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Abstract
Van der Krift A.J. (2000) Effects of plant species on nitrogen mineralization in grassland
ecosystems.Ph.D.thesis,Wageningen University,Wageningen, TheNetherlands.

In many ecosystems, the nutrient supply is an important factor that determines plant species
composition. Plant species have developed different characteristics, which make them
successful competitors in either nutrient-poor or more fertile environments. These plant
characteristics could, in turn, have important consequences for soil fertility. The research
described in this thesis set out to investigate different plant characteristics of species from
habitats that differ in nitrogen availability, to assess their possible consequences for soil
nitrogen mineralization. Compared to species from nutrient-poor habitats, species from fertile
habitatswere expectedto stimulatetheNmineralization becausetheyproduce larger quantities
ofrhizodeposits andlitter,whichdecompose better.
Overall, the results described in this thesis support this hypothesis. Plant species from high
fertility habitats increased soil N mineralization more than species from low fertility habitats.
Living plants of species from high fertility habitats produced more root biomass and
consequently more rhizodeposits. Moreover, species from high fertility habitats had a shorter
root lifespan than lowfertility species.Asaresult,they added greateramounts ofdeadrootsto
the soil, but the decomposability of these dead roots was not related to the fertility of the
habitat that they preferred. The effect ofN availability onthe plant characteristics studied was
striking.WhenN supply decreased, root biomass declined, especially for the speciesfromhigh
fertility habitats, and as aresult therhizodeposition decreased. Moreover, for all species lower
N supplies had a negative effect on rhizodeposit and dead root decomposition. Living plants
stimulated deadrootdecompositionbutthedegreeofstimulationdepended ontheC:Nratioof
the decomposing roots. Overall, the differences in stimulation or inhibition of the N
mineralization asaresultofdifferent levelsofsoilfertility seemedtobegreaterinspeciesfrom
highfertility habitatsthaninspeciesfromlowfertility habitats.

Keywords: decomposition, nitrogen mineralization, perennial grasses, rhizodeposition, root
lifespan, soil fertility.
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1. General Introduction

Plant speciesand nutrient availability
In both agricultural and natural ecosystems, plant growth is most frequently limited by
nitrogen (Chapin et al. 1987; Aerts and Chapin 2000). The species composition and species
diversity in these ecosystems reflects the availability of nitrogen (Olff and Bakker 1991;
Wedin and Tilman 1996), because the plant species present have developed different traits
through natural selection which make them successful competitors in either nutrient-poor or
more fertile habitats. In nutrient-poor environments, for example, it has been shown that
selection favors plant species with traits increasing nutrient use efficiency, like low loss rates
of nutrients and biomass (Berendse and Aerts 1987; Berendse and Elberse 1990; Aerts and
van der Peijl 1993).By contrast, in nutrient-rich environments, selection favors plant species
with traits increasing their growth rate, like high rates of photosynthesis and large specific
leaf areas (Poorter et al. 1995). Because of their contrasting traits, species from nutrient-poor
and nutrient-rich environments mutually exclude them from each other's habitats (Berendse
1994;Aerts 1999).Asaresult,nutrient-poor habitatswillbe dominated by species with alow
potential growth rate and low nutrient loss rates and fertile habitats by species with a high
potential growth rate and high rates of nutrient loss (Grime and Hunt 1975; Berendse and
Elberse 1990;Berendse 1994;Aerts 1999;AertsandChapin2000).
Giventhat environment exerts selection pressure,vianutrient availability, onplant species,
perhaps the traits that characterize the species adapted to a particular nutrient scenario will
themselves be influential on the environment. Could they, for example, have consequences
for carbon and nitrogen cycling in the ecosystem? This thesis attempts to answer this
question. It describes experiments that investigated different plant characteristics of species
from habitats that differ in nitrogen availability; the aim was to assess the possible
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consequences of these characteristics for the nitrogen availability in the habitat of the species
concerned.
It is well documented and generally accepted that the rate of nitrogen mineralization is
regulated byboth abiotic factors (Swift etal. 1979)andbiotic factors (Van Breemen and Finzi
1998; Wardle et al. 1998; Aerts and Chapin 2000). The most important abiotic factors
affecting nitrogen mineralization aretemperature and soil moisture content (Swift etal. 1979;
Sierra 1997). The soil moisture content affects the availability of water and oxygen to the
growing microorganisms, leading to a humped shaped relationship between soil moisture and
soilmicrobial activity (Sierra 1997).
The effects of dominant plant species, however, can be equally important in controlling
ecosystem fertility (Wedin and Tilman 1996; Berendse 1998; Van Breemen and Finzi 1998;
Wardle et al. 1998; Aerts and Chapin 2000). Living plant species can affect the carbon and
nitrogen cycle inthe soilbythe activity oftheir livingroots (Clarholm 1985;Nicolardot etal.
1995; Brevedan et al. 1996; Cadisch and Giller 1997) and by the production of dead plant
litter (Aerts et al. 1992;VanVuuren et al. 1993;Bloemhof and Berendse 1995;Brevedan et
al. 1996). The production of roots by living plants is quantitatively important and in many
ecosystems exceeds aboveground productivity (Eissenstat and Yanai, 1997; Gorissen and
Cotrufo 2000). A very important influence of growing roots is their influence on soil
microbial activities. By water uptake and transpiration, living roots can desiccate the soil and
thereby alter soil microbial activity (Jenkinson 1977; Sparling et al. 1982). Moreover, living
plants supply substantial amounts of simple carbon compounds like exudates, mucilages and
lysates to the soil through their roots (rhizodeposition) (Rovira 1969). Rhizodeposition
stimulates microbial activity and the microbial degradation of dead roots and soil organic
matter by supplying an additional energy source (Helal and Sauerbeck 1989). The microbial
use of these rhizodeposited carbon substrates has a major influence on soil nutrient
availability (Grayston etal. 1996).
In addition, living plants add significant amounts of carbon and nutrients to the soil
through the senescence of their root biomass. The nutrients input into the soil due to root
turnover are organic nitrogen and phosphorus compounds derived from the dead root
material. Most plants, however, obtain most of their nitrogen by absorbing the inorganic ions
ammonium and nitrate (Chapin et al. 1987).The supply of inorganic nitrogen depends largely
on nitrogen mineralization, the microbial mediated conversion of organic nitrogen to the
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inorganic forms (NO3"andNH^). So,the decomposition ofplant litter and rhizodeposits and
the final mineralization of nutrients are decisive processes in the nutrient cycle (Cadisch and
Giller 1997).
Soil microorganisms have a key role in regulating the availability of plant nutrients
through the mineralization of soil organic matter and the solubilization of soil minerals
(Grayston 1996).Microbial growth insoil iscarbon limited and carbon canenterthe soil from
plants as litter, dead roots and rhizodeposits (Grayston 1996). The rate at which the
decomposing plant material decomposes and releases nutrients depends on its quality (Wedin
and Tilman 1990; Cotrufo et al. 1994; Cadisch and Giller 1997). A variety of predictive
equations have been proposed to calculate litter decomposability, mainly using various ratios
of carbon (C),nitrogen (N),lignin andpolyphenols (Cadisch and Giller 1997).The C:N ratio
is accepted as ageneral index ofquality (Cadisch and Giller 1997).However, the C:N ratio is
not aconsistently accuratepredictor oforganic matter decomposition because it doesnot take
into account the quality of the C (for example, the lignin concentration). Organic matter with
similar C:N ratios can decompose at very different rates simply because of differences in C
quality (Entry 2000). Good predictors for the decomposition rate have been found to be the
lignin concentration or lignin:N ratio in litter (Berg and Staaf 1980;Melillo et al. 1982). The
C:N ratio of the decomposable resources in general determines whether nitrogen
mineralization or nitrogen immobilization takes place (Berendse et al. 1987; Robinson et al.
1989; Cadisch and Giller 1997). The theoretically optimal C:N ratio of litter for microbial
growth is about 25 (Swift et al. 1979; Cadisch and Giller 1997; Seneviratne 2000) but it
differs depending on the type of soil organism (Robinson et al. 1989). Materials with C:N
ratios lower than 20 decompose rapidly, often with a net release of inorganic nitrogen,
because organic nitrogen compounds are metabolized as Csource (Cadisch and Giller 1997).
Nitrogen immobilization occurs if soil microbes consume organic matter with a higher C:N
ratio than their own, after respiratory C demands have been taken into account (Robinson et
al. 1989).
Several authors have stated that biomass turnover rate (Berendse et al. 1987; Aerts et al.
1992; Schlapfer and Ryser 1996) and litter decomposability (Berendse et al. 1989b; Van
Vuuren et al. 1993;Cornelissen 1996)can have significant effects on the changes in nitrogen
mineralization in the soil. However, plant species vary greatly in the amount of litter they
produce and its decomposability (Aber et al. 1990;Berendse et al. 1989b; Van Vuuren et al.
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1992; Comelissen 1996; Wardle et al. 1998). It has been demonstrated that species from
habitats of different nutrient availability also differ in biomass production, biomass turnover
and decomposition rate of the litter (Berendse et al. 1989b; Aerts et al. 1992;Van Vuuren et
al. 1993;Brevedan et al. 1996;Jensen 1996;Aerts and De Caluwe 1997;Cadisch and Giller
1997; Gorissen and Cotrufo 2000). Such differences between plant species seem likely to
have important consequences for soil organic matter dynamics and nutrient mineralization,
especially when plant species composition changes during succession. If individual plant
species can affect the nitrogen mineralization, this can lead to positive feedbacks between
plant speciesreplacement andchanges innitrogen availability.

Figure 1. Schematic view on
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The speciesused inthis study
Various studies have shown that there is a species-level effect on nitrogen mineralization
(Vitousek et al. 1987; Berendse 1990; Wedin and Tilman 1990; Van Vuuren et al. 1992;
Hobbie 1992; Stelzer and Bowman 1998). For example, experiments with Erica tetralixand
Moliniacaeruleashowed that the nitrogen mineralization was correlated with the amounts of
organic nitrogen in the soil and the decomposability of the above-ground litter (Van Vuuren
andBerendse 1993;VanVuuren etal. 1993).These comparative experiments and most others
only compared species that differed in growth form and belonged to different families. Much
of the variation between species may be associated with phylogenetic constraints. Hence, to
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avoid confounding effects of differences in growth form and phylogeny, in the research
described inthisthesismainly speciesofonefamily (Gramineae) were compared.
The study focussed on Loliumperenne, Holcus lanatus,Arrhenatherumelatius, Festuca
rubra, Anthoxanthum odoratum, Festuca ovina, Nardus stricta and Molinia caerulea and
investigated theirinfluence onthenitrogen mineralization (table 1).
Table 1.Grass species used inthe experiments, lifeform and main habitat

Species

Lifeform

Habitat

Loliumperenne L

perennial

humid- dry,nutrient-richgrassland

Holcus lanatus L.

perennial

wet- humid,moderatelyfertile- nutrient-richgrassland,ruderal

Arrhenatherum elatius (L.)J.&C.Presl

perennial

humid,moderatelyfertile- nutrient-rich grassland

Festucarubra L.

perennial

humid- dry,nutrient-poor- moderatelyfertilegrassland

Anthoxanthum odoratum L

perennial

nutrient-poor- moderatelyfertilegrassland

Festuca ovina L.

perennial

acid,dry,nutrient-poorsand

Nardusstricta L.

perennial

acid- moderate,humid- dry,nutrient-poorgrassland

Molinia caerulea (L) Moench

perennial

acid- moderate,wet- humid,nutrient-poor,forest,grasslandor
heathland

These grass species occur in environments with different nitrogen availabilities. L.
perenne, H. lanatus and A. elatius grow in nutrient-rich environments, F. rubra and A.
odoratumgrow in environments with moderate nutrient availability and F. ovina,N.stricta
and M. caerulea prefer a nutrient-poor environment (table 1). Moreover, if nitrogen
availability changes, these species can replace each other. It has been demonstrated that a
dramatic change in nitrogen supply has extremely important effects on the species
composition ofthe community (Tilman 1984;Berendse and Elberse 1990).And in grasslands
that are withdrawn from agriculture for the purpose of restoring the plant species diversity,
species composition also changes. When the fertilization of these grasslands is stopped and
the organic matter is removed every year after mowing, there is a marked decline in
mineralization and productivity (Bakker 1989; Olff et al. 1994). One of the areas where the
reversed succession of grasslands has been studied is the Drentse Aa in north-east
Netherlands. Here, the pasture species L. perenne was replaced by H. lanatus shortly after
fertilization was stopped. (Olff et al. 1990;Olff and Bakker 1991).After c. 10yearsF.rubra
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became one of the dominant species.A. odoratumbecame dominant after c. 15years and N.
stricta appeared when the soil had become nutrient-poor (Bakker 1989; Olff and Bakker
1991).

Thesis synopsis
The aim of the research presented in this thesis was to answer the question: Do grass species
from habitats that differ in nitrogen availability differ in certain adaptive traits, like root
lifespan, litter decomposability and rhizodeposition, and do these different traits affect the
nitrogen mineralization rate?"
Whether grass species from habitats with different nitrogen availabilities really have a
different effect on.the nitrogen mineralization was tested in a long-term garden experiment
(chapter 2). In this experiment grass species with different potential growth rates which are
adaptedtohabitats withdifferent nutrient supplies were planted inmonocultures. The species
studiedwere assigned tothreegroups onthebasis ofthe soil fertility intheirpreferred habitat:
high, intermediate or low soil fertility. The nitrogen mineralization and nitrification was
measured in soil samples taken from and incubated in the plots in order to analyse the longterm effects of the species. To test whether the influence of these different groups of grass
species onnitrogen mineralization corresponds withthe influence of species of other families,
Icompared thenitrogen mineralization in soil inwhich these grass species were growingwith
the nitrogen mineralization in soil in which different groups of dicot species were growing.
These dicot species were also divided into high, moderate and low fertility species,
corresponding tothenutrient availability intheiroptimalhabitat.
The next aspect investigated was the plant trait that can bring about changes in nitrogen
mineralization. To date, much has been found out on the effects of aboveground litter
production, but very little isknown about the subterranean biomass turnover of plant species.
Eissenstat and Yanai (1997) suggested that plant roots have important effects on carbon and
nitrogen cycling. In the next four chapters of this thesis I focus on the possible subterranean
impactofplantspecies.
Inagarden experiment Iand my colleagues measured during three years the root lifespans
of four grass species,L.perenne,A. elatius, N.stricta andM. caerulea,with a similar growth
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form but with a contrasting ecological response to nutrient availability (chapter 3).
Minirhizotrons were used to assess root dynamics, because this technique enables individual
roots to be monitored from "birth" to "death" in successive observations. I postulated that
during aging of the roots the root diameter would decrease as a result of the death of
epidermal and cortical cells.This decrease inroot diameter was determined to assess biomass
andnutrient lossesduringroot senescence priortocompleterootdeath.
The deadroot material that enters the soil duetoroot senescence contains organic nitrogen
and phosphorus. To be available for plant uptake,this litter must decompose and its nutrients
must be mineralized. Chapter 4 describes a study of the differences in 15N-labelled root
decomposabilityofthree grass species,H. lanatus,F.rubraandF.ovina,and the subsequent
N and 15N availability for the growing plants of H.lanatusand F. ovinaover a period of 6
weeks. This experiment also examined the influence of these growing plants on the
decomposition ofdeadrootsandthenitrogen mineralization.
Relatively moderately fertile soil was used for the experiments in chapter 2, 3 and 4,
becauseunderthese conditions therelative effects ofplant species onnitrogen availability are
greater and therefore easier to detect. Moreover, Poorter et al. (1995) found that most
parameters related to growth and chemical composition differ between high and low fertility
species and are affected by nitrogen supply, but that the differences between species at high
nitrogen availability persist at low nitrogen supply. However, to test whether differences in
the investigated plant characteristics occur both in nutrient-poor and in nutrient-rich
conditions,the studies inchapters 5and6were doneattwolevelsofnitrogen availability.
Chapter 5 considers the influence of nitrogen availability on rhizodeposition and on
decomposition of rhizodeposits, dead roots and old soil organic matter. To examine whether
there is interspecific variation in these processes, four grass species,H. lanatus,F. rubra,A.
odoratum and F. ovina were studied. Plants of these species were homogeneously labelled
with 14C02 during their growth at two nitrogen levels. Using this method, it was possible to
measure the carbon release to the soil through rhizodeposition during growth at the end of a
growing period. Moreover, the influence of nitrogen availability on the four species was
studied and how these species differed in the decomposition rate of 1) the labelled
rhizodeposits in the soil in which the plants had been growing and of 2) the labelled dead
roots incubated infresh soil,during 69days.
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A study investigating whether and how growing plant species regulate the litter
decomposition rate during one growing season (May-November) is described in chapter 6. I
tested whether living plants of H. lanatus and F. ovina affect the decomposition of l4 Clabelled deadrootsof//, lanatus, F. rubra,A. odoratum orF.ovinaandwhether this effect is
species-specific. Inthe same experiment Istudiedthe influence ofnitrogen availability during
rootgrowthonrootdecomposability andwhetherthishasan affect onthegrowingplants.
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2. Theeffect ofplant speciesonsoil
nitrogen mineralization

Abstract.

Toascertain theinfluence ofdifferent plant species onNcycling,weperformed a

long-term garden experiment with 14 species with different potential growth rates, which are
adapted to habitats with different nutrient supplies. We planted monocultures of 6 grass
species (Loliumperenne, Arrhenatherum elatius, Festuca rubra, Anthoxanthumodoratum,
Festuca ovina and Nardus stricta) and 8 dicotyledonous species (Urtica dioica, Rumex
obtusifolius, Anthriscus sylvestris, Centaurea pratensis, Achillea millefolium, Succisa
pratensis, Calluna vulgaris and Erica tetralix) and measured in situ N mineralization and
nitrification ofthesoilduringthefourth yearoftheexperiment.
In this study we focussed on the effects of the different species on (1) annual net N
mineralization; (2)the seasonal pattern ofN mineralization; and (3)the fraction ofthe total N
mineralization that is nitrified. Our hypothesis was that plant species of nutrient-rich habitats
enhancetheNmineralization comparedtospeciesofnutrient-poorhabitats.
The results demonstrate a strong influence of the species on the net N mineralization and
net nitrification. The N mineralization and nitrification fluctuated strongly during the year.
Overall, species from high fertility habitats increased N mineralization and nitrification more
thanspeciesfromlowfertility habitats.About90%ofthemineralized ammoniumwasoxidized
to nitrate. There was no significant difference in this proportion in the plots of species from
nutrient-rich, moderate andnutrient-poorhabitats.

