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Abstract. Despite the fact that several experiments haven lmeeducted to explore the biodiversity-
productivity relationship in synthesized and natupdéant communities, the results obtained were
contradictory and no clear consensus has beenegaBecent experiments that surveyed mature natural
plant communities have investigated this relatigmsitross environmental gradients, where biotidand
abiotic factors are correlated with the observeedity and productivity levels. We studied theseffof
plant diversity on ecosystem productivity in agtigtally managed (managed at a low intensity with
moderate level of disturbance) and natural (nahysbf management) grasslands at a within-siteesical
order to minimize the confounding effect of envimmntal factors. We tested the effects of two diters
measures (species richness and species evennegspdurctivity within- and across-sites scale. Our
results indicated that this relationship was déferbetween the natural and the managed gras<tamds
varied according to the diversity measure. Spedisness only poorly explained the variation in
productivity for the managed grasslands, whilevégations in system productivity were better eiptd

by species evenness. Interestingly, our results fte natural low productive, species poor grasstae

in agreement with the results obtained from themeexperiments that artificially manipulated dsigr
levels and found an asymptotic increase in prodifgtialong with increasing species richness. Our
results provide additional evidence of the comptehavior that measures of species diversity that
combine several aspects of diversity such as spesienness, species identity as well as the irtensc
among the species may be better determinants ofrébponse of the ecosystem to biodiversity.
Keywords: biodiversity, ecosystem productivity, evenness, dry acidic grasslands, managed grassiands,
speciesrichness

Introduction

In the past decade, the effect of species lossocmsystem functioning such as
primary productivity, nutrient relations, ecosystestability and vulnerability to
invasion, as well as vegetation dynamics has redepriority in ecological research
(Huston, 1997; Tilman et al., 1997; Hector et 8899; Loreau, 2000; Kahmen et al.,
2005). In spite of the fact that a large numbeexgberiments have been conducted to
investigate this relationship, a common theory waisdeveloped so far (Schmid, 2002;
Hector et al., 2007).

Generally, two approaches have been used to shadsetationship between species
richness and ecosystem functioning; the experinhema the observational approach.
In the first approach, plant diversity was artdi¢y manipulated (Symstad and Tilman,
2001), while in the observational approach, plamersity and composition were not
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manipulated; instead comparative studies were adadun natural plant communities
to relate the differences in diversity to the olisdrproductivity along environmental
gradients (Kahmen et al., 2005; Grace et al. 2007).

Using the experimental approach, it was concludet the productivity of the
ecosystem increases asymptotically with increasingrsity (Tilman et al., 1997;
Hector et al., 1999). This result has been attethunainly to niche complementarity
and facilitation among species (Hooper, 1998; Loraad Hector, 2001), as well as to
the “sampling effect”, i.e. an increased probapitt including a highly productive or
highly competitive species at the higher divertatyels (Huston et al., 2000).

Experiments based on the observational approach et biodiversity reaches a
peak at intermediate productivity levels, whichdescribed by the “hump-backed”
model (Grime, 1973). This model indicates that ssecichness declines in more
productive sites due to higher rates of extinctibhess competitive species as a result
of higher dominance of strong competitors (Kahmealg 2005; Grace et al., 2007).
The observational approach studies the effect @fiep diversity on productivity across
environmental gradients, where other factors swchad fertility, climate, disturbance
regime, or herbivory are correlated with the obsdrdiversity and productivity levels
(Kahmen et al., 2005). Few experiments have distshga between environmental and
biodiversity effects by employing a multivariateatsstical analysis (Kahmen et al.,
2005; Grace et al., 2007). Generally, a strongetation between species richness and
productivity was not evident in these experimeritgis might be explained by the
overwhelming effects of environmental factors whmlght have masked the diversity
effect (Diaz and Cabido, 2001; Schmid, 2002; Heetal., 2007).

New approaches based on natural vegetations adedde overcome the above
mentioned limitations (Chapin et al., 2000; Loreaal., 2001; Kahmen et al., 2005). In
this kind of approach, biotic and/or abiotic fast@hould not be correlated with the
diversity and productivity levels. In the presenidy, the relationship between plant
diversity and productivity was analyzed at two lsy&vithin-site level (i.e. among plots
within a site) in order to minimize the influencéemvironmental factors, and across-
site level to investigate this relationship acressironmental gradients to be compared
with the hump-shaped model. We have chosen twerdift grasslands, species rich,
agriculturally managed grasslands (thereafter meshagrasslands) which were
managed through cutting and/or aftermath grazirdyreave 9-17 species and dry
acidic nutrient poor not managed grasslands (tfteremaatural grasslands) and have a
species richness range of 1-5 species 035m

We studied the effect of two components of biodiitgr species number and
evenness, on biomass production (thereafter provily¢tin order to test whether
different diversity components would have differeatationships with productivity.
Our hypothesis was that at within-site scale thatebe a general positive relationship
between diversity and productivity, while this tedaship will follow the hump-shaped
model when the relationship is investigated acessgronmental gradients.

