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Abstract

The relationship between diversity and stability in grasslands is an historical issue of debate in 

ecology. Here we build on plant breeding concepts of crop yield stability to test the 

hypotheses that multi-species grasslands were more stable across environments than 

monocultures, and that stability increased linearly with species richness. We assembled eight 

perennial grassland species in fifty different experimental communities (‘entries’) ranging 

from monocultures to six-species mixtures, in a randomised complete block design with three 

replications per entry, at two locations in Iowa, USA. We split the plots into two harvest 

management systems, and collected total biomass yield data over three years. Each of the 

twelve combinations of location, harvest management, and year was defined as a unique 

‘environment’. The mean yield of all entries in each environment was defined as the 

environment mean. For each entry, the means of the three replications in each environment 

were regressed against the environment means. Entries with four and six species were more 

stable across environments than the highest yielding monoculture measured as deviations of 

the regression. Consistency (yields parallel to the environment potential) and reliability 

(deviation from the expected yield) increased linearly with species richness.  

Keywords: Regression, environment, constancy, consistency, reliability, variability 

Introduction 

Stability is a main goal in grasslands managed for productivity and ecosystem services. A 

long standing issue in ecology is the debate about the relationship between diversity and 

stability (McCann, 2000). Stability has many dimensions that are not necessarily correlated: 

variability of production, resistance to perturbation, resilience, and robustness, among others 

(Loreau et al., 2001). In this paper, we use the plant breeding concept of yield stability over a 

range of environments (Finlay and Wilkinson, 1963; Bernardo, 2002), and define constancy, 

consistency, and reliability as three relevant dimensions of yield stability across 

environments. We test the hypotheses that multi species grasslands were more stable than 

monocultures, and that stability increased linearly with species richness in this experiment. 

Materials and methods 

Fifty plant communities (i.e., ‘entries’) were assembled from seeds of eight perennial 

grassland species: Medicago sativa L., Trifolium repens L., Desmanthus illinoensis (Michx.)

MacM. ex B.L. Robins. & Fern., Dactylis glomerata L., Thinopyrum intermedium (Host) 

Barkworth & D.R. Dewey, Panicum virgatum L., Tripsacum dactyloides (L.) L. and 

Helianthus maximiliani Schrad. A replacement design was used, where all monocultures were 

included, as well as mixtures with varying richness: nineteen entries of two species, thirteen 

entries of three species, seven entries of four species, and six entries of three species (for the 

complete list see Picasso et al., 2008). Seeding density of each species was reduced 

proportionately to the number of species in each plot. Each entry was replicated three times in 

a randomised complete blocks design at two locations in Iowa, USA. Seeds were drilled into 
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4 m by 3 m plots and each plot was split in half to sub-plots that were allocated to either a 

multiple (two to three times per year) or a single (late autumn) machine harvest management 

system during three years. Relative abundance of species was measured by clipping two 0.09 

m
2
 quadrats per plot. Yield refers to biomass of seeded species without weeds.  

For stability analyses, we followed the plant breeding concepts of yield stability over a range 

of environments (Finlay and Wilkinson, 1963) which is novel in ecological literature. Each of 

the twelve combinations of location, harvest management, and year was defined as a unique 

‘environment’. The mean yield across all entries in each environment was defined as the 

‘environment mean’. For each entry, the means of the three replications in each environment 

were regressed against the environment means. Linear regression coefficients (b1) and root 

mean squared errors of the regression (RMSE) were calculated for each entry. The b1

represented the amount of yield change along the environmental gradient and RMSE 

represented the variability of yields and the fit to the linear model. Three stability dimensions 

were considered (modified from Bernardo, 2002): ‘constancy’ (type I) occurs when b1 = 0, 

thus yields are the same in all environments; ‘consistency’ (type II) occurs when b1 = 1, thus 

yields are parallel to the mean of the environments; and ‘reliability’ (type III) occurs with 

lower RMSE. To test the hypotheses that b1 = 0 (constancy) and b1 = 1 (consistency), 

confidence intervals were constructed with alpha = 0.05 for each entry. We defined a measure 

for consistency: STII = |b1 – 1|, where lower values of STII indicate higher consistency. To test 

the hypotheses that consistency and reliability increased with richness, the means of STII and 

RMSE across richness levels were regressed against species richness. 

Results and discussion 

Monocultures and mixtures showed a wide range of b1 and RMSE (Figure 1 shows four 

examples). M. sativa monoculture had the highest b1 (2.4 ± 1.3), which was greater than one 

(P<0.1), and this monoculture had yields above average in high productivity environments.  

Figure 1. Linear regressions of the entry means by environment against the environment 

means for two monocultures (M. sativa and D. glomerata) and two mixtures (three species 

mix of T. repens - D. glomerata - T. intermedium, and six species mix of M. sativa - T. repens 

- D. glomerata - T. intermedium - P. virgatum - T. dactyloides). Linear coefficients (b1) and 

RMSE are shown.

Monocultures (e.g., D. glomerata) and mixtures with b1 = 0 had, in general, low yields across 

environments. Therefore, constancy (type I stability, or lack of variability in yields) was 
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associated with low yields, and therefore it is not a desirable stability criteria for agricultural 

situations. T. intermedium, among other entries, had b1 not different from one, indicating that 

these entries had yields parallel to the environment mean (high consistency).  

All mixtures with four and six species had higher reliability (type III stability) than the two 

highest yielding monocultures (M. sativa and T. intermedium). The regressions of STII and 

RMSE vs. richness were significant at P<0.05, had negative slopes, and high R
2
 values 

(Figure 2), so consistency and reliability increased linearly with species richness in our 

experiment.  

Figure 2. Regressions for mean values (across richness levels) of consistency (STII, dotted 

line) and reliability (RMSE, solid line) vs. species richness. Equations and R
2
 are shown. 

Conclusions

Consistency (yields parallel to the environment potential) and reliability (deviation from the 

expected yield) are useful dimensions of stability for productive situations, and were 

positively and linearly correlated with species richness in our experiment. This regression 

approach may enhance the interpretation of other biodiversity experiments across 

environments. 
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