Keywords:grasses,dicots,monocultures,nitrogenmineralization, nitrification
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Introduction
The species composition, species diversity and primary productivity of terrestrial ecosystems
are strongly affected by the rates at which limiting nutrients such as nitrogen are supplied
(Chapin 1980;Berendse 1983; Wedin andTilman 1990;Olff etal. 1994).Thesupply rate ofN
depends largely on N mineralization, the microbial mediated conversion of organic N to
inorganic forms (N03~ and NH44). In turn, the rate of N mineralization is regulated by abiotic
factors (Swift etal. 1979)andbiotic factors (e.g.plants,soilanimals andmicroorganisms) (Van
Breemen 1993).
Earlier studies showed that the effects of dominant plant species could be as important as
abiotic factors in controlling ecosystem fertility (Berendse 1990;Wedin and Tilman 1990;Van
Vuuren et al. 1992).There isgreat inter-species variation among plants inthe amount of litter
they produce and its decomposability (Melillo et al. 1982;Melillo and Aber 1984; Aber et al.
1990;Berendse et al. 1989b;Van Vuuren et al. 1992). Such differences between plant species
will likely have important consequences for soil organic matter dynamics and nutrient
mineralization when plant species composition changes during succession. Various studies
have indeed demonstrated the influence of the dead organic material plants produce on N
mineralization (Olson 1958;Berendse 1990;Wedin and Tilman 1990;Bloemhofand Berendse
1995). Moreover, various observations suggest species level effects on N mineralization
(Vitousek et al. 1987; Berendse 1990; Wedin and Tilman 1990; Van Vuuren et al. 1992;
Hobbie 1992;StelzerandBowman 1998).However,most ofthesestudieshave only compared
clearly divergent species (Vitousek et al. 1987; Berendse 1990; Van Vuuren et al. 1992;
StelzerandBowman 1998).
Some of the studies done so far report conflicting results. Wedin and Tilman (1990) found
that N mineralization was higher in plots with early successional grasses than in plots with
grasses from late-successional grasslands. Van Vuuren et al. (1992 and 1993) found that litter
from a different set of early successional species with lowpotential growth rates decomposed
less easily than litter from late successional species with a high potential growth rate. They
contended that it was this increase in decomposability, in combination with an increase in
biomassturnover,thatresulted inanaccelerated increaseinNmineralization duringsuccession
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(cf. Berendse 1998). These examples illustrate that the interpretation of observational studies
canbeconfounded bythechoiceofthespecies.
It is difficult to interpret the results of descriptive field studies on the relation between
species composition and soil nutrient mineralization. Not onlyplant species composition does
affect the release of nutrients, but also vice-versa the soil fertility has a major impact on the
plant community composition. To elucidate this we carried out a long-term garden experiment
with 6 grass species and 8 dicotyledonous species with different potential growth rates and
which were adapted to habitats with different nutrient supplies. The species studied were
assigned to three groups on the basis of the nutrient level of their preferred habitat: high,
intermediate or low soil fertility, respectively. The species were planted in monocultures in
gardenplotsto ensurethatthe initial soilconditionswere identical for eachofthe species.The
nitrogen mineralization and nitrification was measured in soil samples taken from and
incubated in these plots in order to analyse the long-term effects of the species. We focussed
onthe effects ofthetest species on (1)annual netNmineralization; (2)the seasonal pattern of
N mineralization; and (3) the fraction of the total N mineralization that is nitrified. Our
hypothesiswasthatdifferent plant specieshavedifferent effects onnitrogenmineralization and
thatplant species ofnutrient-rich habitats enhancetheNmineralization comparedto speciesof
nutrient-poorhabitats.

Materials and Methods
GARDEN EXPERIMENT

The long-term garden experiment was started in June 1993. In this experiment 14 different
plant species were planted atthe sametime inmonocultures. Themonocultures were arranged
according to a randomized block design with 5replicates. Plots of 1 by 1mwere cut out toa
depth of 50 cm, where the yellow subsoil was present. Each block contained two rows with
sevenplotseach.Thedistancebetweentherowswas 1 mandthedistancebetweentheplotsin
onerowwas50cm.Theplotswere subsequently replenishedwithanintermediate fertile sandy
soilwith6.6%organicmatter, 2.0g/kgtotalN (26.5N0 3 mg/kg,6.07NH4mg/kg),andpHof
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5.6. First the soilwassieved inordertoremove oldroots.Allplots were surrounded by 50cm
deep sheets. The plots were planted with monocultures of 6 grass species, Lolium perenne,
Arrhenatherumelatius,Festucarubra,Anthoxanthumodoratum,Festuca ovina andNardus
stricta,and 8dicotyledonous species, Urtica dioica,Rumexobtusifolius, Anthriscus sylvestris,
Centaureapratensis, Achillea millefolium, Succisa pratensis, Calluna vulgaris and Erica
tetralix.64 young tillers were planted per plot. In August 1993 dead plants were replaced by
newtillers. In September 199335cmhigh shadow gauze wasplaced around the plotstokeep
theproducedplantbiomassinsidetheplots.
In August 1999 the whole garden experiment was harvested. The above ground biomass
wasclipped anddriedat70°Ctoaconstantweight.
During the experimental period mean temperature and total precipitation were 4.2°C and
174 mm during winter (January until March), 12.3°C and 178 mm during spring (April until
June), 16.2°C and 215 mm during summer (July until September) and 6.3°C and 230 mm
during autumn (Octoberuntil December) (Meteorological data,WageningenUniversity).

CLASSIFICATION OFTHESPECIES

The species were divided into three groups according the Clausman N index parameter
(Melmanetal. 1985).Thisindex isarankingparameter, varying from 1 to9,that characterizes
therelative soilN availability at which the species involved ismost frequently found. Thefirst
group contained species of nutrient-rich habitats: their Clausman N index was higher than 5.5
(Table 1).The grasses ofthis group wereLoliumperenne andArrhenatherum elatiusand the
dicotswereRumexobtusifolius,Urtica dioicaandAnthriscussylvestris.Species ofthe second
group occur in moderately fertile habitats. They were the grass species Festuca rubra and
Anthoxanthumodoratumand the dicot speciesAchillea millefoliumand Centaureapratensis.
Species ofthethird group occur innutrient-poor habitats and have a Clausman N index lower
than 3. They were the grasses Festuca ovina and Nardus stricta and the dicots Succisa
pratensis, Calluna vulgaris andErica tetralix.
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Table 1. Species used in the garden experiment. The Clausman N index
parametersaregiveninparenthesis.
Grasses

Dicots

Group1

Loliumperenne (9.1)

Rumexobtusifolius(9.0)

(>5.5)

Arrhenatherumelatius(5.6)

Fertility groups

Urticadioica(6.5)
Anthriscussylvestris (6.2)

Group2

Festuca rubra (3.8)

Achilleamillefolium(5.1)

(5.5>x>3.0)

Anthoxanthumodoratum(3.3)

Centaureapratensis(3.2)

Group3

Festuca ovina (2.3)

Succisapratensis (1.1)

(<3)

Nardusstriata (1.5)

Calluna vulgaris(1.1)
Ericatetralix(1.1)

N MINERALIZATION

In 1996,after the experiment had been running for three years, we measured netN
mineralization inthe monocultures ofthe grass species and the dicot species from26March
1996until 25March 1997.Wetook soil core samples and incubated theminsitu for 4periods
of 8 weeks inthe period from 26March until 5November, one period of 13weeks from 5
Novemberuntil 11 Februaryandoneperiodof6weeksfrom 11Februaryuntil25March.
Atthe start ofthe incubationperiod,apaired sample ofthe first 10cmofthesoilwastaken
under ornear anindividual plant ineach monoculture, using preweighed polyvinyl chloride
tubes (internal diameter 2.8cm, length 15cmand wall thickness 2mm). These tubes were
pushedthrough the loose litterintothe soiltoadepthof10cm.Thenthe tubeswereremoved
andtheir endsclosed with capsoflow-density polyethene. One ofeachpairofsamples (initial
sample) was transported tothelaboratory ina cooled box andstored overnight at 5°C. The
mineral N wasextracted theday after collection. Theother tube (incubated sample)was
returned to its original position inthe soil and left there inorderto measure the accumulation
of mineral Nduring the subsequent incubation period. The incubated soil tube had four holes
of4mm diameter inthe part that remained above the soil surface, toallow forthepassageof
air. Thelids prevented water entering the tubes. At the endof the incubation periodthe
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incubated sampleswerealsotransported tothe laboratory inacooledboxand stored overnight
at 5°C, and the mineral N was extracted the following day. The followed method was similar
toearlierNmineralization measurements (Berendse 1990).
Before the analysis,the loose litter wasremoved from the soil core and discarded. The soil
samples were homogenized after removing the roots. A 20 g sample of field-moist soil was
taken from each tube and extracted with 50ml of 1mol KC11"1. Thereafter the N H / and the
N03" content were determined using a Skalar autoanalyser Sanplus system. Soil moisture
contents were determined in all samples by drying the remaining part of the field-moist soil
overnight at 105°C. The volumetric soil moisture content was calculated relative to the
volumetric amount of dry soil.Thebulk soil density ofthe0-10cm soil layer at each sitewas
calculated from theaverageamountofdrysoilperinitialsample.
Net N mineralization was calculated as the increase in N-NH/ plus N-NO3" whereas net
nitrification was calculated asthe increase inN-NO3"in the incubated samples relative to their
paired initial samples. Foreachperiod netNmineralization andnet nitrification was multiplied
by the bulk density of the 0-10 cm soil layer to obtain results per unit area. Annual net N
mineralization and annual net nitrification was calculated asthe total of net mineralization and
net nitrification during the different periods from 26 March 1996- 25 March 1997. Relative
nitrification was calculated as the fraction of the annual released inorganic nitrogen that is
oxidized tonitrate.

STATISTICAL ANALYSES

Alldatawereanalysedusinganalysis ofvariance(GeneralLinearModel; SPSS7.0, 1995)with
life form (dicot orgrass)and fertility group asfixed factors andblock asrandom factor. When
variances increased with the means, the data were logarithmically transformed. Tukey's
Studentized range tests were used to test for differences among means. Because the
morphology of dicots and grass species is different, we separated these two growth forms and
the GLM-procedure wasused to ascertain whether thethree groupstowhich species hadbeen
assignedhaddifferent effects onmineralization and nitrification.
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Results
The nitrogen mineralization and nitrification per unit area fluctuated strongly during the year
(Figs 1and 2). Both N mineralization and nitrification were low during autumn and winter
(Novemberuntil March).DuringMarch andApril theNmineralization andnitrification peaked
in the plots with species characteristic of relatively fertile soils. In this period the N
mineralization andnitrification intheplots ofgrassspecies from nutrient-rich habitat (group 1)
were three times greaterthan inthe plots of grass speciesfromintermediate and nutrient-poor
habitats (groups 2 and 3). This pattern was more pronounced in the dicot species: the N
mineralization and nitrification in the plots of dicot species from groups 1or 2 were up to
seventimesgreaterthan intheplotsofspeciesfromgroup3.
The three species groups had different effects on the annual net nitrogen mineralization.
Figure 3showsthat for boththe grass species andthe dicot speciestheNmineralization inthe
plots of species form nutrient-rich habitats (group 1) was almost double that in the plots of
species from nutrient-poor habitats (group 3). This difference was significant in both cases
(Table 2). For the grass species, N mineralization in the plots with species of group 2 was
intermediate betweentheplots withthe species ofgroups 1 and 3.Forthe dicot species,theN
mineralization in plots with group 2 species was not different from the N mineralization in
plots with high nutrient species (group 1) and was significantly higher than in plots with
speciesfromlowfertility habitats(group3).
Table 2. F values calculated by analysis of variance, using GLM, for annual N
mineralization (Nmin), nitrification (N-NO3) and relative nitrification (rel. NO3)from
26 March 1996 - 25 March 1997 and net living aboveground biomass (g m"2) in
August 1999inplotswithgrassanddicotspecies (lifeform).

Source

df

Nmin

N-NO:,

rel. NO;,

biomass

Lifeform (If)

1

0.82™

1.63"'

1.92ns

3.40™

Groups (g)

2

9.02"'

9.34'"

2.36™

7.61"'"

Block

4

2.45™

1.58ns

2.05™

0.76™

Ifxg

2

0.39ns

0.51 ns

0.33ns

1.68™

*P<0.05,** PO.01, *** PO.001.
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Figure 1. Net N mineralization (mg m"2day"1) measured in situ in three-year-old monocultures with 6 grass
species (A) and8dicot species (B)during different periods oftheyear. Species aredivided into 3groups;high
fertility species (group 1),intermediate fertility species (group 2) and low fertility species (group 3).Values are
means±se.
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means±se.

27

Chapter2

30

A A.Grasses

>.

Figure

B. Dicots

F

O) 20

-

c
o 15
m

-

A

AB

7

Annual

net

N

B

March 1996 - 25 March 1997 in

A

monocultures with 6 grass species

.n
1

and 8 dicots divided into 3 groups;

i

N
CO 10

1

<i>
c

1

E

3.

mineralization (g N rrf2 yr"1) from 26

25

high fertility species (group 1),
intermediate fertility species (group
2) and low fertility species (group 3).

5
n*9

n»10

n=15

n=10

n=10 '

n=15

Values are means ± se.

groups

30

A. Grasses

Figure 4. Annual net nitrification (g

B. Dicots

^^ 25

N-NOs m"2 yr"1) from 26 March 1996

' i _

- 25 March 1997 in monocultures

><20
T

fc
ra 1b

A

with 6 grass species and 8 dicots

I

AB

divided into 3 groups; high fertility

I

c

o

B

en
o 10

n=10

n=10

n=15

n=10

species

(group

1),

intermediate

I

fertility species (group 2) and low

i

fertility species (group 3). Values are

n=15

means ± se.

groups

1
z

A. Grasses

1,0

Figure 5. Annual relative nitrification

B. Dicots

(g N-NO3 / g N mineralization) from

O 0,8
z
z

26 March 1996 - 25 March 1997 in

~c 0,6

and 8 dicots divided into 3 groups;

monocultures with 6 grass species

high fertility species (group 1),

> °'

intermediate fertility species (group

2

ra

2) and low fertility species (group 3).
-1=9

n=10

r=10

•1-10 i

i

0,0
groups

28

n-15

Values are means ± se.

Theeffectofplant speciesonsoilnitrogen mineralization

The nitrification showed the same pattern as theN mineralization (Fig. 4).The nitrification in
the plots of group 1 species was twice as high as in the plots of group 3 species and this
difference was significant. For both the grass species and the dicot species, the nitrification in
the group2plotswaslower compared withtheplotsofthegroup 1 species,butthis difference
wasnot significant.
There were no significant differences between the 3 groups of grass species and dicot
species inthe fraction ofmineralized N that was converted intonitrate (Table 2).The average
fraction that was nitrified was 0.91 g N-NO3per g N mineralized in plots with grass species
and0.87N-NO3pergNmineralized inplotswithdicot species(Fig.5).
At the end of the experiment, the living aboveground biomass in the plots with the grass
species anddicot specieswasnot significantly different (P=0.07,table 2and 3).Theamountof
biomass inplots with species of group 3was significantly higher than in plots with species of
group 1 and2.

Table 3. Netliving aboveground biomass (gm") in monocultures with grass anddicot
species inAugust 1999.Thegrassspecies and8dicots aredividedinto3groups;high
fertilityspecies (group 1),intermediatefertilityspecies(group2)andlowfertilityspecies
(group 3). Values are means ± se. Different uppercase letters indicate significant
differences betweenthemeans(P<0.05).
Growthform
group

Grasses

Dicots

means

1

171.1±42.6

269.1 ± 58.4

228.2±39.0°

2

217.7±53.8

526.21155.7

371.9188.2°

3

379.4±88.3

1677.1±291.3

1205.2±230.1*

means

248.4±38.0

864.4±157.5
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Discussion
The differences we found after four years inthe net N mineralization and nitrification rates in
initially identical soils,comparing the three species groups, clearly showthatplant species can
affect soil N mineralization rates. These soil N mineralization rates were negatively related to
the living biomass of the species in August 1999. From earlier studies we know that the
biomass production andtheturnover rate ismuch greater for high fertility speciesthan for low
fertility species(Grime 1994;Berendse etal. 1998).Theloweramount oflivingbiomass ofthe
high andmoderate fertility species wasexpectedtobetheresult ofthesehigherturnoverrates.
The dead leaves supply large quantities of litter for decomposition resulting in an increasedN
mineralization rate.
Within pattern of soil N mineralization rates there was a strong seasonality. The seasonal
patterns of N mineralization and nitrification can be largely attributed to the variation in
temperature and soil moisture content (Swift et al. 1979; Sierra 1997). The rates of N
mineralization and nitrification were low during winter (November until March) inresponse to
the low temperature and high soil moisture content. The rise in temperature during spring
(March until May) enabled an increase in microbial activity and more inorganic N to be
released (Sierra 1997). There were some exceptions to this general pattern. The N
mineralization in the plots with the dicot species of groups 1and 2 and the grass species of
group 1 washigher during spring (Marchuntil May)but intheplots with the species from the
other groups it wasnot. In autumn too (September until November) theN mineralization rate
and nitrification rate of the dicots of groups 1and 2 was higher, with the species of group 1,
characteristic of fertile soils, having a high biomass production and a high biomass turnover
(Berendse et al. 1998). The dead leaves of the high fertility dicots (which begin senescing in
late summer) supply large quantities of litter for decomposition in autumn. By contrast, most
grass species remain green until the winter. It therefore seems likely that the timing of
senescence of the plant biomass and the amount of litter produced were responsible for the
higher net mineralization of the high and moderate fertility dicots during autumn and spring
andforhighfertility grassspeciesduringspring.
The fraction of mineralized N that was nitrified was close to 1for all three groups of both
the dicots and the grasses. Almost all the mineralized nitrogen was oxidized to N03". The N
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mineralization rate inmonocultures with speciesfromhigh fertility habitatswas 18gNm"2 yr"1
for dicots and 21 g N m"2 yr"1 for grasses. In monocultures with species from low fertility
habitatstheNmineralization was9gNm"2yr"1for dicots and 12gNm"2yr"1for grasses.The
differences we found in N mineralization rates between high and low fertility species showed
the same order of magnitude as the differences in N mineralization in early "nutrient-rich"
(17.6 gN m"2yr"1)and late "nutrient-poor" (6.1 gN m"2yr"1)fields during reversed grassland
succession (Olffetal. 1994).
Other authors have reported that changes in N supply have important effects on species
replacement (Chapin 1980; Berendse 1983; Wedin and Tilman 1990; Olff et al. 1994). We
found evidence that species replacement during succession might also have major effects on
the N cycle. The species from fertile habitats caused an increase in N mineralization whereas
speciesfrommuch lessfertile habitatshad arelativelynegative effect ontheNrelease from the
soil. The differences inN mineralization and nitrification in our experiment were not simply a
function of the net plant biomass production. Most likely other factors like biomass turnover
rate (Berendse et al. 1987; Aerts et al. 1992; Schlapfer and Ryser 1996) and litter
decomposability (Berendse et al. 1989b; Van Vuuren et al. 1993; Cornelissen 1996) are
responsibly for the changes in N mineralization. We postulate that high fertility species can
accelerate and low fertility species can slow down the N cycle and the feedbacks from such
species effects could accelerate or slow down the changes in species composition during
succession. Wemust conclude that to obtain a deeper insight inthe effects that different plant
species have on nutrient mineralization, more knowledge about the below ground carbon and
nutrient flowsfromplanttothesoilisneeded.
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3. Rootlifespan offourgrassspecies from
habitats differing innutrient availability

Abstract

Root lifespan and root diameter were studied by observations in minirhizotrons

placed in monocultures of Loliwn perenne, Arrhenatherum elatius, Molinia caerulea and
Nardusstricta. These grass species are from habitats differing in nitrogen availability. The
initial soil conditions in the monocultures were identical for the four species. Root lifespan
was 14weeksinL.perenne, 40weeks inA. elatius,53weeks inM. caeruleaand 58weeksin
N.stricta.There was a significant negative correlation between root lifespan andthe nitrogen
availability of the ecologically optimal habitats (N-index) for the four species. Root lifespan
of speciesfromfertile habitats was significantly shorterthan the root lifespan of species from
low fertility habitats. In addition, the root lifespan of the four species was positively
correlatedtoroot diameter. Thisrootdiameter decreased duringaging.
This study showsthatthere aregreat differences inroot lifespan androot diameterbetween
grass species from habitats with different nitrogen availability. The data presented in this
article indicate that species from fertile habitats add more carbon and nutrients into the soil
system as aresult ofashorter root lifespan than species from less fertile habitats.We suggest
that these differences inroot lifespan together with the known differences in decomposability
ofthedeadrootshaveanimportant effect onnutrient cycling inecosystems.