Materials and methods
Study sites

The study sites were chosen from two different geasl types, agriculturally
managed and natural grasslands. Chemical chasttteof the managed grassland soil
(0-10cm depth) were: pH 6.2, 0.06 mg Pspil and 0.15 mg K § soil; while for the
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dry acidic natural grassland were: pH 5.3, 0.020% NH4" kg™ soil and 1.22 x 16g
NOs kg™ soil. Data from the managed grasslands were ¢etlda 2005, while the data
collection from the natural grasslands took plat006. Data from these grasslands
were analyzed separately to eliminate the confoundiffect of management history
and inter-annual variation in environmental corhs.

In 2005, seven sites (M1-M7), each measuring 3@ »B3and differing in plant
community composition and productivity levelTaple 1) were established in
agriculturally managed grasslands near Goettingemtral Germany (51° 31N,
9° 55 E). The sites had not received any mineral fegiliapplication, tillage or re-
sowing for at least the last decade. The manageowsrsisted of one or two hay cuts
per year with occasional aftermath grazing.

In 2006, another three sites (D1-D3) each measwixd.0 nf were chosen from a
natural (with no management history) dry acidicriemt poor grassland area located
near Fuerth, southern Germany (49° 2§ 10° 50 E), representing early stages of
succession and dominated by two pioneer speCaynephorus canescens and Rumex
acetosella (Table 1).

Table 1. Dominant species, species number and average biomass production of the managed
and the natural grasslands

Site Dominant species Avg. and range of Avg. and range of above-
P species number ground biomass (g DM n7)
M1 Arrhenatherum elatius 9.7 m? 536
Festuca rubra (8-13) (420-651)
M2 Festuca rubra 17.9 n¥ 576
Agrostis stolonifera (14-23) (377-749)
M3 Arrhenatherum elatius 16.6 n¥ 409
Rhinantus angustifolia (11-22) (284-507)
M4 Alepocurus pratensis 12 m? 392
Dactylis glomerata (6-16) (328-506)
M5 Elymus repens 11 m? 562
Ranunculus repens (7-15) (415-687)
M6 Festuca rubra 10.6 n¥ 406
Holcus lanatus (6-16) (296-621)
M7 Lolium perenne 13.4 n?? 445
Trifolium repens (10-19) (303-582)
D1 Corynephorus canescens 2.5 0.25nf 49
Rumex acetosella (1-4) (14-154)
D2 Corynephorus canescens 2.0 0.25nf 61
Rumex acetosella (1-4) (9-142)
D3 Corynephorus canescens 3.8 0.25n7 91.2
Rumex acetosella (2-5) (41-141)
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Data collection

In 2005, 18 one square meter quadrats were establliwithin each site (M1-M7)
and used as the experimental units for analysisthef diversity- productivity
relationship. Each site was divided into three kdpan each block six quadrats were
established, the quadrats were fixed systematieddigg the block (beginning, middle
and the end of the block). For each quadrat, allwtg plant species were recorded
and the proportion of each species from the totgl wieight biomass was visually
estimated following a method of percentage rankfighalley and Hardy, 2000).
Above-ground biomass (used as surrogate for thereaoound productivity) was
measured for each quadrat by harvesting all plaatenal (>2 cm). The harvest took
place when the swards reached the maximum yielggak standing crop point). The
sampling period lasted from beginning of June td thily. Before harvesting, the yield
was recorded periodically using the rising platetenanethod to determine peak
standing crop (Correll et al., 2003). This is a aestructive method which can be used
repeatedly on the same plot to estimate the herlyagld. Below-ground biomass
(thereafter below-ground productivity) was measui@dthree sites (because of time
and labor limitations): M1, M2 and M3 by taking ailscylinder (10cm diametex
20cm depth) at the center of each quadrat. Rooplesmvere then washed with running
tap water over a sieve (1 mm mesh size), cleaneuiatigt with forceps and collected
on aluminum trays. All harvested plant material wasn dried (103 °C) until constant
mass and weighed.

