific communities. The monospecific P community data were excluded from the analysis for the comparison with the three-species communities (CTF). ANOVA and Tukey post-hoc tests were then computed on the USP data to examine the differences between each community category to understand if one species/community had more impact on the USP than another.



ANOVA and Kruskal-Wallis analyses, as well as respective post-hoc tests Tukey and Mann-Whitney were used on the traits, the community-weighted traits and the biomass data, according to the normality of the data, to examine the differences in trait and community-weighted trait compositions between the communities. Moreover, after combining the data under “monospecific” and “multi-specific” categories, Mann Whitney analyses were carried out on the biomass and the community-weighted trait data, to compare the mean value of the monospecific communities with the multi-specific communities. Regarding the analysis of the CTF communities, the monospecific P communities were removed from the data.



All statistical analyses were computed using the statistical software R (version 3.3.2).





3. Results


3.1. Variation of Community-Weighted Trait and the Unit Stream Power


According to the results from the comparison analyses between each community on the USP, only the F. arundinacea in monoculture presented a significant difference to the other communities (Figure 2). Similar results were found at each tested discharge (Table 1). There were no significant differences between the other communities studied. The results on the aboveground biomass did not show any differences between the mean of the monospecific with the multi-specific communities (Figure 3). The analyses comparing the biomass productivity of all the conditions showed a significant difference between C. flacca and T. vulgare (with a trend between C. flacca and all other communities, as well as between T. vulgare and F. arundinacea, as the p-values from the Mann-Whitney tests were 0.057). Regarding the community-weighted trait analysis, all ANOVA/Kruskal-Wallis tests were found to be significant (Table 2). Except for the CW leaf area (CW-LA), CW leaf density (CW-LD; 0–10 cm), CW leaf density (CW-LD; 0–20 cm), and CW density-weighted SLA (CW-DSLA; 0–10 cm), both multi-specific communities showed no significant difference from any monospecific community. CW density-weighted stem projected (CW-DSA) and CW density-weighted stem diameter (CW-DSDm), for all levels along the stem, showed only a difference of F. arundinacea, within the monospecific communities. Differences between F. arundinacea and the multi-specific communities were found for the CW leaf density (0–20 cm) (with both multi-specific communities) and CW leaf density (0–10 cm) (only with CTFP).




3.2. Variation of Functional Diversity within the Communities


The results on the functional variance showed significant differences and a higher variance of the traits in CTFP than in CTF, except for the leaf area (LA) and the density-weighted leaf area (DLA; 0–5 cm) (Table 3). The values of FDQ found for the community CTF was 10 and 11.25 for the community CTFP.




3.3. Variation of Functional Diversity and the Unit Stream Power


The comparison analysis of the USP values for the monospecific communities and for the multi-specific communities, using the Kruskal-Wallis tests, showed no significant differences for any of the combinations tested (Figure 4). Moreover, no difference was observed between both multi-specific communities and the USP did not show a decrease of its value with an increase of functional diversity in the communities (Figure 4). Similar results were found through all tested discharges.





4. Discussion


4.1. Non-Additive Effect of the Functional Diversity on Hydraulic Roughness


The hydraulic roughness is mainly increased by aboveground plant functional traits in herbaceous plant communities, inducing sediment retention. Associating contrasting traits within a plant community would lead to a better trade-off in the traits values and would more efficiently increase the hydraulic roughness and sediment retention [26]. An increase of functional variance was observed for most of the traits with an increase of functional diversity in the multi-specific conditions. These differences in functional diversity observed among the communities should have led to an additive effect on hydraulic roughness. Indeed, the complementarity hypothesis stipulates that the diversity in trait attributes in a community influences the ecosystem processes, by inducing synergetic effects of functional diversity (i.e., complementarity or facilitation effects) among the coexisting species [7,40]. However, the results did not show any synergetic effect of the functional diversity on hydraulic roughness, in the presence of contrasting traits. This could be justified by the absence of complementarity between the traits, as there were no significant difference between the mean of the monospecific and the multi-specific communities, nor between both multi-specific communities presenting different functional diversities (FDQ). These findings highlighted the dominant effect of the community-weighted traits of specific species in the communities, on runoff. The vegetation effect on the hydraulic roughness was, thus, driven by the traits of one or more species in the community, which presented a dominant effect on the process compared to the traits of other species [6,10,11]. The results emphasized the effects of the community-weighted trait of F. arundinacea on hydraulic roughness being the only species that was significantly different from the other communities, which would be led by the different CW leaf densities (0–20 cm and 0–10 cm), which is a major trait that is known to positively impact hydraulic roughness [26]. While similar effects of the dominance of community-weighted traits on soil retention have been observed in mixtures of different functional types [15] and herbaceous vegetation [16], additive effects of functional diversity on erosion rates were also shown [14]. These opposing effects of functional diversity on the hydraulic roughness and erosion rates could be explained by the idiosyncratic effects, which represent the contrasting effects of functional diversity affected by species and trait interactions, and soil–plant interactions. Idiosyncratic effects could be influenced by the functional structure within the communities [15]. Within the chosen species, T. vulgare presented larger stem diameters than other species, but if the proportion of large stem diameters was too high in the community, preferential flow paths would be taken by water, limiting the effects of denser individuals, which would impact the effect of functional diversity on hydraulic roughness [15,19]. This hypothesis is consistent with results showing that the presence of functional types with larger stem diameters would influence the water path within a vegetation and, thus, displayed no effect of community functional diversity [15]. These findings are also coherent with primary results obtained on herbaceous vegetation, showing the negative influence of plants with low stem density, large diameters, and low leaf density, by reducing the hydraulic roughness and sediment retention within multi-specific communities [16]. The perspective is to study a gradient of functional structure, using a variation of abundances of large stem diameters, to confirm and show the idiosyncratic effects of functional diversity on water flow.