Keywords: minirhizotron, nitrogen cycling, root diameter, perennial grass species, root
lifespan
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Introduction
Thedeadorganicmaterial produced byplants hasan important influence onN mineralization
(Berendse 1990; Wedin and Tilman 1990; Van Vuuren et al. 1992; Bloemhof and Berendse
1995). Plants add significant amounts of carbon and nutrients to the soil through the
senescence oftheirroots.Rootproduction, senescence and decomposition have been found to
be key processes inthe carbon and nitrogen dynamics of ecosystems (Aerts et al. 1992; Van
Vuuren etal. 1993; Brevedanetal. 1996;Aerts andDeCaluwe 1997).
The amount of root litter added to the soil, and therefore the importance of root turnover
for nutrient cycling, differs strongly between species (Aerts et al. 1989; Aerts et al. 1992;
Stelzer and Bowman 1998).Species differ inturnover rate depending ontheir optimal habitat
(Aerts 1999).Thishas been most clearly demonstrated in studies onplant leaves.In leaves,a
long lifespan increases nutrient conservation and nutrient use efficiency, whereas
characteristics associated with short lifespans, such as large Specific Leaf Area and low
biosynthesis costs are thought to be important for rapid growth (Chapin III 1980; Berendse
and Aerts 1987; Poorter and Remkes 1990; Reich et al. 1992; Grime 1994). These different
traits make species successful competitors in either nutrient-poor or nutrient-rich habitats. It
hasbeen suggested that root lifespan maybe linkedto suitesoftraitssimilartothe ones found
in leaves (Grime 1994;Eissenstat and Yanai 1997),and that the mass and energy involved in
thegrowth anddeath ofrootsmaybe atleast asgreat asthat involved inthegrowth anddeath
ofleaves(Eissenstat andYanai 1997).
Inthe studydescribed herewecompared theroot lifespans of specieswith asimilar growth
form but with a contrasting ecological response to nutrient availability. The species used in
this study, Loliumperenne, Arrhenatherum elatius,Nardusstricta andMolinia caerulea,are
grass species characteristic of soils with different nutrient supplies.L.perenne and A. elatius
are fast growing species typical of nutrient-rich habitats, whereas N. stricta and M.caerulea
are characteristic of nutrient-poor habitats. We hypothesized that the roots of the slower
growing species (TV. stricta andM. caerulea)live longer than the roots of the faster growing
species, L.perenne andA. elatius.There is some evidence that species with thin roots have a
shorter lifespan than those with coarse roots (Eissenstat and Yanai 1997). Therefore, we set
outtodetermine whethertherewasalinkbetweenroot lifespan androot diameter.
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During aging of the roots, the early death of epidermal and cortical cells is an important
phenomenon (Deacon 1987). After the cortex has died, the stele remains alive and
presumably still functions in conduction. In addition, root diameter may decrease, because
nutrients have been reabsorbed by the plant (Gordon and Jackson 2000). To assess biomass
and nutrient losses during root senescence preceding complete root death, we measured the
changeinrootdiameter duringthe lifespan oftheroots.Assumingthatthe species from fertile
habitats would have a shorter lifespan, we expected that their root diameter would decrease
faster thanthat ofspecies from lessfertile habitats.
Earlier studies on root lifespan of grass species were based on core sampling (Troughton
1981; Schlapfer and Ryser 1996).In our study we measured root lifespans in minirhizotrons,
which provide more detailed information on the root dynamics because individual roots can
be monitored by repeated observations and root death can be observed (De Ruijter et al.
1996).

Materials and Methods
GARDEN EXPERIMENT

Thelong-term garden experiment started in June 1993. Inthis experiment four different grass
species were planted in monocultures arranged in a randomised block design with five
replicates. Plots of 1by 1m were cut out to a depth of 50 cm, at which the yellow sandy
subsoil was appeared. The plots were subsequently replenished with sandy soil with 6.6%
organic matter, 2.0 g/kgtotal N (26.5 N0 3 mg/kg, 6.07 NH4mg/kg), andpH of 5.6, that had
been sieved to remove old roots.All plots were separated by 50 cm deep underground sheets
surrounding theplots.Theplots wereplantedwithmonocultures offour grass species, Lolium
perenne L., Arrhenatherum elatius L., Nardus stricta L. and Molinia caerulea L., chosen
because they have a different Clausman N index parameter (Melman et al. 1985).This index
is a ranking parameter, varying from 1to 9, that characterises the relative availability of soil
N in the habitat where the species in question is most frequently found. The Clausman N
indexes for L.perenne,A. elatius, N.strictaandM. caeruleaarerespectively 8.1,4.9, 1.5 and
1.1.

35

Chapter3

Per plot, 64young tillers were planted. In August 1993 dead plants were replaced by new
tillers. In September 1993shadinggauze waserected aroundtheplotstoaheight of35cm,to
keeptheproducedplantbiomassinsidetheplots.

OBSERVATIONS INMINIRHIZOTRONS

Theminirhizotrontechniqueusedtomeasurerootlifespans androot diameterswas developed
by Van Noordwijk et al. (1985) at the Institute of Soil Fertility in the Netherlands; for a
detailed description, see Vos and Groenwold (1983). The technique allows the same roots to
be observed repeatedly under conditions that are the best possible approximation of natural
growing conditions. In contrast to Vos and Groenwold (1983) the minirhizotrons we used
wereroundtubesmadeof3mmtransparent acrylate andwith adiameter of6cmand alength
of 60 cm (outside measurements). In January 1995 one tube was inserted in the ground in
each monoculture, at an angle of 45° to the soil surface. In each tube a roll of insulation
material wasplaced to prevent condensation on the inside of the tubes and to keep the inside
of the tubes dark. The tubes were capped to prevent light penetrating the root environment
(figure 1).
Figure 1. Schematic presentation of the
minirhizotron

cap

minirhizotron observation tube in the
monoculture.

Theobservations intheminirhizotrons started inFebruary 1995.They continued at 2-week
intervals until September 1997. On each observation date, colour slides were made in each
tube at fixed positions 12.4and 23.0 cmbelow soil surface, using fibreglass optics.Eachroot
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observation position consisted of an area of 0 26.3mm. At the end of the observation period
we selected roots for further analyses. The selection criteria were: roots had to be absent on
the first observation date and they had to be in the centre of the slide so that they could be
followed easilyduringtheir life.

DETERMINATION OFROOTLIFESPAN

The minirhizotron slides were digitized and contrast and brightness were optimized for each
slide with slide analysis software (Image-Pro Plus 2.0). Because of the large overlap in color
levels between roots and soil particles, the roots had to be traced manually. The successive
minirhizotron observations onthe sameroots allowedustomeasure root lifespan and changes
in root diameter. One problem we had to overcome was the definition of root death. When
roots are a few weeks old, cortical cells in the roots already begin to die whereas the stele is
still active (Deacon 1987).Moreover, roots may continue to absorb water and nutrients after
the epidermic and cortical cellshave died (Eissenstat and Yanai 1997).Evenportions ofroots
whose entire epidermis and cortex has sloughed may still provide important transport
functions (Spaeth and Cortes 1995). Therefore roots were only classified as dead when we
couldnolongerseethem.

ANALYSESANDSTATISTICS

We determined root lifespan in two ways. First, we determined root survival by monitoring
the presence of the roots of the initial root cohort that appeared on the minirhizotron slides
some time after the first observation date (February 1995) and up to 4 July 1995. We
estimated root survival curves and determined the differences in root survival between the
four species,usingaGehal-Wilcoxonnonparametric test(SPSS 7.0 1995).
The secondwaywe determined root lifespan wasbymonitoring thepresence ofroots from
their first appearance on the minirhizotron slides until they were no longer visible. The
statistical analyses were to ascertain whether the root lifespan was significantly different
between the four species. We used a General Linear Model (SPSS 7.0 1995). Tukey's
Studentizedrangetestswereusedtotestfor differences amongmeans.
Root diameter was determined bymeasuring therelative root diameter every twoweeks at
one particular point during the period from appearance on the minirhizotron slides until the
roots were no longer visible. Per species, mean root diameter was calculated for each age
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group. Pearsons Correlation coefficients were calculated for root lifespan and root diameter
and for the mean root diameter and root age (SPSS 7.0 1995). A covariance analyses was
performed todetermine differences inthe decline ofroot diameter overtime betweenthe four
species, with age as covariate (GLM procedure, SPSS 7.0 1995). GLM procedure was also
used to determine differences between the four species in mean root diameter over the whole
period.
ThePearsons Correlation coefficient ofthe root lifespan versus the Clausman N indexwas
calculated (SPSS 7.0 1995).

Results
ROOTLIFESPAN

Most (76-92%) of the roots visible inthe minirhizotrons appeared during spring and summer;
upto 8%appeared duringthewinter.Thelifespan oftheserootswasdetermined intwoways.
First, the overall lifespan of the roots that emerged during the whole year was measured.
Second,thesurvival ofonerootcohort ineachofthefourgrassspecieswas analysed.
The overall root lifespan differed between the four species, varying from 14weeks for L.
perenne roots to 58 weeks for TV. stricta roots. The overall lifespan of L. perenne roots was
significantly shorterthanthe lifespan ofA. elatius,M.caerulea andN. strictaroots (p<0.001)
(figure 2).Thelifespan ofN. stricta roots was significantly longer than the lifespan of the L.
perenne andtheA. elatiusroots(p<0.001).
Cohort survival analyses of the first root cohorts that appeared between February and July
1995 showed the same differences. After 4 months all L. perenne roots in the cohort had
died,but the roots oftheA. elatius,M. caeruleaorN.strictacohorts died after 17-22months
(figure 3).

ROOTDIAMETER

Root lifespan increased significantly with increasing diameter of the young root (young =no
more than 2 weeks old) (r^O.213, p<0.001, n=74). The root diameters of the four species
differed (figure 4).Overall, roots ofN. stricta had agreater diameter than roots ofL. perenne,
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A. elatiusand M. caerulea (p<0.001). L.perenne roots had a significantly smaller diameter
than the roots of the other three species (pO.OOl). The root diameters of A. elatius and M.
caerulea were not different (p=0.94). In the older roots the root diameter decreased
significantly in all species (L. perenne 1^=0.236*; A. elatius r =0.605***; M. caerulea
r2=0.767***; N. stricta r2=0.181**). Root diameter decreased more slowly in N. strictathan
inA elatius(p=0.02)andM. caerulea (p=0.004).
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Figure 4. Root diameter (mm)
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Discussion
Usingthe minirhizotronmethodwe succeeded inmeasuringthe root lifespan ofthe four grass
species and itsrelation with the initial root diameter. The species clearly differed intheir root
longevity. The species from N-rich habitats, L. perenne, had a significantly shorter root
lifespan than the species from N-poor habitats, M. caeruleaand N. stricta. Our decision to
classify roots as dead only when they were no longer visible meant that wemay have slightly
overestimated the absolute root lifespan. This did not affect the differences between the four
species,however. Ourresults confirm earlier studies onrootturnover (Aerts etal. 1989;Aerts
et al. 1992; Stelzer and Bowman 1998). However, those studies used species differing in
growth form and from different families. Much of the variation between species may be
associated with phylogenetic constraints. Itwastherefore to avoid anyconfounding effects of
differences in growth form and phylogeny that we compared species from one family,
Gramineae (see also, Fransen 1999). Even for species as closely related as those we used,
therewasadifference inrootlongevitybetweentheslowergrowingspecies(N. strictaandM.
caerulea) and the faster growing species, L. perenne. Moreover, the differences in root
lifespan between the four species were significantly negatively related withtheN index ofthe
habitats for the four species(r2=0.95andp=0.03;figure 5).
In nutrient-poor environments the long lifespan of roots provide an important mechanism
for nutrient conservation (Eissenstat and Yanai 1997).Conversely, whenplants from nutrientrichhabitatshaveagreaterroot turnoverrate,they addmorenutrientstothe soilthrough dead
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roottissues andthereby activatethenutrient cycle (Aerts etal. 1992;VanVuuren etal. 1993).
Our study also provides evidence that in grass species too, root lifespan is linked to root
diameter. Our finding that the species from N-rich habitats, L. perenne, had a significantly
lower root diameter than the species from N-poor habitats, N. stricta, agrees with earlier
studies showing that thin roots often die sooner than coarse roots (Eissenstat 1992). Note
however, that these comparisons were based on studies performed under different
environmental conditions. A possible reason for the earlier death of thinner roots maybe the
costs of carbon allocation for theplant. If, pergramroot,the Ccosts arethe samefor fine and
coarse roots, then thin roots will be more efficient in nutrient uptake than coarse roots,
because of the importance of root length and root surface area in root uptake (Yanai et al.
1995). However, the optimal root diameter will change when Ccosts of fine roots are higher
thanofcoarseroots asaresult ofanincreasingriskofherbivory (Eissenstat andYanai 1997).
Under nutrient-poor conditions it is especially advantageous for plant species to increase the
mean residence time of nutrients in the plant (Berendse and Aerts 1987). This could explain
why the roots of species of nutrient-poor habitats are coarser than the roots of species of
nutrient-rich habitats whenwe compare closelyrelated species.Moreover, species ofnutrientpoor habitats can reduce the risk of herbivory and parasitism by investing in a wide range of
recalcitrant compounds, like phenolics, which may increase the costs of biosynthesis. As a
result these species can increase the lifespan of their roots (Eissenstat and Yanai 1997). On
the other hand, under relatively nutrient-rich conditions, low biosynthesis costs may be
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favorable for plant species (Chapin III 1980; Berendse and Aerts 1987; Poorter and Remkes
1990). Suchplant species are able torespond rapidly toincreased nutrient availability. Under
nutrient-rich situations the root surface area might be more important than the risk of
herbivory, which iswhythinroots aremore efficient than coarseroots.
The decrease in root diameter with root aging was expected to be the consequence of the
early deathofroot cortexcells(Deacon 1987)andofthereabsorption ofnutrientsbytheplant
(Gordon and Jackson 2000).Robinson (1990) argued that root cortical death (RCD) could be
beneficial to plants if mineral nutrients are remobilized from senescing cells, but no-one has
found any evidence for this. However, the rapid loss of root cortical cells is responsible for
important nutrient losses from the plant. Our finding that root diameter decrease was less in
N.strictathan inA. elatiusandM. caerulea means that the decrease inroot diameter was not
related totheNindexofthehabitat ofthespecies.
It should benoticed thatthe nutrient input intothe soilfromroot turnover refers to organic
N and P contained in the dead root material. To be available for plant uptake again the litter
must be decomposed and nutrients must beremineralized. Species differ substantially in their
litter decomposability andNrelease from this litter (Berendse et al. 1989b;Van Vuuren et al.
1993; Jensen 1996), and in another paper we will report on the differences in root
decomposability and the subsequent N mineralization between grass species (chapter 4 and
5). The differences between species in dead root decomposability andthe subsequent nutrient
mineralization, probably enhance the differences in nutrient input to the soil that result from
rootturnover.
In conclusion, the data presented in this article indicate that species from fertile habitats
losemorebiomass andnutrientsbyrootturnover and inputmore carbon and nutrients intothe
soil system than speciesfromlessfertile habitats.
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4. Effects ofhigh andlowfertility plant
species ondeadrootdecomposition and
nitrogen mineralization

Abstract

The influence of growing grass speciesHolcuslanatusandFestucaovinaon the

decomposition of dead roots of H. lanatus,F. rubra and F. ovina and on the nitrogen (N)
mineralizationfromtheseresidueswasstudied inagreenhouseexperiment.Thesethreespecies
are typical of soils with high, intermediate and low fertility, respectively. Dead roots of high
fertility species were expected to decompose faster compared to those of low fertility species
and living roots ofhigh fertility species were expected to accelerate the rate of decomposition
of dead roots more than low fertility species. To test this hypothesis, decomposition of 15Nlabelled roots of these three species was measured after a 6-week incubation period in soil
planted with either H. lanatusor F. ovinaplants. After this period, plant biomass and carbon
(C), N and

15

N distribution among plant, soil and dead roots was determined. The

decomposition rate of dead roots from the three plant species was not significant different.
However, H. lanatusdead roots caused a lower N uptake by the growing plants (18.3 mgN)
comparedtoF.ovina(21.5mgN)andF.rubra(21.9mgN) deadroots,possibly asaresultof
ahigherNimmobilization insoilwithH.lanatusdeadroots.ThisN immobilization resulted in
ahigher 15Nretention insoil withH.lanatusdead roots (43.7% 15N)compared to soil with F.
ovina (31.3% 15N) and F. rubra (35.4% 15N) dead roots. The presence of growing plants
stimulated dead root decomposition, N mineralization and N availability. H. lanatus plants
took up more N and 15N (26.3 mg N and 0.30 mg 15N) than F. ovinaplants (14.1 mg N and
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0.17 mg 15N). However, thefinalN concentration inH. lanatus(9.4 mgN/g) was lower than
in F. pvina (25.5 mg N/g), which suggests a stronger nitrogen limitation for H. lanatus.
Contribution of 15N to total N uptake by the growing plants,Ndfr, was not different between
H. lanatusand F. ovina. Our results indicate that growing plants stimulate nitrogen transfer
from plantresidues tothe soil solution andthereby facilitate their own growth. Thiseffect was
stronger forhighfertility speciesthan for lowfertility species.Ontheotherhand,deadrootsof
high fertility species immobilized more N and this resulted in a lower N availability to the
growing plants. This study shows that there is both positive and negative feedback between
soilfertility andplantspecies.
Keywords:decomposition,grassspecies,growingplants, l5N,N-uptake,dead roots

Introduction
Decomposition of plant litter is a key process in the nutrient cycle of most terrestrial
ecosystems (Aerts and De Caluwe 1997; Cadisch and Giller 1997). Both quantity and quality
of decomposing plant litter determine the rate of nitrogen mineralization in soils. Plant species
differ widely in the quantity and quality of the litter they produce. N concentration (Witkamp
1966; Taylor et al. 1989; Tian et al. 1992), P concentration (Vitousek et al. 1994), lignin
concentration or lignin:N ratio (Berg and Staaf 1980; Melillo et al. 1982) in litter have been
found tobe good predictors for the decomposition rate. Ingeneral, litter ofplant species from
nutrient-poor environments ismoreresistant to decomposition than litter ofplant species from
nutrient-rich environments dueto itslowerN concentration andhigherconcentration ofdecayresistant chemical compounds (Berendse 1990; Wedin and Tilman 1990). In addition, species
from nutrient-rich habitatsgenerallyhaveahigherbiomassturnover thanspeciesfromnutrientpoorhabitatsand soaddmoreorganicmattertothe soil (Berendse etal. 1987).
In our study, we focussed on roots because root turnover provides most dead organic
matter in the soil in grassland ecosystems where the aboveground biomass is removed by
grazing or haymaking. Turnover and decomposition of roots determines to a large extent the
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cycling of carbon and nutrients in ecosystems but little data are available on these processes
(RaichandNadelhoffer 1989;Aertsetal. 1992;Wedin andPastor 1993).
Plants canaffect thedecomposition oforganicmatternot onlythrough litterproduction,but
alsothebyactivity of livingroots (Reid and Goss 1982;Nicolardot et al. 1995).Plants supply
substantial amounts of simple carbon compounds to the soil through their living roots (Rovira
1969). These compounds may stimulate microbial activity and the microbial degradation of
deadrootsand soilorganicmatterbysupplying anadditional energy source.However, nohard
evidence exists for activeregulation byplants oftheseprocesses insoil. Some authors say that
high fertility species promote nitrogen mineralization compared with low fertility species
(JanzenandRadder 1989;VanVeenetal. 1993; Berendseetal. 1998),whereasothersbelieve
that the influence of plant growth on nitrogen mineralization depends on soil N availability
(Fog 1988;BremerandKuikman 1997).
In this study, we focussed on the influence of dead and living roots on N availability.
Decomposition of roots of three species that are characteristic for either high, intermediate or
low fertility habitats and the influence of growing plants on the decomposition and nitrogen
mineralization from dead roots was measured. The species appear in subsequent stages of
grassland successionintheNetherlands.
They have different potential relative growth rates, i.e. Holcus lanatus 225 mg g" day"1,
Festucarubra 176mgg'day"1 andFestucaovina 140mgg'day"1 (Van der Werf et al. 1998).
We hypothesed that 1) Dead roots of species from nutrient-rich habitats decompose more
rapidlythanof species from nutrient-poorhabitatsresulting inhigherNmineralization rates,2)
Root decomposition rate depends onthe N and lignin concentration. Roots with a high lignin
content and a low N content decompose more slowly, 3) Living roots accelerate the
decomposition ofthedead rootsbytheproduction ofexudates that act asanadditional energy
source for the decomposing organisms, and 4) Living root activity of high fertility species
accelerates the rate of decomposition of decaying roots and N mineralization more than low
fertility species,becausetheyproducemorerootbiomass and,consequently, moreexudates.
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Materials and methods
LABELLING OFROOTS