In the natural grassland, 15 quadrats of 0.3%vere established randomly at each of
the three sites. The same measurements as destwibte managed grassland were
carried out in these quadrats, except that Braamdglet classes were used to estimate
species canopy cover instead of the estimationrgfbibmass proportion for each
species and that the root biomass for each quadsiharvested totally (by excavating
all root materials in the upper 20 cm) rather tiaking soil cylinders as done in the
managed grassland plots.

Data analysis

The diversity—productivity relationship was analyzg two levels; within-site level
(data from one site) and across-sites level (detmn fall sites within each grassland

type).

Diversity analysis

Diversity measures included species richness (S) apecies evenness (J')
(Ma, 2005). Species richness was determined a®thlenumber of species present in a
quadrat. Species evenness was obtained usinglibwif@g equation:

J'=D"/Dinax (Eq.1)

where Dhax=S
and D' =15 (P?), where Ris species proportion.
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Statistical analysis

Least squares simple linear regressions were osadalyze the relationship between
plant diversity (species richness and evenness)paoductivity (above- and below-
ground biomass). Assumptions of the regression feogere tested by graphical and
numerical methods as Q-Q plot and Kolmogorov-Smvirtest for normality of
residuals and scatter diagrams of residuals andigbeel values for the constancy of
variance. Statistical analyses were performed USP§S version 12.0 (SPSS 2001).

Results
Within-site level

In the managed grasslands, the relationship betwpenies richness and above-
ground productivity was significant for two siteM¥ and M6) with a negative
correlation. Evenness was positively correlatedhatbove-ground productivity for two
sites (M1, M2). The relationship between diversityd below-ground productivity was
rather weak as only one site (M1) showed a significcorrelation (= 0.23, P<0.1)
between evenness and below-ground bioma&abld€ 2). In the natural grasslands, no
significant relationship between species richness @venness and productivity was
found.

Table 2. R of the relationship between plant diversity and productivity in the managed and
natural grasdands, within-site level (NS= not significant; + p<0.1; * p<0.05; ** p<0.01.)

Above-ground Below-ground
Species number| Evenness Species number Evennes
Managed
M1 0.00™ 0.19" 0.0"™ 0.23"
M2 0.07™ 0.25" 0.06"™ 0.12™
M3 0.00™ 0.04" 0.0"™ 0.0"™
M4 0.01™ 0.11" - -
M5 0.37" 0.04" - -
M6 0.19" 0.00™ ) ’
M7 0.00™ 0.00™
Natural
D1 0.05™ 0.04" 0.18"™ 0.11"
D2 0.10™ 0.05" 0.10™ 0.04™
D3 0.02™ 0.11" 0.00™ 0.06™

Across-sites level

Evenness seems to be more important in explairegvariation in above- and
below-ground productivity than species richnesg.08s all managed sites, productivity
increased linearly with increasing evennes$ £R0.14 and 0.11, P < 0.001 and P <
0.016 for above- and below-ground productivity pexgively). However, there was no
significant relationship between species richnesspoductivity Fig. 1).
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Figure 1. The relationship between diversity (species richness and evenness) and productivity
(above- and bel ow-ground) in the managed grasslands across sites

In the natural sitesHg. 2), productivity (both above- and below-ground) gesed
linearly with increasing species richness. No seitéct was found for the relationship
between productivity and evenness.
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Figure 2. The relationship between plant diversity (species richness and evenness) and
productivity (above- and bel ow-ground) of the natural grasslands across sites
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Discussion

Most of the controversies regarding the diversityelctivity relationship are raised
from two points: (i) the effect of various divegsicomponents (species richness,
evenness, community composition and functional rdit\® on ecosystem processes,
and (ii) the inconsistency between results obtaifredh the experimental and the
observational approach (Huston, 1997; Grime, 188&z and Cabido, 2001; Loreau et
al., 2002; Hector et al., 2007). In the present erpEnt, the relationship between
diversity and productivity in the managed grasstamdried according to the diversity
measure used (i.e. species richness or evenndss)pdsitive relationship between
evenness and productivity at within-site as wellaasoss-sites scale in the managed
grasslands indicates that evenness may be moredda ecosystem functions than
species richness. It has previously been hypotbésihat evenness might be more
related to productivity and nutrient cycling of teeosystems than number of species
(Wilsey and Potvin, 2000). Furthermore, ecosystevita evenly distributed species
might use resources more efficiently, both spati@hd temporally. Compared to
evenness, species richness is greatly influencesubyordinate species that have low
abundance, while those species would have negigfiects on productivity or other
ecosystem functions (Tilman et al., 1997; Spelal.eR002; Laird et al., 2003; Kahmen
et al., 2005). Previous studies also indicated s$paties richness showed only weak
relationships with productivity (Tilman et al., IBXahmen et al., 2005).