4.2. Implication to Design Herbaceous Hedges for Sediment Retention


These findings constitute an advancement in the understanding of community functional structure effects on runoff and hydraulic roughness. The results highlighted that the presence of high leaf density species would tend to dominate the community effects on hydraulic roughness and, thus, sediment retention. This response was found to be independent from the intensity of the event occurrence, as similar results were found for all tested discharges.



In order to model the effects of multi-specific plant communities on runoff and sediment retention processes, the community-weighted mean value of traits could be implemented, as, depending on the functional structure of the community, a non-additive effect of functional diversity could be found. The integration of the community-weighted traits into modeling vegetation effects would allow to take this dominance effect into account and modeled the community overall effects on runoff and soil erosion in herbaceous hedges that were essentially involved in sediment retention.



Moreover, an absence of negative effect of the functional diversity was found in this study; however, a high competition within the herbaceous hedge due to the species combination could lead to a decrease of stem and leaf densities in the plant community and, thus, to a negative effect of functional diversity on hydraulic roughness. Using combinations of species involved in hydraulic roughness, within the hedge design for increased soil erosion control, is recommended, as long as the competitiveness of the plants (e.g., same range of vegetative height) is taken into account in the species selection process. Indeed, using multi-specific communities would create multi-functional ecosystems that could offer other ecosystem services, such as biodiversity conservation through the creation of new habitats and the enhancement of ecological connectivity, to mitigate biodiversity erosion [41].





5. Conclusions


This ecohydrology study allowed to identify the relationship between the aboveground functional structure and the hydraulic roughness. The results showed that there was no influence of the functional diversity on the hydraulic roughness but rather an effect of the dominant traits was observed in the community, identified as the community-weighted leaf densities. The absence of functional diversity effect on hydraulic roughness would be explained through the idiosyncratic effects of the traits. A new perspective would be to study the functional diversity effects on a wider diversity gradient of candidate species that are involved in the increase of hydraulic roughness, in order to explain the contrasting results found for the functional diversity effects on sediment retention and runoff processes.
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Figure 1. Experimental design: (A) Three levels of plant functional diversity with four monospecific and two multi-specific conditions; and (B) runoff simulator set-up used for the experiments and water level measurement. The photos of the plots were taken 1.5 month prior to the experiments. C – Carex flacca, T—Tanacetum vulgare, F—Festuca arundinacea and P—Phalaris arundinacea; CTF—Carex flacca + Tanacetum vulgare + Festuca arundinacea; CTFP—Carex flacca + Tanacetum vulgare + Festuca arundinacea + Phalaris arundinacea. 
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Figure 2. Differences between each community, at discharge 2 L s−1 m−1. The bars represent the mean ± standard error. The letters represent the significant differences between each community according to the Tukey post-hoc tests. The arrow represents the increase of the functional diversity between both multi-specific conditions (with Rao’s quadratic entropy (FDQ)). 
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Figure 3. Differences in biomass productivity between the mean of the monospecific communities and the multi-specific communities. The bars represent the mean ± standard error. Significance level: ns = not significant. 
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Figure 4. Differences between the mean of the monospecific and the multi-specific conditions at the discharge 2 L s−1 m−1. The bars represent the mean ± standard error. Significance level: ns = not significant. 