Three grass species were selected, H. lanatus, F. rubra and F. ovina, which characterize
decreasing levels of soil fertility. During grassland succession, after the cessation of fertilizer
application, H. lanatus appears during the first years of mowing management. After
approximately 10 years,F.rubrabecomes oneofthedominant species (Olff andBakker 1991;
Oomes and Van der Werf 1996). F. ovinaappears when the soil has become really nutrientpoor.
In May 1997 seeds of H. lanatus, F. rubra and F. ovina were sown on sand without
organic matter and germinated in a greenhouse. The temperature during daytime (07:00 21:00) was 20°C and during nighttime (21:00 - 07:00) 16°C. Relative air humidity was75%
andtherewasnoadditional light.After 6weekstheseedlingsweretransplantedtopots (13cm
diameter and 15cm height) with sand (four plants per pot) and grown for 6weeks. Each pot
had a dish underneath to prevent water-loss. During this growing period of 6 weeks, N was
supplied infiveparts at 10, 15,20, 25 and 30%of the total amount supplied from week 1-5.
The total amount N added per plant was 24 mg and was enriched with 15N at 15%.Nutrients
wereaddedassolution containing:MgS04«7H20 (474mgml"1);KH2P04 (134mgml"1);K2S04
(155mgml"1);H2S04 1 N (1,23 ml);Ca(N03)2«4H20 (897mg ml"1);KN03 (433mgml"1)pH
6,5. The nutrient solution was added to the surface of the pots. To avoid nutrients leaching
from the soil, water was added not at the surface of the soil but to the dish: 100 ml after
plantingandsubsequently 50mlevery3-4days.
The 15N-labelled plants were harvested after 6 weeks. Roots and sand were carefully
separated. Then the shoots were separated from the roots. The roots were washed twice in
tap-water in two different bottles containing 1 1of water each, to remove the soil. Plant
material wasdried at 60°Cto constant weight. Root and shoot dryweight was determined per
pot with four plants. The dried roots were cut into 2 cm lengths, mixed and stored in glass
vials.A sub-sample wastaken and analysed for total C,total N, and 15N, using an ANCA-MS
(Europa Scientific Ltd, Crewe, UK). In addition, lignin was determined in the root samples
following Kempetal.(1994).
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INCUBATION OFDEADROOTSINSOIL

The decomposition experiment was carried out in the greenhouse. It consisted of a complete
randomized designwithfive replicates (seetable 1). Thenumberofreplicates for labelledroots
of F. rubra and F. ovina was four and three respectively, due to an insufficient amount of
labelled roots. Labelled dead roots were incubated in a mixture of black soil and sand (1:1).
Before mixing, the black soil was sieved through a 4 mm sieve. The soil mixture had the
following characteristics: 5.4 pH(H20), 0.67 g kg"1 total N, 0.27 g kg"1 total P, C:N ratio of
17.03,and 2.1% organic matter. Pots (13 cm diameter and 15cmheight)were filled with 500
g of soilmixture. Then the dead rootswere mixedwith 250 gof soil mixture and added inthe
next layer. The last 250 g of soil mixture was used to cover this layer. N added in dead roots
was equal for the different species, which contained 5.0-5.5 mg N per pot with a 15N
enrichment of 13%. These quantitiesofdeadrootNperpot corresponded to480,328and319
mg dry weight of biomass for H. lanatus,F. rubra and F. ovina,respectively. Each pot was
placedonadishtopreventwaterloss.
Ineachpot,three seedlingsof//, lanatusorF.ovinawere plantedthatwere germinated, as
describedpreviously, 3-4weeksearlier. Eachspecieswasplanted inpotswith deadroots ofits
own species or with dead roots of another species. Roots of the three species were also
incubated in pots without living plants. The surface of the soil was covered with a 1cm layer
ofwhiteplasticgrainstopreventgrowthofalgaeandreducewater lossby evaporation.

Table 1.Numberofreplicated potspertreatment.
Deadroots
H. lanatus

Growingplants

F. rubra

F. ovina

H. lanatus
F. ovina
noplants
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GROWTHOFPLANTSINTHEDECOMPOSITION PERIOD, HARVESTANDANALYSIS

Tomake surethatN wasthe only limiting nutrient, 15ml of nutrient solution without N and
15 ml of water was added to each pot at day 1, 11 and 21 after planting. Water use was
estimated by weekly weighting the pots and watering three times a week when necessary.
During the experiment the pots with H. lanatusplants lost more water than the pots with F.
ovinaplants or the control pots. During the first 14days of the decomposition period the soil
moisture ofthepotswasmaintainedbetween 16%and 18%.After thisperiodthe soilmoisture
wasmaintainedbetween 9%and 18%.
Theplants were grown for 6weeks.During the last week,no water was added inorder to
reduce soil moisture to approximately 5% at harvest. The shoots were clipped off and the
living roots were carefully separated from the soil mixture. It was particular easy to
differentiate between added dead roots and the growing roots by color and root structure. In
addition, the growing plants were very young and therefore root death of the growing plants
was not expected. Subsequently, the living roots were washed in bottles by shaking them for
15 min with 250 ml of tap-water. No detectable nitrogen remained in the tap water after
washing. Theremaining soil mixture was sieved (1 mm mesh)to separate dead rootsfromthe
soil.Withthismethod itispossiblethatrootparticles smallerthan 1 mmwherealso considered
as soil.This could give an overestimation of the amount of labelled soil organic matterand of
the decomposition rate of the dead roots. However, it is virtually impossible to sieve the soil
mixture at a lower mesh size. Dead roots were cleaned by hand. Plant material was dried at
60°C.Soilmaterialwasdriedat40°C.
Shoots, roots, soil and residues of the labelled dead roots were ground and the amount of
C, N, and 15N in the samples was determined using an ANCA-MS (Europe Scientific Ltd,
Crewe,UK).The 15Nrecovery inthe livingplants, soil, and dead roots was expressed as %of
the total amount of 15Nadded to the soil.The contribution ofN added with dead roots tothe
totalNuptakebytheplant,"Nitrogen derivedfrom residues"(Ndfr), wascalculatedas:

Ndfr(%)=100*E p ,/E dr
where Epiisthe %15Ninexcessinthe growingplant andE^ istheinitial%15Ninexcessin
the deadroots.
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STATISTICAL ANALYSES

Statistical analysis wasused to determine "the effect of growing plant species"and "the effect
of the decomposing dead root species" on the decomposition rate of the labelled dead roots.
Furthermore, differences in recovery of the N released from the decomposing dead roots by
the different species were calculated. Correlation between 15N lost from dead roots and the
produced root biomass was tested by Pearson correlation (SPSS 7.0 1995). Data were
analysed using analysis of variance (GLM-procedure; SPSS 7.0 1995) for a completely
randomized factorial designmodel.Within theGLMprocedure,different numbers ofreplicates
are compensated. The data were checked for deviations from normality and homogeneity of
variance prior to analysis and transformed where necessary. A posteriori comparisons were
carried out with Tukey's honest significant difference test where appropriate (Norusis 1993;
SPSS7.0 1995).

Results
PRODUCTION OF 15N-LABELLEDDEADROOTS

During the 15N labelling phase H. lanatus plants produced 1.3 times the amount of plant
biomass produced byF. rubraplants and 4.2 times the amount ofplant biomass produced by
F.ovinaplants(table2).
The shoot-to-root ratio ranged between 1.78 and 2.09 and was lowest for H. lanatus,
intermediate for F.rubra,andhighest for F.ovina(table 2). So Holcusplants allocated more
biomasstoitsrootsthanthetwoFestuca species.
The percentage N in the roots was lower inH. lanatus(1.15%) than in F. ovina (1.76%)
and intermediate in F. rubra (1.55%). The C:N ratio in the roots was higher in H. lanatus
(33.3) than in F. ovina (18.1) and intermediate in F. rubra (22.3). The % 15N in excess
decreased slightly from 13.6%to 13.2% in the order H. lanatus> F. rubra>F. ovina(table
2). Roots ofH.lanatushad the lowest lignin concentration (8%).Higher concentrations were
found inF.rubraandF.ovina(16%and 17%,respectively).
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Table 2.Characteristics ofthe labelled plants used forthe decomposition experiment. Shoot and root drymass
production (DM) perpot, shoot-to-root ratio (S/R), nitrogen concentration (%N), carbon concentration (%C),C:N
ratio, 15N inexcess (%)andlignin concentration (%) inHolcus lanatus, Festuca rubra andFestuca ovina roots
grown for 6 weeks to produce

15

N-labelled residues. Values of root characteristics are means (n = 3) with

standard errors inparentheses.

Shoots

Roots

DM(g/pot)

DM(g/pot)

S/R

Roots
'Ji^N inexcess

%N

%C

C:N

%lignin

H.lanatus

2.14

1.20

1.78

13.56(0.04)

1.15(0.01)

38.1(0.3)

33.3(0.3)

8(1)

F.rubra

1.65

0.84

1.97

13.51(0.01)

1.55(0.01)

34.5(0.3)

22.3(0.1)

16(1)

F.ovina

0.54

0.26

2.09

13.18(0.01)

1.76(0.06)

31.7(0.8)

18.1(0.4)

17(3)

ROOT DECOMPOSITION

Masslossofdeadrootsranged from 59to 91% (Fig. la).Therewerenosignificant differences
in mass loss rate between dead roots ofH.lanatus,F. rubra and F. ovina. The presenceof
growing plants species stimulated root decomposition significantly, H. lanatusplants havinga
strongerpositive effect thanF.ovinaplants.Theaveragemass lossofthe dead roots was85%
inthepresenceof//, lanatusplants, 67%inthepresence ofF.ovinaplants, and 61%o without
plants (Fig. la).
Nitrogen loss from dead roots showed a similar pattern. The presence ofgrowing plants
increased thenitrogen lossfrom thedeadroots significantly. Thenitrogen lossrate ofthedead
roots wasnotsignificantly different between theresidue species (Fig. lb).Thepercentage
nitrogen lossranged from 37to87%> andwashighest forH.lanatusdeadroots inthepresence
of growing H. lanatus plants (Fig. lb). Nitrogen loss of the three residue species was
significantly higher inthe presence ofgrowing H. lanatusplants compared tothe presenceof
F.ovinaplants ornoplants.
The percentage !5N loss ofthe dead roots depended again onthegrowing plant species
(Fig. lc). 15Nlosswas significantly higher inthepresenceofgrowingH.lanatusplants (89%)
compared with F. ovinaplants (71%) ornoplants (64%). The percentage 15N lossfromthe
dead roots was significantly lower without growing plants. Thepercentage 15N loss showeda
significant positivecorrelation (r=0.9)withtherootbiomass ofthegrowingplants(Fig.2).
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Percentage N loss

Figure 2. N loss from dead roots of
Holcus lanatus (closed

symbols),

Festuca rubra (greysymbols) or Festuca
ovina (open symbols) versus root
biomass production in pots with living
plants of Holcus lanatus (A) or Festuca
ovina (•), or without plants (•) duringa
6-week period (r = 0.95). Values are
means±standarderrors.
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Sothedifference inthestimulatingeffects of//, lanatusadF.ovinaplants mayresult from the
difference in living root biomass and 90% of the variability is explained by this linear
relationship.
The 15Nenrichment of the dead roots decreased during the experiment from 13.6- 13.2%
to 6.5 - 9.4% (tables 2 and 3). The 15N enrichment of the dead roots at the end of the
decomposition period was significant lower in the presence of growing H. lanatus plants
(7.1%) compared with F. ovina plants (8.2%) or no plants (8.6%) (table 3). The 15N
enrichment decreased significantly more inH. lanatusdead roots than inF. rubraor F.ovina
dead roots. So, growing plants of H.lanatusstimulated N mineralization more than growing
plant ofF.ovina,while dead roots ofH.lanatusreleased and immobilized more N than root
materials ofF.rubraandF.ovina.

SOIL

Growing plants significantly affected the amount of 15N that was transferred from the dead
roots to the soil (table 4). Also, there was a significant effect of the dead root species on the
amount of l5Nthat wasrecovered inthe soil.No significant interaction between growing plant
species anddeadroot species on 15Ncontentofthe soilwas found.
Significantly more 15N was transferred to the soil from H. lanatus dead roots (44%)
compared with dead roots of F. rubra (35%) or F. ovina (31%). There was no significant
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Table 3. 15N enrichment (15N in excess/total N * 100%) in dead roots of Holcus lanatus, Festuca rubraand
Festuca ovina after 6weeksofincubation inthesoil,inthe presenceofgrowingplantsofH. lanatus, F.ovina or
no plants. Values are means ± standard errors. Different superscript letters indicate significant differences
betweenthemeans(P<0.05).
Doadroots
H.lanatu*

Growingplantspecies

r. r.itua

F. ovina

H. lanatus

6.5+0.1

7.2±0.5

7.8±0.1

7.1

F. ovina

8.0±0.1

8.4+0.4

8.4+0.4

8.2

Noplants

7.8+0.1

9.4±0.2

9.0±0.2

8.6

7.4"

8.2"

a

8.4

Table 4.The amount of Ntransferred from dead roots to the soil, during 6weeks of incubation of the dead
roots, expressed as a percentage of the initial amount of 15N in the added dead roots. The 15N in the soil
originates from decomposing dead roots of Holcus lanatus, Festuca rubraor Festuca ovina. These dead roots
wereincubated inthe presence of growing plantsofH. lanatus or F.ovina, or no plants.Values are means ±
standarderrors.Different superscript lettersindicatesignificantdifferences betweenthemeans(P<0.05).
Deadroots

Growing plantspecies

H. lanatus

F. rubra

F. ovina

H. lanatus

38.2±1.9

28.3±2.2

21.3±0.8

F. ovina

40.2±2.6

33.9±3.2

32.0±4.0

35.7

Noplants

52.6±5.5

45.8±3.0

43.6±1.5

48.1'

43.7a

35.4"

31.3b

29.8

difference in the amount of 15N in the soil between pots with dead roots ofF. rubra and F.
ovina.So,H.lanatusdeadrootsreleased more 15Ntothe soilthanF.rubraandF.ovinadead
roots.
The amount of 15N in the soil was significant higher in pots without growing plants (48%)
compared topotswith growingplants (30%and 36%).This difference isattributed tothe 15N
uptakebythegrowingplants sothat soilorganicmattercanimmobilizelessinorganic 15N.
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A. Dry weight of the growing plants (g)

B. Nitrogen content of the growing plants (mg N)

50
Growingplantspecies ***
Rootresidues
NS
Interaction
NS

Growingplantspecies ***
Rootresidues
***
Interaction
NS

40

• H. lanatus
B F. ovina

Mr, l+i i-nl-lil I
H. lanatus

F. rubra

F. ovina

H. lanatus

d e a d root s p e c i e s

ll

F. rubra

F. ovina

d e a d root s p e c i e s

F i g u r e 3. A . Dry w e i g h t (g) a n d B. nitrogen c o n t e n t (mg) of Holcus lanatus or Festuca ovina plants g r o w n for 6
w e e k s in pots with d e a d roots of Holcus lanatus, Festuca rubra or Festuca ovina. V a l u e s are m e a n s + s t a n d a r d
errors. Different u p p e r c a s e letters a b o v e sets of bars indicate statistical differences b e t w e e n living plant s p e c i e s
(P < 0.05). T h e results of the G L M p r o c e d u r e are in the right c o r n e r of t h e g r a p h ; N S , not significant (P > 0.05);
P < 0.05*; P < 0 . 0 1 * * ; P < 0 . 0 0 1 * * * .

A. N recovery in the growing plants (%)

B. Ndfr (%) in the growing plants
Growingplantspecies NS
Rootresidues
*
Interaction
NS

Growingplantspecies ***
Rootresidues
NS
Interaction
NS

^

M

M

lliHiHHnnl
H. lanatus

F. rubra

F. ovina

H. lanatus

• H. lanatus
OF. ovina

F. ovina

d e a d root s p e c i e s

d e a d root s p e c i e s

F i g u r e 4. A.

F. rubra

AB

N recovery (%) a n d B. Ndfr (%) in the g r o w i n g plants of Holcus lanatus or Festuca ovina g r o w n

for 6 w e e k s in pots w i t h d e a d roots of Holcus lanatus,

Festuca

rubra or Festuca

ovina. V a l u e s are m e a n s ±

s t a n d a r d errors. Different u p p e r c a s e letters a b o v e sets of bars indicate statistical differences b e t w e e n living
plant s p e c i e s (P < 0.05). T h e results of the G L M p r o c e d u r e a r e in the right corner of the g r a p h ; N S , not
significant (P > 0.05); P < 0.05*; P < 0 . 0 1 " ; P < 0 . 0 0 1 * * * .
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PLANTGROWTHANDN UPTAKEINTHEDECOMPOSITION EXPERIMENT

H. lanatus produced five times more plant biomass than F. ovina (Fig. 3a). There was no
effect ofthedeadroot speciesonthetotalbiomass production.
AverageNaccumulation inH.lanatus plants (26mg/pot)was significantly higherthan inF.
ovinaplants (14mg/pot)(Fig.3b).Thedeadroot speciessignificantly affected N accumulation
in the growing plants.N accumulation was significant lower (18 mg/pot) in plants growing in
potswithH.lanatusdead roots than inplants growing inpotswithF.rubraorF.ovinadead
roots (22 mg/pot). There was no significant interaction between the effect of the dead root
species andthegrowingplant speciesontheNaccumulation.
The 15Nrecovery inH.lanatusplantswassignificantly higherthan inF.ovinaplants(42%
and 23%, respectively) (Fig. 4a).The dead root species did not affect the 15Nrecovery by the
growingplants.
The fraction of the nitrogen content in the growing plants that was derived from the dead
roots (Ndfr) was calculated on the basis of the 15N content and the N content of the growing
plants andthe 15N enrichment of the added residues (see materials and methods). The Ndfr in
H. lanatusplantswasnotdifferent from that inF.ovinaplantsbuttheNdfr inplants grownon
H. lanatus dead roots (9.6%) was significantly higher than in the plants grown on F. rubra
deadroots (7.4%) (Fig.4b).