Contrary to the managed sites, none of the natsitas showed a significant
relationship between diversity and above-grounddpctvity at within-site scale.
Previous studies (eg. Laird et al., 2003) have shawignificant relationship between
diversity and productivity in sites characterizedearly successional. Our results could
be explained by the fact that the variations inedsity and productivity levels within
each site of the dry acidic grassland were too towproduce statistically significant
relationship Table 1).

Overall, our analysis at within-site scale indisatieat there is no general relationship
between plant diversity and productivity that isisistent for all sites and that the type
of the diversity-productivity relationship could bmfluenced by the existing
environmental conditions. Therefore, our resules @ot in agreement with the results
obtained from experimental grasslands where an p®fio increase in productivity
along with increasing species richness was fouret{dt et al., 1999).

Our analysis at across-sites level allows compasumgresults with the observational
approach as both of them investigate the divemibghuctivity relationship across
environmental gradients. The results obtained ftbm managed grasslandsid. 1)
showed a general positive diversity-productivitylatenship when the diversity
measure was evenness. However, species richneggdhm significant relationship
with productivity nor did it behave according teethypothesized hump-backed model
(Grime, 1973). The explanation for this might beattlobtaining the hump-shaped
relationship requires the extreme environmentaldtams to be included into the
surveyed plots (stress factors at one end and wonslithat favor high productivity at
the other end). A lack of these extreme conditioviich cause low and high
productivity levels would produce a diversity prativity relationship that is located at
the center of the hump-shaped curvgg(1). Another explanation could also be that the
complementarity between species does not incredbeinvereasing number of species
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(redundancy) in the relatively species rich managedslands (Laird et al., 2003). This
is confirmed by the positive species richness-petdily relationship in the natural
grasslandsKig. 2), which is characterized by a lower number of ggecompared to
managed grasslands.

Interestingly, our results from the natural grasdfa at across-site scale are in
agreement with the results obtained from the erpamtal approach (e.g. Naeem et al.,
1996; Hector et al., 1999). In those experimertts, positive relationship has been
mainly attributed to niche complementarity and stamgpeffect, where it has been
argued that the diversity effect could also be ahi\by the plots with low species
richness (Kahmen et al., 2005). In our natural daasls, it seems that those factors
might also play an important role in producing symsitive relationships in early
successional sites because of the low species muandeof ecological processes which
have not yet reached equilibrium (Wardle, 1999rd.ai al., 2003).

Our results indicate that the relationship betwekrersity and productivity is
different for the managed, species rich, productivasslands in one hand and the
nutrient poor, low productive natural grasslandsamother hand. Compared to the
managed grasslands, natural dry acidic grasslamdsharacterized by lower fertility
and lower water availability during the growing sea due to the low water holding
capacity of the sandy soils. Diversity (speciebmiss) effects might be stronger in low
productive nutrient and species poor grasslands thathe agriculturally managed
grasslands, where plant species could be functiomabre redundant. This might
explain why increasing species number was accoragdwy higher productivity in the
natural, but not in the managed grasslands, assite scale. On the other hand, it
may also be that there is no causal relationshiwd®n the higher biomass values and
the higher species richness values in our naturatstands and that the observed
positive relationship might just be due to the fhett the higher species numbers in the
more productive plots results from a better speessablishment in these plots after
disturbance (Laird et al., 2003).

Conclusions

A reconciliation of the results obtained from th@erimental and the observational
approaches might enable us to understand the $atiat regulate the relationship
between biodiversity and ecosystem functioning adl vas expand our current
knowledge of conservation and ecosystem processasatural ecosystems. We think
that a single general diversity-productivity redaiship does not properly characterize
the natural vegetations, thus biotic and/or abitdttors might affect this relationship
significantly. We suggest that future experiment®wd be continued in natural
vegetations and that the investigated sites shbalgre-classified according to their
differences in ecological, compositional, or enmitental characteristics. There is a
need to include environmental factors in the fustrelies (rather than to control them)
in order to investigate their effects on the bi@dsity-productivity relationship.
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