Figure 4. Differences between the mean of the monospecific and the multi-specific conditions at the discharge 2 L s−1 m−1. The bars represent the mean ± standard error. Significance level: ns = not significant.



[image: Diversity 12 00131 g004]







[image: Table] 





Table 1. Differences in unit stream power for each community tested at each discharge.
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	Discharges
	C
	T
	F
	P
	CTF
	CTFP
	ANOVA





	Q1 = 2 L s−1 m−1
	0.0035 (±0.0008) a
	0.0035 (±0.0007) a
	0.0015 (±0.0001) b
	0.0034 (±0.0011) a
	0.0033 (±0.0001) a
	0.0039 (±0.0008) a
	5.29 **



	Q2 = 4 L s−1 m−1
	0.0046 (±0.0007) a
	0.0051 (±0.0009) a
	0.0021 (±0.0001) b
	0.0046 (±0.0011) a
	0.0044 (±0.0002) a
	0.0053 (±0.0008) a
	8.8 ***



	Q3 = 8 L s−1 m−1
	0.0066 (±0.001) a
	0.0083 (±0.0013) a
	0.0032 (±0.0002) b
	0.0067 (±0.0013) a
	0.0064 (±0.0004) a
	0.0077 (±0.0015) a
	10.92 ***



	Q4 = 11 L s−1 m−1
	0.0078 (±0.0011) a
	0.0105 (±0.0015) a
	0.0038 (±0.0001) b
	0.0079 (±0.0016) a
	0.0077 (±0.0006) a
	0.009 (±0.0017) a
	12.64 ***







Data are unit stream power (USP) mean values (±standard deviation) and the results of the statistical tests F in ANOVA. C—Carex flacca; T—Tanacetum vulgare; F—Festuca arundinacea; P—Phalaris arundinacea; CTF—Carex flacca + Tanacetum vulgare + Festuca arundinacea; and CTFP—Carex flacca + Tanacetum vulgare + Festuca arundinacea + Phalaris arundinacea. The letters represent the significant differences between the communities, according to the Tukey post-hoc tests. Significance levels: *** = p < 0.001; ** = p < 0.01; * = p < 0.05; ns = not significant.
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Table 2. Differences in community-weighted traits (CW) for each community tested.
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	Community-Weighted Traits
	C
	T
	F
	P
	CTFP
	CTF
	ANOVA

/Kruskal-Wallis





	CW-LA (mm2)
	1575.8 (±144.6) a
	4168.5 (±1049.5) b
	3130 (±298.4) bc
	3054.4 (±331.1) bc
	3116.2 (±605.6) bc
	2715.9 (±224.8) ac
	9.28 ***



	CW-LD5 (dm−2)
	96.3 (±15.6) a
	12 (±2.6) b
	193.1 (±73.3) c
	46.6 (±24.5) a
	91.2 (±7.1) abc
	111.2 (±21.8) abc
	18.99 **



	CW-LD10 (dm−2)
	148.8 (±30.8) a
	20.8 (±1.5) b
	280.3 (±79.6) c
	74.9 (±43.1) ab
	154.8 (±37.8) a
	171.7 (±31.4) ac
	15.53 ***



	CW-LD20 (dm−2)
	236.5 (±43.4) a
	38.8 (±2.6) b
	423.9 (±61.4) c
	108.5 (±61.4) bd
	214.8 (±79.7) ad
	212.8 (±40.2) ad
	24.89 ***



	CW-DLA5 (mm2 dm−2)
	153,175 (±35,395) a
	50,527 (±20,693) b
	599,417 (±210,360) c
	147,223 (±90,166) ab
	229,484 (±25,910) abc
	251,565 (±59,698) abc
	17.96 **



	CW-DLA10 (mm2 dm−2)
	236,709 (±61,527) a
	86,420 (±23,545) b
	868,938 (±216,666) c
	237,161 (±156,858) a
	406,719 (±121,334) abc
	389,669 (±77,960) abc
	17.63 **



	CW-DLA20 (mm2 dm−2)
	376,697 (±93,429) a
	163,234 (±48,516) b
	1,325,651 (±212,015) c
	343,506 (±223,961) ab
	573,873 (±251,557) abc
	474,577 (±79,275) abc
	15.91 **



	CW-DSA5 (mm2 dm−2)
	4675.3 (±1258.3) a
	2263.4 (±593.7) a
	19,926 (±7469.9) b
	3880.1 (±2061) a
	6088.6 (±1345) ab
	5579.4 (±1499.8) ab
	15.48 **