15

NBUDGET

A 15Nbudgetwas calculated usingthe amount of 15Nrecovered inthe soil,the growing plants
and the remaining parts of the dead roots and comparing this withthe initial amount of l5N in
the dead roots (Fig. 5). Approximately 9% to 23%(on average 15%) of the applied residue15

N was lost during the experiment, probably due to denitrification. There was no significant

effect ofthegrowingplant speciesordeadroot species onthetotal 15Nrecovery.
The distribution of 15N over the different pools depended on the growing plant species. H.
lanatusplants contained 42% of the total added 15N, 30%was in the soil and only 11% was
still in the dead roots (Fig. 5). In contrast, F. ovina plants contained only 23% of the total
added 15N, 36%was in the soil and 29%was still in the dead roots. Without growing plants,
48%> oftheadded 15Nwasinthe soiland36%wasstill inthedeadroots.
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15

Ndistribution after 6weeksofdecomposition (%)
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Festuca ovina

g r o w i n g plants
:Roots

Figure 5. N recovery for the nine treatments expressed as percentage of the total amount of N added with
the dead roots.Values are means + standard errors.

On average, plants grown on pots with H. lanatusdead roots contained 31% of the added
15

N, whereas plants grown on F. rubra or F. ovina dead roots contained 34% and 36%,

respectively, oftheadded 15N.

Discussion
INFLUENCEOFDECOMPOSING ROOTSONN MOBILIZATION

The decomposition was expected to be positively correlated with the N concentration
(Witkamp 1966, Taylor et al. 1989, Tian et al. 1992) and negatively with the lignin
concentration of the decomposing material (Berg and Staaf 1980; Melillo et al. 1982).
However, in this study initial chemical characteristics of the dead roots did not reflect the
decomposition rates observed. The three grass species did not differ in decomposition rate
despite different initial lignin concentrations,%C,%NandC:Nratiobetweenthedeadrootsof
the three species. The lignin concentrations in the plant material were relatively low (H.
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lanatus 8%, F. rubra 16% and F. ovina 17%). When lignin concentrations are low, the
lignin:Nratio isnot as strong apredictor of decay rates asthe C:N ratio (Berg 1986;Taylor et
al. 1989). Moreover, according to observations by Taylor et al. (1989), lignin is a better
predictor for decomposition during the second to fourth month of decay than during the first
month, suggesting that lignin was not of great importance for the decomposition rate in our
experiment which lasted only 1lAmonth. Also, the %N and C:N ratio was different between
thethree speciesbutthe differences were apparentlytoo small tocause measurable differences
in decomposition rate. Other authors stated that plant species can affect N availability by
producing litter with different decomposability (Berendse et al. 1989a; Wedin and Tilman
1990; Hobbie 1992;Van Vuuren et al. 1992; Stelzer and Bowman 1998). The results of the
presented studydonotconfirm this expectation.
Although there were no differences in decomposition rate between the dead roots of the
three species, N immobilization by the decomposing roots of H. lanatus caused a lower N
uptake by the growing plants compared with the dead roots of F. rubra or F. ovina. The
observed differences inN uptake by the growing plants can be explained by the C:N ratio of
the decomposing roots. The C:N ratio ofH.lanatusdead roots was higher compared to the
C:N ratio ofF.rubraorF. ovinadeadroots. The fraction ofmineralized organicN is linearly
related to the C:N ratio for equally decomposable materials and, when the C:N ratio of
decomposing material is higher than the critical C:N ratio, N immobilization reduces the N
availability for the growing plants (Janssen 1996). This N immobilization also explains larger
amounts ofN in soils from the decomposing roots ofH.lanatusthan ofF.rubraor F.ovina
deadroots.
At the end of the decomposition period, the decrease in 15N enrichment was greater in H.
lanatus dead roots than in F. ovina or F. rubra dead roots. This can be explained by the
attachment of soil microbes to the decomposing roots.The higher C:N ratio oftheH.lanatus
dead roots could have resulted in moremicrobial immobilization of unlabelled soil N (Janssen
1996) compared to the microbes associated to the F. rubra and F. ovina dead roots. This
wouldresult inalower 15Nenrichment oftheremaining deadroots (including themicrobes) of
H. lanatus thanofF.rubraorF.ovinaaswehave observed.
Despite the lower N availability for the growing plants in pots with dead roots of H.
lanatus, there was no significant effect of the dead root species on the 15N uptake by the
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growing plants. This resulted in a higher contribution of dead root N to the total N uptake
(%Ndfr) for plants grown onH.lanatusdeadroots compared toplants grown onF.rubraand
F.ovinadeadroots.

INFLUENCE OFGROWINGPLANTSONN MINERALIZATION

There is no clear evidence that livingplants affect nutrient availability (VanVeen et al. 1993).
Some studies found that root growth suppressed the decomposition and transformation of
dead roots orsoil organic matter (Reid andGoss 1982;Sparling etal. 1982;Nicolardot 1995).
Other studies found that the presence of living roots increased decomposition (Clarholm
1985).Theresults ofthepresented study confirm a stimulating effect ofthe growingplants on
dead root decomposition and N mineralization. In addition, this study shows that different
plant species havedifferent effects ondecomposition andN availability. Thisdifference results
fromthe variation in root biomass that the plant species produced during the experiment. H.
lanatus stimulated dead root decomposition more than F. ovina. The influence of F. ovina
plants on the decomposition rate compared to bare soil was not significant but the percentage
l5

N lostfromdeadroots affected bygrowingF.ovinaplantswashigherthanthe 15Nlost from

residuesinbaresoil.
Reid and Goss (1982) proposed several mechanisms which could explain how plant-cover
affected decomposition of labelled roots and the N mineralization from plant remains in our
study:
a) Competition between living roots and soil microbes for the labelled nitrogen inthe dead
substrate;
b) Predation around roots of microbes that might otherwise have utilized the labelled
substrate;
c) Thestimulating effect onsoilmicrobesoffresh materialsreleasedfromlivingroots;
d) Production by the root and/or rhizosphere microbes of compounds which inhibit the
activityofmicrobesattempting tousethelabelled substrate.
The first hypothesis could explain the different utilization of N in dead roots produced by
fast and slow growing species. The higher root decomposition rate and higher dead root N
uptake byH. lanatusgrowing plants compared to F. ovinagrowing plants supports the third
hypothesis. The high fertility species (H.lanatus) in our study produced more root biomass
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than the low fertility species (F.ovina).Root biomass production ispositively correlated with
the amount of rhizodeposition (unpublished results) and rhizodeposition is a significant source
of carbon for the microbial biomass (Helal and Sauerbeck 1989).This addition of carbon may
stimulate microbial degradation of dead roots and old soil organic matter (Rovira 1969).Asa
result, the degradation of old soil organic matter and dead roots will increase resulting in
higher nitrogen availability. Earlier studies showed that high fertility species promote nitrogen
mineralization compared with low fertility species (Janzen and Radder 1989;Van Veen et al.
1993;Berendse etal. 1998).Inour study,totalnitrogen and deadrootNuptakebyH. lanatus
plantswasalmosttwice ashigh asthenitrogenuptake byF.ovinaplants.Thisagreeswiththe
observation that H. lanatusplants stimulated the decomposition rate of the dead roots more
thantheF.ovina plants.
Dead root decomposition rate and 15Nuptake bythe growing plants inthis studymayhave
been overestimated. Ifdeadroots getattached tolivingroots itisdifficult to separatethemand
so the living roots may have been contaminated with decomposing roots. However, the
decrease of 15N enrichment in the decomposing roots was greater in pots with H. lanatus
growing plants compared topots withF.ovinaor F. rubragrowing plants (see table 3). This
suggests higher microbial activity in dead roots with H. lanatus growing plants and explains
the increased deadrootdecomposition rate and 15Nuptakebythegrowingplantsobserved.

Conclusion
The purpose of this study was to investigate whether high and low fertility species have
different effects on nitrogen mineralization from dead roots. The results revealed a new
perspective on how plant species can influence nitrogen cycling between decomposing roots,
soil, and growing plants. Other authors have already shown that, in the field, shifts in species
composition ofvegetation or inthephysiological status of dominant species follow changes in
soil nutrient availability (Berendse 1990; Hobbie 1992; Wedin and Tilman 1990). We found
that, inaddition totheeffects oftheproduction ofdifferent quantities or quality oflitter, living
plant roots may also have a significant effect on nutrient mineralization from soil organic
matter. Moreover, our data show that living plants of high fertility species can increase the
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nutrient supply rate by stimulating nutrient turnover and thereby facilitate their own growth.
On the other hand, dead roots of high fertility species caused N immobilization resulting in a
lower N availability for the growing plants. Such species effects, when combined with
differences in competitive ability, could provide feedback between processes controlling
species composition and ecosystem processes, such as N cycling. This feedback can lead to
stable states,but couldalsoaccelerate successionprocesses intheecosystem.
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5. Plant species and nutritional-mediated
control overrhizodeposition androot
decomposition

Abstract

This study focuses on the influence of nitrogen (N) availability and species on

rhizodeposition and on decomposition of rhizodeposits, roots and soil organic matter. Four
perennial grass species were studied that are characteristic of grassland habitats that differ in
nutrient availability. These perennial grass species, Holcus lanatus L., Festuca rubra L.,
AnthoxanthumodoratumL. and FestucaovinaL., were homogeneously labelled with 14CC>2.
Plantswere grown onsoilwithoutNaddition andwithNaddition (14gNm"2).After 8weeks,
plants were harvested and root production and the remaining amount of rhizodeposits in the
soil were measured. 14C-labelled roots were incubated in fresh soil. Decomposition was
measured of 1)the labelled rhizodeposits in the soil inwhich the plants hadbeen growing and
2)the labelled deadrootsincubated infresh soil,bytrappingtheevolved 14C02,over69days.
In general, decomposability of both roots and rhizodeposits increased when nitrogen
availability increased. Moreover, the species differed in their response to N. Higher N supply
increasedtotalrhizodeposition of//, lanatusandthe decomposability ofrhizodeposited carbon
compounds of this high fertility species was greater than of the low fertility species F. ovina,
but lower than of A. odoratum.The presented study gives no evidence for a relation between
root decomposition rate andthe nutrient availability ofthe habitat ofthe four species. Overall,
we suggest on the basis of the results that species can affect nutrient cycling by differences in
rates of rhizodeposition and litter production. This offers a mechanism whereby species can
influence speciesreplacement during succession.
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Introduction
Plant species can have important effects on nutrient cycles and soil fertility (Vitousek et al.
1987;Berendseetal. 1989b;Wedin andTilman 1990;VanVuurenetal. 1992;Berendseetal.
1998). Such effects of individual plant species on ecosystem processes may impact on the
dynamics of species composition of a plant community. The significance of individual species
for ecosystem processes can be understood from the response of species to environmental
factors and, conversely, from how species can affect their environment (Wedin and Tilman
1990; Vinton and Burke 1995; Wardle et al. 1998). Plant species can affect carbon and
nitrogen (N) cycles byrhizodeposition through their living roots (Grayston et al. 1996)andby
the production of litter and dead roots (Van Vuuren and Berendse 1993; Bloemhof and
Berendse 1995;Brevedan et al. 1996; Aerts and De Caluwe 1997). Moreover, soil N supply
affects rates and amounts of rhizodeposition and litter production and consequently the effect
ofplants ontheNcycle(Janzen andRadder 1989;VanVeenetal. 1993;Bremer and Kuikman
1997).
Living plant roots supply substantial amounts of carbon to the soil (Grayston et al. 1996).
The release of organic substances from roots (rhizodeposition) like exudates, mucilages and
lysates,isa significant sourceof carbon for themicrobial biomass (Helal and Sauerbeck 1989;
Grayston et al. 1996).Rhizodeposits have an important stimulatory effect onmicrobial growth
and activity because they are readily assimilated (Grayston et al. 1996). Therefore, microbial
useofrhizodeposited carbon substrates hasamajor influence onnutrient availability (Grayston
et al. 1996). It is important to gain more knowledge on the factors affecting the release of
carbon components by livingplants, to understand their effect on the microbial activity andN
mineralization. There is clear evidence that species that naturally grow on soil with high N
availability (high fertility species)promote N mineralization compared to species that naturally
growonsoilwith lowNavailability (low fertility species) (Berendse etal. 1998).However,no
clear view yet exists on any active regulation ofN mineralization in soilby living plants (Heal
etal. 1997).
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Root death might be equally important for carbon flow as rhizodeposition (Swinnen 1994).
Generally, litter of low fertility plant species is more difficult to decompose than litter of high
fertility speciesbecauseofhigherconcentrations ofdecayresistantplantcompounds(Tayloret
al. 1989; Berendse et al. 1989b; Wedin and Tilman 1990; Janssen 1996). Due to these
interspecific differences in decomposability, species are expected to either accelerate or slow
down the nutrient cycling in their respective habitats. However, not only the interspecific
variation but also phenotypic responses to changes in soil N availability may alter litter
chemistry and thereby the litter decomposition rate and the release of nutrients (Aerts and De
Caluwe 1994; Vitousek et al. 1994; Aerts and De Caluwe 1997). It is not clear whether N
availability duringthegrowth oftheplanthasdifferent effects onlitterdecomposability ofhigh
fertility and low fertility species.Ifthis istrue,changes inN availability during succession may
accelerate as a result of different responses inhigh fertility species and low fertility species to
the soil nutrient supply. As a consequence, a shift inplant species composition may be driven
by plant induced changes inN mineralization. In hay meadows,where the aboveground plant
material is removed regularly, the major flow of carbon and other nutrients from the plant to
the soil occurs through root turnover and through the activity of living roots. The aims of our
study were: (1) to test if there is significant variation among species in rhizodeposition of
carbon andinthe decomposability ofrhizodeposits androots;and (2)to study the influence of
Navailability onrhizodeposition andthedecomposability ofrhizodeposits and deadroots.
For litter decomposition measurements the litterbag method is a frequently applied
technique (Andren 1987; Berendse et al. 1989b; Bloemhof and Berendse 1995;Aerts and De
Caluwe 1997;Wardle et al. 1997). This technique was developed to elucidate decomposition
in undisturbed soil systems with a litter layer. However, litterbag studies of buried substrates
appear to provide an incomplete measure of mass loss and N dynamics of buried litter in
grassland soils (Seastedt et al. 1992; Tian et al. 1992). Consequently, we measured
decomposition ratesinourstudybytrapping evolved 14C02 from MC-labelledrootmaterials.
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Material and Methods
We selected four perennial grass species,HolcuslanatusL.,FestucarubraL., Anthoxanthum
odoratumL. and Festuca ovinaL., common in hay meadows and with a wide distribution in
Western Europe (Weeda 1994).The four grass species are characteristic of different levels of
soil fertility and which have different maximum relative growth rates.Moreover, these species
appear successively in hay meadows that are withdrawn from agricultural use for the purpose
of restoration of plant species diversity. In these hay meadows application of fertilization is
stopped and the annual removal of the organic matter after mowing results in a decline in N
mineralization and productivity. Under such condition, where the nitrogen outputs exceed the
inputs, reversed succession takes place (Olff and Bakker 1991; Olff et al. 1994). During
reversed grassland succession H. lanatus appears during the first years of mowing
management. After c. 10years F. rubra becomes one of the dominant species.A. odoratum
becomes dominant after c. 15years and F. ovinaappears when the soil has become nutrientpoor (Olff and Bakker 1991;Oomes and Van der Werf 1996).Moreover, H. lanatus(225mg
g"'day"')grows faster thanF.ovina(140mg g^day"1)whereasA. odoratum(208 mgg'day"1)
and F. rubra have an intermediate potential relative growth rate (176 mg g^day"1) (Van der
Werfetal. 1998).

LABELLING OFTHEPLANTS

Single 10to20-day-old seedlings ofH.lanatus,F. rubra, A. odoratumandF. ovinawere set
in PVC-tubes (4.6 cm in diameter and 22 cm in length). The bottom of the tubes was sealed
with 30^m gauze toprevent roots from growing out and to allowwater to enterthetubes.A
layer of 3 cm silversand (1.4 g cm"3) was added at the bottom of the tubes. The tubes were
filled with a soil mixture of sandy soil and sand (2:1, 1.4 g cm"3) and covered with grit. Each
tube received 15ml nutrient solution without N (N-) or with N (N+; 24 mg N per tube). The
nutrient solution contained KN0 3 (only for N+ treatment; 11.55 mg ml"1); KH2P04 (1.34 mg
ml"1); MgS04«7H20 (4.73 mg ml"1); K2S04 (1.54 mg ml"1); MnS04«H20 (20.00 ug ml"1);
H3BO3 (26.90 ug ml"1); ZnS04«7H20 (25.06 ug ml"1); CuS04-5H20 (0.78 ug ml"1);
Na2Mo04«2H20 (1.26 ug ml"1); pH 6.5. The tubes were placed next to one another in a tray
with felt at the bottom. Tubes without plants were included. The plant were grown in the
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ESPAS (Experimental Soil Plant Atmosphere System; Gorissen et al. 1996) growth chambers
in a continuously labelled l4 C0 2 atmosphere (specific activity 0.70 kBq mg"1 C). During the
growth period, light and dark periods were 14 and 10 hours respectively. During the light
period, thetemperature was 18°C,relative airhumidity was 70%,C0 2 concentration was 350
PPM and Photosynthetic Active Radiation (PAR) was 350 umol m"2 s"1at plant level. During
the dark period the temperature was 14° C, relative air humidity was 80% and C0 2
concentration was 350 PPM. Plants were watered by adding water to the tray once or twice
perweekafter weighing individual columns andmeasuringwaterloss.
Towards the end of the growth period no water was added to allow the soil to dry and the
plants to die off. Once soil moisture content was < 4% the shoots were clipped. Intact soil
columns were left to dry until soil moisture content was < 1% and then stored for 1year in
closedcontainersuntilthe startofthedecomposition experiment.

DECOMPOSITION EXPERIMENT

The decomposition experiment was started in August 1997 and carried out in a climate
chamberinacompleterandomized designwith four replicates.Wemeasured decomposition of
(1) 14C-labelled dead roots incubated in fresh soil and of (2) the labelled rhizodeposits in the
soilonwhichtheplantshadbeengrowingintheESPAS.
To separate the root from the soil,the root/soil core was pushed out ofthe PVC tube onto
a 2 mm sieve. The upper 4 cm and the lower 4 cm of the core were removed. Roots were
separated and cleaned carefully by hand. The soil was sieved on a 2mm and a 1mm sieve to
further remove anyvisiblerootfragments.Root samples were divided intotwo subsamples for
chemical analyses and for use in the decomposition experiment. Roots for the decomposition
experiment were clipped into 1.5 cm pieces, and two subsamples of 50 mg each were mixed
with 50 g of pre-incubated fresh soil. Soil without roots had been pre-incubated in 125 cm3
plastic cups (17-18%w/v moisture) twomonths before the start ofthe experiment to ensurea
stable state in microbial activity in the soil at the beginning of the decomposition experiment.
Cups were closed to prevent water loss and stored at 14°C. The soil was a mixture of sandy
soilfroman arable field inthe"GelderseVallei"inTheNetherlands (particle size<2mm)and
sand (2:1).The soil mixture had the following characteristics: 5.3 pH(H20),0.98 gtotal N kg"1
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soil, 0.47 gtotal Pkg"1 soil, C:N ratio of 11.45 and 26 g organic matter kg"1 soil. At the start
oftheexperiment themoisture content ofthe soilwas still 17-18%(w/v).
Duplicate samples of41 g sieved soil from the ESPAS tubes with and without plants were
incubatedinempty 125cm3plastic cups,after adjusting to 17-18%moisture content. The cups
were incubated in a 1.5 1jar with 10mlwater at the bottom to maintain a high humidity, and
witha25mlcupwith 10mlof0.5MNaOHtocapturereleased C0 2 . Thejarswereclosedairtightandincubatedinaclimatechamberat 14°C.TheNaOHtrapswerereplacedonceaweek.
For each of the four species from N+ or N- soil, duplicate samples of the roots and
duplicated samples of the ESPAS soil with their rhizodeposits were incubated injars. So,this
gave in total 64jars (2 nutrient levels x 4 species x 4 replicates x 2jars) with decomposing
roots and 64jars with ESPAS soil including decomposing rhizodeposits. Furthermore, 8jars
with pre-incubated soil without roots and 8jars with ESPAS soil without rhizodeposits from
tubesonwhichnoplantshadbeengrowingwereusedasacontrol.
After 69 days, the soils were harvested. Cups with soil and roots were dried at 40°C and
then roots were collected from the soil by sieving subsequently through a 2 mm and a 1mm
sieve. Soil without roots was also sieved. Soil was removed manually from roots as well as
possible.

ANALYSES

Roots and soil were analysed at the start of the incubation experiment and at the final harvest
after 69days.Atthe start ofthe decomposition experiment, rootswere shaken in250mlwater
to remove soil particles and then dried for four days at 40°C and grounded. The C
concentration and N concentration of the initial roots was measured with an element analyser
(Fisons Instruments, EA 1108). The 14C content in roots and soil was determined by
scintillation counting after chemical destruction withK2Q2O7(100g/1).Rhizodeposited Cwas
calculated from the measured activity (Bq) in the sieved soil from the ESPAS-tubes and the
specific activity oftheplants (Bq/mgC).After incubation, the absorbed CO2intheNaOHwas
determined by titration of the remaining NaOH with HC1after precipitation HCO3/CO32"by
excess of BaCl2. The 14C02 in the NaOH was calculated from the measured activity (Bq) by
scintillation countingusingaliquidscintillation counter(Packard,TRI-CARB2100TR).
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STATISTICAL ANALYSES

Data were analysed ANOVA to determine whether there was a treatment effect on the
decomposition rate of the dead roots and ofthe soil organic matter. This effect was split into
"the effect ofNavailability"and"theeffect ofthedifferent species".Analysesofvariancewere
performed with Genstat (531) applied to a complete split plot design. Percentages were
angulartransformed andTukey's HSDtestswereusedtotest for significant differences among
means.
Pearsons correlation coefficients were calculated for 1) the amount of rhizodeposition
versusrootbiomassproduction, 2)root Cevolution asC0 2 versus rhizodeposition and 3)root
decomposition versus initialNandCconcentration (SPSS7.0 1995).

Results
ROOTGROWTHANDRHIZODEPOSITION

There was a significant interaction between species and N effects on the amount of root
biomassproduction (F=9.05 ).Napplication had only asignificant effect ontherootbiomass
production of the H. lanatusplants (p<0.05). With N addition root biomass was significantly
higherinH.lanatus(2.68mg/g soil)than inthe three other species.F.rubraandA. odoratum
produced intermediate amounts of root biomass (1.70 and 1.79 mg/g soil respectively) and F.
ovina produced a significantly (p<0.05) lower amount of root biomass (0.51 mg/g soil).
Without N addition, root biomass production was similar in H. lanatus, F. rubra and A.
odoratum(1.22, 1.37 and 1.56 mg/g soil respectively) but the root biomass production in the
F. ovinaplants was significantly lower (0.36 mg/g soil). The N and C concentrations in the
roots of//, lanatus,F. rubra,A. odoratumandF. ovinawere 0.7-1.7% and 48-51% and the
C:Nratiowas30-77(Table 1).
There was also a significant interaction between species and N effects on the amount of
rhizodeposited C inthe soil (F=8.36***).At high N, net rhizodeposition had been significantly
higher in H. lanatus (0.39 mg C/g soil) than in the three other species. F. rubra and A.
odoratum produced intermediate amounts of rhizodeposits (0.17 and 0.28 mg C/g soil
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Figure

1.

Rhizodeposited

C

present in the soil (mg root C/g
soil) of the species F. ovina ( • ) , A.
odoratum (•), F. rubra ( • ) or H.
lanatus (•) versus root biomass at
the end of the growing period (mg
roots/g soil). The plants were
grown at 2 nutrient levels: fertilizer
with N (open dots) and fertilizer
without N (closed dots). Values are
means ± standard errors.
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Figure 2. C 0 2 evolution (mg C/g
soil) from rhizodeposits in soil
produced by F. ovina ( • ) , A.
odoratum (•), F. rubra (A) or H.
lanatus ( • ) versus the amount of
rhizodeposited C present in the
soil at the end of the growing
period (mg C/g soil). The plants
were grown at 2 nutrient levels:
fertilizer with N (open dots) and
fertilizer without N (closed dots).
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Table 1.Nitrogen (N) and Carbon (C) concentration (g/100g) and C:N ratio at the end of the
growing period in the ESPAS of Holcus lanatus, Festuca rubra, Anthoxanthum odoratum and
Festuca ovina roots used for the decomposition experiment. The plants were grown at 2
nutrient levels: fertilizer with N (N+) and fertilizer without N (N-). Values are means (SE).
Nutrient level

Species

N

c

C:N ratio

N+

H. lanatus

0.92 (0.05)

48.59 (0.09)

53.13(2.51)

N-

F. rubra

0.95 (0.05)

49.69 (0.22)

52.99 (2.76)

A. odoratum

0.77 (0.06)

48.14(0.14)

62.98 (3.94)

F. ovina

1.71 (-)

50.88 (-)

29.75 (-)

H. lanatus

0.84 (0.08)

49.96(0.16)

60.77 (5.44)

F. rubra

1.12(0.25)

50.08 (0.43)

50.57 (9.26)

A. odoratum

0.65 (0.09)

47.58 (0.33)

76.80 (8.36)

F. ovina

0.93 (-)

50.15 (-)

54.09 (-)

respectively) and F. ovina produced a significantly (p<0.05) lower amount of root biomass
(0.06 mg C/g soil). At low N, net rhizodeposition was not different between H. lanatus,F.
rubra and A. odoratum (0.17, 0.14 and 0.22 mg C/g soil respectively), but the difference
between A. odoratum and F. ovina (0.09 mg C/g soil) plants was significant (p<0.05). N
fertilization had a significant effect only on the rhizodeposition of the H. lanatus plants
(p<0.05).Theamountofrhizodepositswaspositively correlatedwithrootbiomass(Fig.1).

DECOMPOSITION OFRHIZODEPOSITS

CO2evolvedfromrhizodeposits increased linearly withthe amount ofrhizodeposits inthe soil
(Fig. 2).H. lanatusand A. odoratumgrown at a high N level produced a large root biomass
and a large amount of rhizodeposits (Fig. 1)resulting in an increased C0 2 evolution from the
rhizodeposits (Fig. 2). F. ovina produced a small root biomass and a small amount of
rhizodeposits resulting inalowerrate ofC0 2 evolution.
The decomposition of the rhizodeposits, calculated as the percentage of the amount of
rhizodeposits present at the start of the decomposition experiment, was different between
species (Table 2).Rhizodeposits ofA. odoratumdecomposed faster than the rhizodeposits of
theotherthreespecies.H. lanatusrhizodepositsdecomposed faster thanthoseofF.ovinadid.
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Table 2.The percentage oftheoriginalamountofrhizodeposited 14Cthat isdecomposed andreleased
as "CO2 during a period of 69 days. The rhizodeposits were produced by roots of Festuca ovina,
Anthoxanthum odoratum, Festucarubraor Holcus lanatusduring a preceding growing period at 2
nutrient levels N+(fertilizer with N)and N-(fertilizer without N)during aprevious growing period inthe
ESPAS.Valuesaremeans±standard errors.Different superscript letters indicatestatistical differences
betweenthemeans(p<0.05).
Species

Nutrientlevel

F. ovina

A. odoratum

F. rubra

H. lanatus

mean

N-

20.35 ±4.12

42.65 ± 2.70

27.65 ±2.68

28.89 ±2.61

29.88 B

N+

33.30 ± 4.33

42.61 ±4.37

36.17 ±4.99

41.19±6.19

38.32*

mean

26.82°

42.63*

31.91 BC

35.04B

Table3.Total dead rootdecomposition measured asthe amount of 14Creleased as "CO2duringthe
experimentalperiodof69daysaspercentageofinitialamountof14Cindeadrootsfrom Festuca ovina,
Anthoxanthum odoratum, Festucarubraor Holcus lanatusat the start. Dead roots originated from
plantsthathadbeengrowingat2nutrientlevels N+(fertilizerwithN)andN-(fertilizerwithout N)during
a previous growing period in the ESPAS. Values are means + standard errors. Different superscript
lettersindicatestatisticaldifferences betweenthemeans(p<0.05).
Species

Nutrientlevel

H. lanatus

mean

14.77 ±1.72

11.04 ±0.61

16.27 s

25.30 ±1.96

20.36 ± 0.70

16.41 ±1.47

19.13*

25.41*

17.56"

13.72°

F. ovina

A. odoratum F. rubra

N-

12.27 ±1.80

25.51 ±2.28

N+

12.86 ±1.21

mean

12.59°

Table 4.Root 14C remaining in the soil after 69 days as percentage of initial amounts of dead roots
from Festuca ovina, Anthoxanthum odoratum, Festuca rubraor Holcus lanatus. Dead roots originated
from plantsthat had beengrowing at2 nutrient levels N+(fertilizer with N)and N-(fertilizer without N)
during a previous growing period in the ESPAS. Values are means ± standard errors. Different
superscriptlettersindicatestatisticaldifferences betweenthemeans(p<0.05).
Species

Nutrientlevel
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F. ovina

A. odoratum F. rubra

H. lanatus

mean

N-

6.09 ± 0.53

13.88 ±1.92

N+

6.61 ±0.83

11.01 ±0.78

9.22 ±1.63

8.72 ±1.01

9.83

11.04±1.04

9.66 ±1.30

9.78

mean

6.37°

12.45*

10.13B

9.19 B
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In general, rhizodeposits of plants grown at a high N level decomposed faster than
rhizodeposits ofplantsgrown atalowNlevel.
Neither of the four species had a significant effect on the decomposition of soil organic
matter(p>0.05)).

DECOMPOSITION OFDEADROOTS

Root decomposition ranged from 11-26% (Table 3). A. odoratum dead roots decomposed
faster than deadroots ofF.rubraand dead roots ofF. rubradecomposed faster than those of
F.ovinaorH.lanatus.Roots grown onNrich soil decomposed faster thanroots from Npoor
soil.Therewasnosignificant interactionbetweenspeciesandN-treatment.
Root residue decomposition was not related to the initial percentage N or C:N ratio of the
roots. However, despite the small variation in the initial percentage Cof the grass roots, root
residue decomposition was negatively related to this initial percentage C (Fig. 3). This
significant negative correlation wasthe result ofthe lower initial percentage C inA. odoratum
roots andtheirhigherdecomposition comparedtotheotherthreespecies.
Theamount ofroot 14Cstillpresent inthe soil after 69daysof decomposition, calculated as
the percentage of the initial root 14C amount, differed between species (Table 4). Soil with F.
ovinadeadroots had the lowestpercentage root Cafter 69 days.Thepercentage root Cinthe
soilwas intermediate insoilswithH.lanatusandF.rubradead roots. SoilswithA. odoratum
roots contained the highest percentage root C after 69 days. The N supply rate had no effect
on the root 14C content of the soil. The more root-derived C was in the soil, the more rootderived Cwasrespired.
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Figure 3. A. The initial percentage N and B. the initial percentage C of Festuca ovina, Anthoxanthum odoratum,
Festuca rubra or Holcus lanatus labelled dead roots versus the C loss as CO2from these roots during a 69-days
decomposition period. Open dots refer to the N+ treatment and closed dots to the N- treatment. Values are
means ± standard errors.

Discussion
RHIZODEPOSITION

Rhizodeposition during the growing period is defined as the addition of root C to the soil
either as a result of exudation or root death. Rhizodeposition differed among species and the
amountofrhizodeposits waspositively correlated withrootbiomass accumulation. Ourdatafit
with recent studies that postulated that ahigherroot massproduction wouldresult inagreater
rhizodeposition of carbon compounds (Cotrufo and Gorissen 1997; Haynes and Beare 1997).
Moreover, asageneraltrend,thehighandmoderate fertility speciesH.lanatus,F.rubraorA.
odoratum,deposited more Cin the rhizosphere than the low fertility species F. ovina.Earlier
studies have suggested amajor impact of nutrient availability on rates ofplant exudation (Van
Veen et al. 1993; Grayston et al. 1996) but have not described interspecies differences.
Different effects of soil nutrient supply on high fertility species versus low fertility species
could accelerate decrease in N depletion during reversed grassland succession. N availability
increased rhizodeposition of//, lanatus,ahigh fertility species,as aresult ofits increased root
mass (Fig. 1),buthadnegligible effects onrhizodeposition oftheintermediate(F. rubraandA.
odoratum) and lowfertility (F. ovina)species. So,atanincreasedN supply, rhizodeposition
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rates are higher inthe high fertility speciesH. lanatuscompared tothe low fertility species F.
ovinabecauseofthelargerrootgrowthresponseinthishighfertility species.

DECOMPOSITION OFRHIZODEPOSITS

There aretwopossiblecausesofdifferences inthemeasured amountsofrhizodeposited carbon
compounds. An increase in the amount of rhizodeposits can be caused either by greater
rhizodeposition, including root death, during growth orby greater resistance to decomposition
among the root-derived carbon compounds (Grayston et al. 1996). Since the amount of
deposited carbon compounds was measured at the end of the ESPAS growing period, we
couldnotassessturnoverofroot-derivedCwithinthefirst 8weeks.Wealsodidnotassessthe
chemical characteristics of the rhizodeposited compounds. However, the decomposability of
the rhizodeposited carbon compounds should reflect their chemical characteristics (Heal et al.
1997). We expected the rhizodeposits of the high fertility species to decompose faster than
those ofthe low fertility species (Taylor et al 1989;Berendse et al. 1989b;Wedin andTilman
1990;Janssen 1996). Onthis basis wepredicted that H. lanatuswould decompose faster than
F. ovina and that F. rubra and A. odoratum would decompose at an intermediate rate. The
decomposition rate ofthe deposited organic compounds ofthe four species increased with the
potential growth rate of each species. Rhizodeposits from the high fertility species H.lanatus
decomposed at a faster rate than rhizodeposits from the low fertility speciesF. ovina,but at a
slower rate than the rhizodeposits of A. odoratum.Moreover, the four grass species used in
ourstudyhadnosignificant effect onthedecompositionrateofsoilorganicmatter.
Root derived organic compounds in N-rich soil mineralized faster than those derived in N
poor soil, so higher N supplies during growth of the plants increased the decomposition of
their rhizodeposits. Several explanations are possible for the increased decomposition of
rhizodeposits. Species could respond to changes in nutrient availability by depositing not only
different quantities of organic compounds but also organic compounds of a different quality,
thereby altering decomposition rates (Grayston et al. 1996).Another explanation isthathigher
soil N content can increase the activity of soil microbial biomass (Van Ginkel et al. 1997),
resulting in increased decomposition rates. Therefore, the measured amount of final
rhizodeposits at the end of the growth period may underestimate total rhizodeposition. When
the amounts of measured rhizodeposits increase, the decomposability also increases. This
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further supports our conclusion that living plants ofhigh fertility species deposited more C in
therhizosphere thanthose oflow fertility species.In addition the rhizodeposits ofhigh fertility
species mineralized faster, so these species likely activate the nutrient cycling more than low
fertility species. However, when the N availability declines, this effect of high fertility species
becomes less significant, as we learned from the response of//, lanatusonN fertilization and
theabsence ofsucharesponseofF.ovina.

DECOMPOSITION OFDEADROOTS

In ourstudy,reduced Navailability duringplant growth resulted inalower decomposition rate
ofthedeadrootsofallfour species (Table 3).MeasuredamountsofrootCincorporated inthe
soil organic matter after 69 days of incubation showed the same pattern. We therefore
conclude that species respond to lower soil fertility by a lower decomposability of their
residues. This will result in a lower turnover rate of nutrients. Such aprocess will likely alter
nutrient dynamics in the soil and species replacement during succession. Other authors have
already found that changes inN availability are an important cause of changes inplant species
composition during succession in N-limited ecosystems (Berendse and Elberse 1990;Olff and
Bakker 1991). In this study, we found evidence that, the opposite is also true: species can
affect the N availability and thereby have an important impact on the progress of the
succession.
In addition, plant species differed in dead root decomposition rates. The presented study
provided noevidence for the hypothesis thatthe decomposition rate of dead roots isrelated to
the potential relative growth rate of the four species. Species differed in dead root
decomposability, but the decomposability was higher inA. odoratumcompared to H.lanatus
and the decomposability in F. rubra was intermediate. Moreover, there was no significant
difference indecomposition ratebetweendeadrootsofH. lanatusandF.ovina.
Ourresults contradict earlierresearch, which indicatethat litteroflowfertility plant species
is more difficult to decompose than litter of high fertility species because of higher
concentrations of decay resistant plant compounds (Taylor et al. 1989;Berendse et al. 1989b;
Wedin andTilman 1990).Differences inthequality ofplant litter,expressed asC:N ratio,have
been suggested tobe responsible for differences in decomposition rates (Berg and Staaf 1980;
Taylor et al. 1989;Janssen 1996;Ball and Drake 1997).However, in our study, differences in
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the decomposition rate of dead roots could not be explained by differences in theirN content
and C:N ratio. This agrees with other recent observations on C:N ratio and decomposability
(Van Ginkel et al. 1996;Franck et al. 1997;Gorissen and Cotrufo 2000). Our results indicate
that quality factors other than N content and C:N ratio may determine the decomposition rate.
The variation in decomposability among species was related to the initial C concentrations in
the roots although the differences between these initial C concentrations were very small.
When the C content of plant biomass increases, the form of C could change in more
recalcitrant components, like lignins and phenols (Heal et al. 1997)and other authors found a
negative relation between these plant compounds and the decomposition rate (Berg and Staaf
1980;Melillo et al. 1982;Taylor et al. 1989). However, the differences in C concentration in
the presented study are too small to expect different form of C compounds. The relationship
between litter quality characteristics and decomposition rates are largely empirical and there is
still insufficient understanding oftheinteractions ofthebiochemical constituents oflitteratthe
cellular levelwheremicrobial decomposition takesplace (Healetal. 1997).
The most significant effect of N availability in ecosystems on decomposition processes in
grasslands is itseffect onprimary productivity. WhenN availability changes during succession
the total amount of produced root biomass can change depending onthe species (Cotrufo and
Gorissen 1997).Fromthisinformation combinedwithourresults,weexpectthat anincreasein
nutrient supply will enhance the addition of dead roots to the soil and the decomposition of
these roots to a different degree in different species. This could have important effects on the
nutrientcycle.
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6. Theeffect oflivingplantsonroot
decomposition offourgrass species