	CW-DSA10 (mm2 dm−2)
	9226.5 (±2471.1) a
	4412.9 (±1116.5) a
	40,673 (±15,603) b
	7458.3 (±3858.2) a
	12,040 (±2561.4) ab
	11,169 (±2975.2) ab
	15.95 **



	CW-DSA20 (mm2 dm−2)
	16,841 (±4587.3) a
	8739.8 (±2140.3) a
	82,565 (±30,896) b
	14,356 (±7515.9) a
	23,190 (±5038.9) ab
	21,497 (±5331.6) ab
	16.09 **



	CW-DSDm5 (mm dm−2)
	93.5 (±25.2) a
	45.3 (±11.9) a
	398.5 (±149.4) b
	77.6 (±41.2) a
	121.8 (±26.9) ab
	111.6 (±30) ab
	15.48 **



	CW-DSDm10 (mm dm−2)
	92.3 (±24.7) a
	44.1 (±11.2) a
	406.7 (±156) b
	74.6 (±38.6) a
	120.4 (±25.6) ab
	111.7 (±29.8) ab
	15.95 **



	CW-DSDm20 (mm dm−2)
	91.5 (±24) a
	43.7 (±10.7) a
	412.8 (±154.5) b
	71.8 (±37.6) a
	119.2 (±25.4) ab
	110.6 (±27.1) ab
	15.95 **







Data are CW mean values (±standard deviation) and results of F (ANOVA) and Chi-squared (Kruskal-Wallis, in bold) statistical tests. C—Carex flacca; T—Tanacetum vulgare; F—Festuca arundinacea; P—Phalaris arundinacea; CTF—Carex flacca + Tanacetum vulgare + Festuca arundinacea; CTFP—Carex flacca + Tanacetum vulgare + Festuca arundinacea + Phalaris arundinacea; LA—leaf area; LD—leaf density; DLA—leaf area density; DSA—stem area density; and DSDm—stem diameter density. The letters represent the significant differences between the communities, according to the Tukey and Mann-Whitney post-hoc tests. Significance levels: *** = p < 0.001; ** = p < 0.01; * = p < 0.05; ns = not significant.
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Table 3. Summary of the functional diversity variance FDvar for both multi-specific communities and results from the T and Mann-Whitney tests.
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	Traits
	CTF
	CTFP
	t/W





	LA (mm2)
	0.7454 (±0.0836)
	0.7614 (±0.0735)
	−0.24864 ns



	LD5 (dm−2)
	0.9855 (±0.0009)
	0.9883 (±0.0006)
	−4.5579 *



	LD10 (dm−2)
	0.9879 (±0.0008)
	0.9905 (±0.0007)
	−4.1791 *



	LD20 (dm−2)
	0.9889 (±0.0009)
	0.9917 (±0.001)
	−3.6474 *



	DSA5 (mm2 dm−2)
	0.9967 (±0.0002)
	0.9974 (±0.0002)
	−4.9464 *



	DSA10 (mm2 dm−2)
	0.9972 (±0.0002)
	0.9979 (±0.0001)
	−5.5758 **



	DSA20 (mm2 dm−2)
	0.9976 (±0.0001)
	0.9982 (±0.0001)
	−6.6792 **



	DSDm5 (mm dm−2)
	0.9878 (±0.0013)
	0.9903 (±0.0009)
	−2.7224 °



	DSDm10 (mm dm−2)
	0.9878 (±0.0012)
	0.9902 (±0.0009)
	−2.8 °



	DSDm20 (mm dm−2)
	0.9878 (±0.001)
	0.9902 (±0.0009)
	−3.0036 *



	DLA5 (mm2 dm−2)
	0.9986 (±0.00003)
	0.999 (±0.00003)
	0 ns



	DLA10 (mm2 dm−2)
	0.9987 (±0.00002)
	0.9991 (±0.0001)
	−11.108 **



	DLA20 (mm2 dm−2)
	0.9988 (±0.00003)
	0.9992 (±0.0001)
	−8.8503 **







Data are FDvar mean values (±standard deviation) and t values of T tests and the W value of Mann-Whitney (in bold) test. CTF—Carex flacca + Tanacetum vulgare + Festuca arundinacea; CTFP—Carex flacca + Tanacetum vulgare + Festuca arundinacea + Phalaris arundinacea; LA—leaf area; LD—leaf density; DLA—leaf area density; DSA—stem area density; and DSDm—stem diameter density. Significance levels: *** = p < 0.001; ** = p < 0.01; * = p < 0.05; ° = p < 0.1; ns = not significant.
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