Abstract

In the presented study we focussed on one of the possible pathways through

which plant species can regulate soil nutrient supply. We tested whether living plants of
Holcus lanatusandFestucaovinacan affect the decomposition rate of dead roots ofHolcus
lanatus, Festucarubra,Anthoxanthumodoratum andFestucaovinaand whether this effect is
species-specific and dependent on nitrogen (N) availability. The selected perennial grass
species are typical of grassland habitats in a range from high to low nitrogen availability.
Seedlings of H. lanatus,F. rubra,A. odoratum and F. ovina were homogeneously labelled
with 14CC>2for eight weeks. Plants were grown on soil at two nitrogen levels: one without
additional nitrogen and one with nitrogen addition (14 g N m"2). After 8 weeks plants were
driedand stored for 2years.
At the start of the decomposition experiment 14C labelled roots were separated from soil
and incubated in litterbags (mesh width 1mm)infreshsoil. These 14Clabelled roots were left
to decompose for 19weeks in an open greenhouse in soil planted withH. lanatusorF. ovina
and in unplanted soil.After the incubation period, the decomposition ofthe 14Clabelled roots
of the four species was measured. The loss of mass and of 14C from the dead roots were
calculated and the living plant biomass and C, N and P contents of the live plants were
determined.
Rootdecomposition ratesdiffered amongthe species.We found noevidencetosupport our
hypothesis that dead roots of high fertility species (i.e.H. lanatusand F. rubra) decompose
faster than dead roots of low fertility species (i.e. A. odoratum and F. ovina). In unplanted
soil, the mass loss and total 14C loss of A. odoratumdead roots were higher than those of H.
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lanatus,F. rubraandF.ovinadead roots.Dead roots ofF. ovinalost less mass and total ' C
than dead roots ofH. lanatus.Dead roots of F. ovina decomposed faster in the presence of
livingF.ovinaplantsbut, deadA. odoratum roots from theNfertilized treatment decomposed
slower inthepresence oflivingF.ovinaplants. It seems likely that livingplants likeF. ovina
exude carbon compounds that could stimulate the growth rate of soil microbes and thereby
increase dead root decomposition and mineralization. The results indicate that whether plant
exudates stimulate deadroot decomposition depends onthe quality ofthese dead roots.These
effects of plant species on nutrient cycling processes could be an important regulating
mechanism promoting ecosystem stability.
Keywords: 14C,C:Nratio,nitrogenavailability,root decomposition

Introduction
The cycling of carbon (C) and nitrogen (N) is an important ecosystem process. Dominant
plant species can have important effects on this (Berendse 1990; Wedin and Tilman 1990;
Van Vuuren et al. 1992). The importance of the effects of plant species on ecosystem
processes liesinthepotential for feedback todevelopbetweentheeffects ofplant speciesand
the effects of ecosystem processes (Wedin and Tilman 1990; Vinton and Burke 1995;
Berendse 1998;Wardle et al. 1998). This could have important consequences for ecosystem
functioning andplant species composition (Berendse etal. 1998).
Living plants can enhance microbial degradation of dead roots and old soil organic matter
and N mineralization by adding easily metabolizable carbon compounds to the soil by
rhizodeposition (Clarholm 1985; Robinson et al. 1989; Swinnen et al. 1994a and 1994b).
However, evidence is contradictory: both negative and positive effects have been observed
(Reid and Goss 1982;Sparling et al. 1982;Clarholm 1985;Van Veen et al. 1993;Nicolardot
1995; Bremer and Kuikman 1997). Living plant species not only affect the carbon and
nitrogen cycle by the activity of their living roots (Clarholm 1985; Nicolardot et al. 1995;
Brevedan etal. 1996;Cadisch and Giller 1997),but alsobyshoot androotturnover (Berendse
et al. 1989; Aerts et al. 1992; Van Vuuren et al 1993; Brevedan et al. 1996). Whether N
mineralization orN immobilization takesplacedepends ontheC:Nratio inthe decomposable
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resources produced bytheplant (Robinson et al. 1989;Cadisch and Giller 1997; Sakala et al.
2000).
In addition, stimulation or inhibition of the microbial growth by plant species depends on
the availability of N in the ecological habitat of the species. Soil nitrogen supply may affect
both rhizodeposition and litter production and hence influence the effect of plants on the
nitrogen cycle (Liljeroth et al. 1990;VanVeen et al. 1993;Grayston et al. 1996;Bremer and
Kuikman 1997). Moreover, when soil nitrogen availability changes litter chemistry and the
releaseofnutrientsmaybe altered. Thedegreeofchangeinlitterdecomposability and release
of nutrients depends on species and onphenotypic responses in litter chemistry to changes in
nitrogen availability (Aerts and De Caluwe 1994;Vitousek et al. 1994;Aerts and De Caluwe
1997). Earlier studies have shown that compared with species adapted to less fertile
conditions, species adapted to fertile conditions promote nitrogen mineralization (Janzen and
Radder 1989; Van Veen et al. 1993; Berendse et al. 1998). If plants were to have an
advantage from regulating nutrient fluxes in the rhizosphere, this would occur through
conservation of nutrients when they are in excess, or through enhanced mineralization of
nutrientswhenthey aredeficient (VanVeenetal. 1993).
In the study presented here we tested whether living plant species can affect the
decomposition ofdeadroots andwhetherthese effects are species-dependent. Wealso studied
the effect of nitrogen availability during the production of the roots on their subsequent
decomposability and whether this would impact the growth rate and N uptake of the plants
that were grown in substrate containing the decomposing root material. In this study, we
focussed on the effect of growing plants of two grass species on the decomposition of the
dead roots of four different grass species. We hypothesized that: 1) Living plants enhance
dead root decomposition and species requiring fertile habitats accelerate the rate of
decomposition more than those from low fertility environments, because they produce more
rootbiomassand consequently moreexudates.
2) N availability during the growing period of the dead roots has an important influence on
the quality of the dead roots. As a result, an increased N availability during the production
periodincreasesthe decomposability oftheplantmaterial andtherebytheN mineralization.
3) Dead roots of species from nutrient-rich habitats decompose more rapidly than those of
species from nutrient poor-habitats.
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4) When N availability increases, living plants of species from fertile habitats will increase
their growth more than species from low fertility habitats. So, when grown in substrate
containing dead roots from N-rich soil the decomposition-stimulating effect of high fertility
species will increase more than the effect of low fertility species, than when the species are
grown onsubstratecontaining deadrootsfromN-poorsoil.
Totestthesehypothesesweconducted adecomposition experimentwith 14Clabelled roots
for one growing season. By using the carbon tracer 14C a distinction could be made between
native-soil carbon (i.e.the carbon present inthe soil) and carbon derived from the deadroots.
Weusedthe litterbagmethod,which isatechnique frequently applied for litter decomposition
measurements (Wardle etal. 1997).Wecalculated decomposition rates onthebasis ofthe 14C
loss from l4C-labelled dead root materials in litterbags with a large mesh width (1 mm). The
litterbags enabled us to easily recover the remaining dead roots after the decomposition
period. The large mesh width of the litterbags optimized the contact and interactions of the
deadrootswiththe soilandallowedtheroots oflivingplantstogrowthrough thelitterbags.

Materials and Methods
PLANT LABELLING

In 1996 seedlings 10-20 days old of Holcus lanatus L., Festuca rubra L., Anthoxanthum
odoratumL. and FestucaovinaL., were labelled with 14C by being grown for 8 weeks in a
continuously 14C-labelled atmosphere in the ESPAS (Experimental Soil Plant Atmosphere
System; Gorissen et al. 1996). The individual plants were grown in PVC tubes (4.6 cm in
diameter and 22 cm length).Thebottom ofthetubes wasclosed with 30 umgauze to prevent
roots growing out and to allow water to enter the tubes. A layer of 3 cm silversand (1.4 kg
dm"3)wasput inthe base ofthe tubes beforefillingthe tubes with amixture of sandy soiland
sand (2:1) (v/v 14% 1.4 kg dm"3).Each tube received 15ml nutrient solution without N (N-)
or with N (N+; 24 mg N per tube). The nutrient solution contained; KH2PO4(1.34 mgml"1);
MgS0 4 '7H 2 0 (4.73 mg ml"1); K 2 S0 4 (1.54 mg ml"1); MnS04«H20 (20.00 ug ml"1); H3BO3
(26.90 ugml"1);ZnS04«7H20 (25.06 ugml"1); CuS04«5H20 (0.78 ug ml"1); Na2Mo04-2H20
(1.26 ug ml"1); pH 6.5. In addition, the solution for the N+ treatment contained 11.55 mg
KNO3ml"1.The soil was mulched with plastic granules. The tubes were placed next to each
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other in a tray lined with felt. Each tube contained a single plant or was plantless. The light
and dark periods during the growing period were 14 and 10 hours respectively. During the
light period the temperature was 18°C, relative humidity was 70%, CO2 concentration was
350 PPM and Photosynthetic Active Radiation (PAR) was 350 umol m"2 s"1 at plant level.
During the dark period the temperature was 14° C, relative humidity was 80% and CO2
concentration was 350 PPM. Plants were watered by adding water to the tray once or twice
perweek after weighingindividual containers andmeasuringwaterloss.
After a growth period of 8weeks,no water was added, to allow the soil to dry.When soil
moisture content dropped below 4%,the shoots were clipped. The intact soil containers were
left to dry to soil moisture content below 1% and then stored in closed containers until the
startofthedecomposition experiment.
Before the start of the decomposition experiment, a sub-sample of the dead roots was
taken. These roots were rinsed from soil by shaking them in a bottle with water. Then, the
roots were dried at 60°C to constant weight and the C and N concentrations were measured
using an element analyser (Fisons Instruments, EA 1108). The percentage N in the roots
grown in soil with N addition was 0.9% for H. lanatus, 0.9% for F. rubra, 0.8% for A.
odoratumand 1.7%forF.ovina.Forroots grown in soil withoutN addition the figures were
respectively 0.8%, 1.1%,0.6%and0.9%.

DECOMPOSITION EXPERIMENT

The decomposition experiment started on 22 May and lasted until 2 November 1998.It was
carried out in an open greenhouse in a completely randomized design. First, small containers
(10 cm diameter and 31 cm height) were filled with 2670 g of a mixture of sandy soil and
sand (1:1) (v/v 14%and 1.4 kg/dm3). Before mixing, the sandy soil was sieved through a 4
mm sieve. The soil mixture had the following characteristics: 5.9 pH(H2o), 117 gtotal Nkg"1
soil,0.43 gtotal Pkg"1soil,C:N ratio of 16.6and 30gorganic matter kg"1 soil.The litterbags
(5 cm x 5 cm, mesh width 1mm) were filled with 0.06-0.37 g labelled dead roots of H.
lanatus,F. rubra,A. odoratumor F. ovinaand placed on the soil in the containers and than
coveredwith600gsoilmixture.
In each container, 3 seedlings ofH.lanatusorF. ovinawere planted, aged respectively 9
weeks and 11weeks old. Each species was planted in containers with dead roots of its own
species or with dead roots of another species. Roots of the 4 species were also incubated in
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containerswithout livingplants. Ingeneral, there were 8replicates for labelled roots. Because
insufficient labelled rootmaterial wasavailable,however,therewereonly4 or5replicates for
N- dead roots ofF. ovina,3or4replicates for N+ dead roots ofF.ovinaand 5replicates for
N- dead roots ofH.lanatus.The soil surface was mulched with 50 g (1 cm) of white plastic
granulestoprevent growth ofalgae andreducewater lossfromevaporation.

GROWTHOFPLANTSINTHEDECOMPOSITIONPERIOD, HARVESTANDANALYSIS

Thewater content of the containers was kept at 14%w/w byweighing the containers 3times
aweek andthanrefilled themwithwatertotheiroriginal weighttocompensate for theirwater
losses. During the experiment the containers with H. lanatusplants lost more water than the
containerswithF.ovinaplantsorthe control containerswithout growingplants (Fig.1).
Thedecomposition experimentwasharvested attheendofthegrowing season(2November).
At that time approximately 50%of the shoot biomass ofH.lanatuswas yellow. Shoots were
clipped from the soil containers. The soil was carefully pushed out of the containers and
separated into 4 layers; 1) the upper 5 cm above the litterbags (0-5 cm depth), 2) the 5 cm
belowthe litterbags (5-10cm depth),3) 10-15cmdepth and4) 15-27cmdepth. Soil androots
wereseparated. Shoots,rootsandsoilweredriedat70°C.

CHEMICAL ANALYSES

At the start of the decomposition experiment, roots were shaken in 250 ml water to remove
soil particles. The roots were dried for 4 days at 40°C and analysed. The C and N
concentration of the initial roots were measured with the element analyser (Fisons
Instruments, EA 1108).After chemical destruction with K2Cr207 (100 g/1)the activity (kBq/g
root) ofthe roots was determined by scintillation counting,using a liquid scintillation counter
(Packard, TRI-CARB2100TR).
At the end of the decomposition experiment, the remaining amount of the labelled dead
root 14C (kBq) in the litterbags and the amount of dead root 14C (kBq) in the soil and the
livingrootswere determined byscintillation counting,usingaliquid scintillation counter after
chemical destruction with K2Cr2C>7 (100 g/1). The percentage dead root 14C recovery was
calculated as the 14Crecovered in the litterbag (kBq) divided by the amount of the dead root
14

C (kBq) at the start of the decomposition period, times 100. The percentage dead root 14C

recovery in soil was calculated as the final amount of 14C (kBq) in the soil, divided by the
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total amount of 14C (kBq) in the 14C-labelled dead roots in the litterbags at the start of the
decomposition experiment, times 100. The latter method was also used to calculate the
percentage dead root 14C attached to the living roots at the end of the decomposition
experiment. The amount of dead root 14C attached to the roots of the living plants was
negligible (less than 0.7% of the amount in the dead roots at t=0). It was equal for the H.
lanatusandtheF.ovinarootsand alsonotdifferent for the four decomposing root species.
Shoots and rootsofthegrowingplants were dried at 70°C for 48 hours and organic matter
content (550°C) and total C and N concentrations (element analyser) were measured. The N
and P contents of the shoots and the roots were determined using a continuous flow analyser
(Skalar autoanalyser Sanplus system) after destruction with sulphuric acid, selenium and
salicylic acid.

STATISTICAL ANALYSES

Statistical analysis was used to determine "the effect of growing plant species","the effect of
the decomposing deadroot species"and "the effect oftheN availability duringtheproduction
of the decomposing roots" on the decomposition rate of the labelled dead roots. Data were
analysed using analysis of variance (GLM procedure; SPSS 1995) for a completely
randomized design factorial model. The GLM procedure compensates for different numbers
of replicates. When variances increased with the means, the data were logarithmically
transformed. Where appropriate, a posteriori comparisons were carried out with Tukey's
honest significant difference test.

Results
Throughout the experiment (22 May 1998 - 30 October 1998) gravimetric water contents
(percentage w/w) of the containers were determined by weighing the containers before
watering. The water content of the containers fluctuated, especially at the beginning of the
experiment (Fig. 1). The decline in water content was caused by the increase in plant
transpiration. The water content of the containers with H. lanatus plants decreased
dramatically onceduringthe 26thweek,because ofstrongly increased transpiration.
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THEAMOUNTOFDEADROOTSREMAININGINTHELITTERBAGS

The relative mass loss and the recovery of the 14C in the initial roots in the litterbags at the
endofthedecompositionperiodwere determined. Theeffects ofgrowingplant speciesonthe
percentage mass recovery differed for the four decomposing root species (table 1). Without
growing plants, the remaining mass of decomposing roots of A. odoratumwas significantly
lowerthanthat ofthedecomposing rootsofF. ovina,F.rubraandH. lanatus.The remaining
mass of roots was greater inF. ovinathan inF. rubraandH. lanatus.In all the root species
the presence of growing plants increased the percentage of remaining root mass significantly
(Fig. 2). Moreover, in the presence of living plants the remaining amount of F. ovina dead
roots was significantly greater than that ofthe other three species. This difference between F.
ovina and the other species was greater than in the treatment without living plants. Overall,
theNavailability duringtheproduction ofthedecomposing plant specieshadnoeffect onthe
percentage mass recovery after the decomposition period (table 1).When data were analysed
separately for the four decomposing root species, N availability during growth had a
significant stimulating effect onthe decomposition rate oftheF.rubraroots (Fig.2c),but not
ontherootsofthethreeotherspecies(Fig.2a,bandd).
In addition, at the end of the decomposition period the percentage of dead root C
recovery in the litterbags was determined. Overall, the 14Crecovery in decomposing roots of
A. odoratumwas significantly lower than in decomposing roots ofF.ovina,F. rubraand H.
lanatusandmore 14Cwasrecovered from F.ovinarootsthan fromH.lanatus roots.

The effectoflivingplants onrootdecomposition offour grassspecies

Table 1. Analyses of variance (GLM) using a complete split plot design for the percentage of the root mass
remaining in litterbags, dead root 14C recovery from litterbags and soil, and total dead root 14C loss. The

14

C-

labelled dead roots arefrom four species: H. lanatus, F. rubra, A. odoratum and F. ovina. Root species, living plant
species and nitrogen levelwere used as main factors.
F-value 3of recovery (%)
4

F-values of loss (%)
,4

Effects

df

mass in litterbags

Dead root species (R)

3

i,!, i r , ' "

2:'.84"'

9.37"

19.07'"

Growing plant species (P)

2

80.78'"

16.42""

9.29"

3.20'

Nitrogen level (N)

1

3.66NS

20.80'"

19.48"

5.21'

RxN

3

1.91 NS

9.16""

2 4 9

RxP

6

2.82'

3.42"

2.56'

3.16"

3.11'

0.04NS

0.95NS

2.55'

1.70NS

NxP
RxPxN

2
6

NS

1.24
0.86

NS

C in litterbags

NS

1.64

C in soil

NS

total " C l o s s

7.25"'

NS = not significant (P > 0.05) *P < 0.05, **P < 0.01, * " P < 0.001.

Both the nitrogen availability during growth and the growing plant species had a
significant effect on the percentage 14C recovery and this effect differed for the four
decomposing root species (table 1).Compared tothepresence ofF.ovinaplants,thepresence
of living H. lanatus plants significantly increased the percentage

14

C recovery from

decomposing roots of F. ovina (Fig. 3a). Moreover, living H. lanatus plants significantly
increased the percentage 14C recovery from decomposing H. lanatus roots, and both H.
lanatus and F. ovina living plants increased the l4C recovery from decomposing F. rubra
roots compared tothe treatment with noplants (Fig. 3c and d).More 14Cwas recovered from
deadroots ofA. odoratuminthepresence oflivingplantsthan inthetreatment withoutplants,
but there was a significant interaction withtheN availability duringthe period inwhich these
roots had been grown (Fig. 3b).TheN availability during thisperiod had no effect on the l4C
recovery from dead roots of A. odoratum in the treatment with living H. lanatusplants or
without plants, but had a positive effect on the 14C recovery in the treatment with living F.
ovinaplants (Fig. 3b).N availability during growth had a significant stimulating effect onthe
decomposition rate oftheF. ovinaandF.rubraroots (Fig. 3a and c),but hadno effect onthe
decomposition rateoftheH.lanatus(Fig.3d).
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PERCENTAGE DEADROOT14C INSOIL

Both nitrogen availability during root growth and the presence of living plant species had a
significant effect on the percentage of dead root 14C that was recovered from the soil. This
effect differed for the four decomposing root species (table 1).Thepresence ofgrowingplants
decreased the percentage ' C from decomposing roots of F. ovina and F. rubra that was
recovered from the soil (Fig.4a and c).Inthetreatment without growingplants, decomposing
H. lanatusroots grown at high N availability (N+)resulted in increased recovery of 14C from
the soil (Fig. 4d). This effect did not occur in the treatments with growing plants. Neither N
availability during growth nor the living plants had any effect on the amount of I4C from
decomposing roots ofA. odoratum thatwasrecovered insoil (Fig.4b).
Inthetreatment without livingplants,thepercentage deadroot 14Crecovered from the soil
didnot differ for the four decomposing root species.However, inthepresence of living plants
there was a significant difference in the 14C recovery from soil in which the four different
species hadbeen grown (table 1).Inthepresence oflivingF.ovinaplants,thepercentage 14C
from A. odoratumroots recovered from soil was significantly higher than 14C from soil with
decomposing H. lanatus and F. ovina roots. With growing plants of H. lanatus, the 14C
recovered from soil containing decomposing roots of A. odoratum and F. rubra was
significantly higher than the 14C recovered from soil containing decomposing H. lanatusand
F.ovinaroots.

PERCENTAGETOTALDEADROOT14CLOSS

Overall, the presence of living plants and N availability during the period in which the dead
rootswere grown had a significant effect onthe percentage total dead root 14C loss during the
decomposition period. This effect differed for the four decomposing root species, however
(table 1). The effect of the living plants was only significant for decomposing roots of A.
odoratum and F. ovina. The percentage total 14C loss from decomposing roots of F. ovina
increased significantly in the presence of living F. ovina plants (Fig. 5a). Moreover, the
presence of living F. ovinaplants had a significant inhibiting effect onthe total 14C loss from
dead A. odoratumroots that were grown on soil with high N availability (N+) (Fig. 5b). N
availability during growth also had a significant effect onthetotal 14C loss from F. ovinaand
F.rubraroots (Fig.5aandc),butnotonthatofdecomposing roots from H. lanatus(Fig.5b).
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In soil without growing plants, the total 14C loss from F. ovina roots was lower compared
withthatfromH.lanatusandA. odoratum roots andthetotal 14ClossfromA. odoratum roots
washigher than thatfromH. lanatus,F.rubraandF.ovinaroots. The differences in 14C loss
between the four species in the treatments without growing plants were the same as the
differences in 14C loss for the four species grown with low N availability in the presence of
growing H. lanatus plants. In the treatments with growing F. ovina plants, however, the
differences in 14Closs from the N-roots became smaller. Moreover, when the dead roots had
been grown onsoil withhighNavailability, therewereno significant differences in 14C losses
between the four species of decomposing roots in the treatments with living plants of H.
lanatusandF.ovina.

PLANT GROWTHINTHEDECOMPOSITION EXPERIMENT

At the end of the experiment, the total plant biomass production did not differ between F.
ovinaandH.lanatusplants and wasnot affected eitherbythe decomposing roots orbytheN
level (Fig. 6a and table 2). Shoot-to-root ratio was higher for H. lanatusplants than for F.
ovinaplants (Fig. 6b),because H. lanatusplants had a smaller root biomass compared to F.
ovinaplants. Inthe livingF.ovinaplants the total amount ofN and theN concentration were
higher than in the living H. lanatusplants (Fig. 6c and d). The total amount of N and the N
concentration in the living plants were not affected by the decomposing roots or by the N
level (table 2).However, living plants ofF.ovinagrown on soil with decomposing roots that
had been grown inN+ soil had a significantly higher N-to-P ratio than F. ovinaplants grown
on decomposing roots grown inN- soil or living H. lanatusplants (Fig. 6e).The C:N ratio of
livingH.lanatusplants grown onsoilwith decomposing rootsthat hadbeen grown inN+soil
was significantly lowerthan the C:N ratio of the other living plants (Fig. 6f and table 2).The
C:Nratio oflivingF.ovinaplants grown on soil withdecomposing rootsthat had been grown
in N+ soil was significantly higher than the C:N ratio of the living H. lanatusplants, but did
not differ from that of living F. ovina plants grown on decomposing roots that had been
grown onN-soil (Fig.6f).
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Figure 6. A. The total biomass production, B. the shoot-to-root ratio of the plant, C. the total N uptake by the
plant, D. the N concentration in the total plant, E. the N:P ratio and F. the C:N ratio of the total living plant
species H. lanatus and F. ovina grown on soil with decomposing roots of the 4 species H. lanatus, F. rubra, A.
odoratum and F.ovina alter a growing period of 22 weeks. The decomposing roots are from plants grown at a
high level of nitrogen availability (dark bars) or at a low nitrogen availability (light bars). Data are means ± SE.
Bars with the same letter are not significantly different (Tukey-HSD, P>0.05).
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Table 2. F-values of the analyses of variance using a complete split plot design for the total plant biomass
production,theshoofcrootratioofthe plant,thetotal Nuptake bythe plant,the Nconcentration inthetotalplant,
the N:P ratio and the C:N ratio of the total living plant species H. lanatusand F. ovinagrown on soil with
decomposingrootsofthefourspecies H.lanatus, F.rubra, A.odoratum andF.ovina afteragrowing periodof22
weeks.Rootspecies,livingplantspeciesandnitrogenlevelwereusedasmainfactors.
Effects

df

biomass

S:R ratio

Root S n ecios 'R 1

3

0.55'

Plant Species (P)

1

Nitrogen level (N)

1

1.06NS

3

0 2 9

RxN

3.82

NS

NS
NS

N concentration
(mg/g)

0.!! "

!.67 L '

0.76'

1.43g

1.18''

6.07"

12.37*"

8.53"

0.33NS

38.74*"

0.97NS

0.94NS

0.67NS

9.84"

0.49NS

NS

NS

NS

0.89

NS

0.22

NS

1.52

NS

RxP

3

1.89

1.63

1.59

NxP

1

0.10NS

0.15NS

0.23NS

0.01 NS

3

0 2 9

NS

NS

0.41 NS

RxPxN

NS

C:N ratio

N uptake
(mg)

(g)

0.16

0.29

0.62

N:P ratio

072

NS

0.24NS

NS

1.09NS

1.39

14.32'"
NS

1.32

12.71*"
2.97*

NS=notsignificant(P>0.05)*P<0.05,**P<0.01,*"P <0.001.

Discussion
In this study we focussed on one of the possible pathways through which plant species can
regulate soil nutrient supply. We tested whether living plants can affect the decomposition of
dead roots and whether this effect differs between plant species. We found that living plant
species enhanced the decomposition rate of F. ovina decomposing root litter but had no
positive effects on the decomposition of root litter of the other species. We even found a
negativeeffect ondeadroots ofA. odoratumfrom theN fertilized treatment. F.ovinais alow
fertility species with a low relative growth rate. Such species often produce biomass with a
wide range of recalcitrant compounds, such as phenolics, to reduce the risk of herbivory and
parasitism (Eissenstat and Yanai 1997).It ispossible that these phenolic compounds strongly
reduce the microbial activity in the dead roots of these species. It seems that the living F.
ovinaplants could accelerate the decomposition of dead roots of F. ovina by activating the
microbial biomasswiththeir rhizodeposits.
Total Closs isagood approximation ofthe total decomposition and mineralization ofthe
organic material into an inorganic form. Prior to total mineralization, it is possible for
decomposing littertobetransformed intodifferent forms oforganicmatter and stillbepresent
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in the soil (Cadisch and Giller 1997). Therefore, in this study both dead root recovery (mass
recovery anddeadroot 14Crecovery inlitterbags) anddeadroot organic matter inthe soil(14C
recovery in soil) were measured. The results for mass recovery and 14C recovery in litterbags
ran counter to the results for total 14C losses. In contrast to the total 14C losses, the data on
mass recovery and 14Crecovery inthe litterbags indicate that living plant species inhibit dead
root decomposition. This contrast can be explained by the amount of 14C recovered from the
soil. The more dead root l4C was lost from the litterbags, the more 14C was recovered from
soil. This indicates that conclusions about decomposition from litterbag experiments have to
be considered carefully. Our results suggest that decomposition measurements with 14C
labelled roots arefar more accuratethan simplemass lossmeasurements.
The expected higher root decomposition inthe presence of living plants ofH.lanatusthan
in the presence of living F. ovina plants, did not occur. Our hypothesis was based on the
expectation thatH.lanatus plantswouldproducemore rootbiomassthanF.ovina,because H.
lanatus plants grow faster than F. ovina (225 mg g"1 day"1 versus 140 mg g"1 day"1). The
amount of rhizodeposits produced that could stimulate microbial degradation of dead roots
(Clarholm 1985;Robinson et al. 1989) is related tothe root biomass production (Cotrufo and
Gorissen 1997; Haynes and Beare 1997). In an earlier experiment we also measured greater
rhizodeposition by H. lanatusthan byF. ovinaplants (Chapter 5). In the present experiment,
however, the root biomass of living H. lanatusplants was even lower than that of F.ovina
plants. This could account for the greater stimulating effect on F. ovina dead root
decomposition ofF.ovinaplantscomparedtolivingH.lanatusplants.
The results for total 14C loss in our study contradict those of other experimental studies
where root growth suppressed the decomposition and transformation of dead roots or soil
organic matter (Reid and Goss 1982; Sparling et al. 1982;Nicolardot et al. 1995), but agree
with another study where the presence of living roots increased decomposition rates
(Clarholm 1985). There are several mechanisms that could explain how plants affect the
decomposition of labelled roots and theN mineralization from plant remains. Here we would
like to discuss the possible mechanisms affecting the decomposition in our experiment and
thepossible explanations for thediscrepancies with otherstudies.
One important process affecting the decomposition process is the drying and rewetting
cycle of soilsas aresult of wateruptake byplants. Such cycles may lead both to activation of
the microbial biomass (Van Schreven 1967) or to a retarded decomposition of plant material
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(Magid etal. 1999).Earlier studies have shown that infieldexperiments, decomposition rates
were reduced in the presence of plant cover (Jenkinson 1977; Sparling et al. 1982). These
authors suggested that the living plants could inhibit the microbial activity by the desiccation
of the soil as a result of the water uptake and transpiration (Jenkinson 1977; Sparling et al.
1982). In our study we eliminated the water effect as much as possible. The mean water
content of the containers fluctuated between 12% and 14%. We do not expect such small
variations in water content to have significant effects on microbial activity (Bremer and
Kuikman 1997).
Another possible mechanism whereby living plants can affect the microbial activity is
when soilmicro-organisms prefer tousematerials released from the livingroots instead ofthe
compounds from dead roots (Reid and Goss 1982;Nicolardot et al. 1995). This mechanism
accounts for living plants having an inhibiting effect on dead root decomposition. In their
"preferential substrate utilization concept" Van Veen et al. (1993) stated that rhizodeposits
provide an energy-rich basis for energy and biosynthesis processes for microbes and that
microbes prefer these root-released carbon compounds over native soil organic matter. When
insufficient supplies of nutrients are available for microbial metabolism, for example as a
result of N uptake by the living plants, microbes will also utilize other soil organic
compounds, like dead roots, in order to secure a sufficient nutrient supply (Van Veen et al.
1993). Perhaps this increased utilization of dead roots results in a positive effect and this
might explain the greater total 14C loss from F. ovinadead roots in the presence of living F.
ovina plants.
Finally, another possible mechanism is competition for N between plants and soil
microbes. The hypothesis we tested was based on an earlier study with the same species,
where we also found that living plants activated root decomposition (Chapter 4). However the
stimulating effect of the living plants in that study was much stronger than in this study. A
possible reason for this isthe characteristics ofthedecomposing plant material:the C:N ratio
in the present study was almost double the C:N ratio in the earlier study (table 3). The C:N
ratio of the decomposable resources determines whether N mineralization or N
immobilization takes place (Robinson et al. 1989; Cadisch and Giller 1997; Sakala et al.
2000).TheC:N ratioofthe decomposing roots inthepresent study wasabovethecritical C:N
ratio for the decomposer organisms (Cadisch and Giller 1997; Seneviratne 2000). This means
that soilmicroorganisms needto immobilize inorganic nitrogen to decompose the deadroots.
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However, growing plants also need N for their growth. This leads to competition for nitrogen
between growing plants and microbes, which may have reduced the positive effects of living
plantson 14Clossinthisstudy compared totheearlier study (Chapter4).

Table 3. C:N ratio of the dead roots of four grass species, H. lanatus, F. rubra, A. odoratum and F.
ovina, used intwo decomposition experiments; the present study and an earlier study (Chapter 4).
Species

Chapter 4

present study
0 mg N/8 weeks

24 mg N/8 weeks

H. lanatus

61

53

24 mc N/6 weeks
33

F. rubra

51

53

22

A. odoratum

77

63

-

F. ovina

54

30

18

Our second hypothesis was that N availability during growth could increase the
decomposability of dead roots and thereby theNmineralization. The addition ofN during the
period in which the roots hadbeen growing increased total 14Closses and 14C losses from the
litterbags inthe case of decomposing F. ovinaandF.rubraroots but didnot increase the 14C
lossofdeadH. lanatusroots.Thiscouldpartlybe explained bytheC:N ratio oftheroots.The
decrease in the C:N ratio ofF.ovinaroots as aresult of more addition N during their growth
was greater than that for the other species (54versus 30;table 3);this seems tohave resulted
in a faster decomposition rate.The C:N ratio of deadH.lanatusroots also decreased ifN had
been added duringtheir growth,butthishadnoeffect onthe 14Closs.It seemsthat the effects
onthe C:N ratio forH.lanatusweretoo smallto affect the decomposition rate.The C:N ratio
of the dead roots of F. rubra, however, did not change if they had been grown with N
addition, but the 14C loss ofthese roots increased. This may be because factors otherthan the
C:N ratio were possibly also affected by the N availability; for example, the production of
phenolic components such as lignin (Taylor et al. 1989; Gorissen and Cotrufo 2000). In
contrast, Naddition duringthe growth ofA. odoratumroots decreased the decomposition rate
oftheserootsinthetreatment withF.ovina plants.
Compared with the other three species the dead roots of A. odoratum decomposed at a
significantly faster rate,butalsohad ahigherC:N ratio.Obviously,the interaction mechanism
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between plant species and soil organisms is complex and cannot be explained merely by the
C:N ratioofthe decomposing material.
The third hypothesis was that dead roots of species from fertile habitats decompose more
rapidly than dead roots of species from nutrient-poor habitats. In the present study, plant
species differed indeadroot decomposition ratesbuttherewasnoevidence for the hypothesis
that dead roots of high fertility species decompose faster than dead roots of low fertility
species. In bare soil, the decomposability of A. odoratumdead roots was higher than that of
H.lanatus,F.rubraandF.ovinadeadroots.Thisconfirms theresults ofearlier studies onthe
samegrassspecies (Chapters4and5).
Finally, we hypothesized that the effect of living plants on the decomposition rate of dead
roots depends on the decomposing root species, because dead roots of species from nutrientrich habitats decompose more rapidly than those of species from nutrient-poor habitats. This
higher decomposition rate results in a higher N mineralization rate, which stimulates plant
biomass production more in high fertility species, such as H. lanatus, than in low fertility
species, such asF.ovina(Chapin 1980,Lambers and Poorter 1992).We found that the effect
of plant growth on dead root decomposition rate was related to the N availability during
growth period of the dead roots. If there had been low N availability during root growth,
differences in decomposition rate in the treatment with growing plants were comparable with
the differences inthe treatment without plants.However, ifthere hadbeen high N availability
during root growth, differences inroot decomposition rate between species disappeared inthe
treatment with living plants,as aresult of an increased decomposition rate of dead roots ofF.
ovina,F. rubraand H. lanatus.This effect was stronger for living plants of H.lanatusthan
for livingplants ofF.ovina.
An intriguing question is whether the decomposing roots had an effect on the growth and
the Nuptake ofthe living plant species. In thepresent study, added amounts ofN inthe dead
roots were very small (1.54 mg N) compared to the total amount of N in the soil organic
matter (3.29 gNper container).Nevertheless, inthe presence of decomposing roots,F.ovina
plants took upmoreN.It is striking that the overallNuptake bytheF. ovinaplants exceeded
the N uptake by H. lanatus plants. It is possible that living plants of F. ovina not only
stimulated the deadroot decomposition, but that they could alsotake advantage ofthis effect,
whereas the living plants ofH.lanatuscould not. However, the differences in Nuptake ofF.
ovinaandH. lanatusplants is not solely attributable to the N release from litterbags (max. 1
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mg N/litterbag = 0.3 mg N/plant). So, possibly F. ovina plants can also increase the
mineralization ofthe soil organic matter. Moreresearch isnecessary onthis.

Conclusion
The main question in this study was whether living plant species actively regulate the
decomposition of litter. We tested whether living plant species can affect the decomposition
ofdeadroots andwhetherthis effect is species-specific. Otherauthorshave already statedthat
in the field shifts in species composition of vegetation or in the physiological status of
dominant species follow changes in soil nutrient availability (Berendse 1990; Wedin and
Tilman 1990;Hobbie 1992).We found that inaddition tothe effects ofdifferences inbiomass
production, biomass turnover time and litter decomposition (Berendse et al. 1989;Aerts et al.
1992;VanVuuren et al. 1993;Brevedan et al. 1996;Aerts and DeCaluwe 1997;Cadisch and
Giller 1997)livingplant roots may alsohave significant effects onthe decomposition oflitter.
Our data show that living plants can accelerate dead root decomposition and subsequent
mineralization. We conclude that living plants probably release carbon compounds that could
stimulate the growth of soil micro-organisms (Reid and Goss 1982; Van Veen et al. 1993;
Nicolardot etal. 1995).
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In many ecosystems an important factor that determines plant species composition is nutrient
availability. Plant species have developed different characteristics, which make them
successful competitors in either nutrient-poor or more fertile environments. It has been
proposed that these different plant characteristics can in turn have significant consequences
for soil nutrient availability. If this is true, changes in species composition could have
important consequences for ecosystem functioning.
The study presented in this thesis focussed on the possible effects of different species on
the nitrogen (N) mineralization. In agricultural grasslands in the Netherlands N is often the
limiting nutrient for plant growth. In the grasslands that have been withdrawn from
agricultural use, for the purpose of restoration, fertilization is stopped and the aboveground
biomass is removed by haymaking once or twice a year. Under these conditions N
mineralization declines and fast-growing plant species are replaced by slower-growing plant
species (reversed succession). This raises the question of what in turn the influence of these
plant species is on the change in N mineralization. My hypothesis was that as result of their
adaptive traits, species from fertile habitats stimulate the N mineralization more than species
from nutrient-poor habitats;theyproduce more litter that decomposes more easily. Because in
a management strategy involving haymaking all of the aboveground biomass is removed, in
thisthesisIfocussed ontheeffects ofthesubterraneanplantparts.
Thequestionthisthesis addressed was,therefore: Dograss species from habitatsthat differ
in N availability have different adaptive traits, like root lifespan, litter quality and
rhizodeposition, and dothese affect the N mineralization? To answer this question, my
colleagues and I measured root lifespan, litter decomposability and rhizodeposition in
perennial grass speciesthat arecharacteristic ofhabitatsranging from inherently nutrient-poor
to nutrient-rich. Mainly species of one family (Gramineae) were compared, to minimize
confounding effects ofdifferences ingrowthform andphylogeny.
The first and most important question to be answered was whether grass species from
habitats with different N availability do indeed have different effects onthe N mineralization
(chapter 2). This was tested in a long-term garden experiment in which six grass species
(Lolium perenne, Arrhenatherumelatius, Festuca rubra, Anthoxanthum odoratum,Festuca
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ovinaandNardusstrictd)which are adapted tohabitats with different nutrient supplies were
planted inmonocultures. Thespecies studied were assigned tothreegroups onthebasis ofthe
nutrient level of their preferred habitat: high, intermediate or low soil fertility. During the
fourth year of the experiment, the N mineralization and nitrification were measured in soil
samples taken from the plots in order to analyse the long-term effects of these species. These
species did indeed have different effects on the net N mineralization and net nitrification.
Speciesfromhigh fertility habitats (L. perenne andA. elatius)increased Nmineralization and
nitrification more than species from low fertility habitats (F. ovina and N. stricta). To test
whether the influence of these different groups of grass species on N mineralization
corresponded with the influence of species of other families, the N mineralization in soil of
these grass species was compared with N mineralization in soil with a diverse group of dicot
species (Urtica dioica, Rumex obtusifolius, Anthriscus sylvestris, Centaurea pratensis,
Achilleamillefolium, Succisapratensis, Calluna vulgaris andEricatetralix).Itwas found that
for the dicot species too, N mineralization and nitrification in the plots with the species from
high fertility habitats (U.dioica, R. obtusifolius,A.sylvestris)was significantly higher than in
theplots withthe species from low fertility habitats(S.pratensis, C.vulgarisandE.tetralix).
Next we investigated the plant traits that can bring about changes in N mineralization. In
chapters 3 to 6 of this thesis I focus on the plant features that possibly determine the
subterranean impacts of the grass species: root lifespan, root decomposability and
rhizodeposition.
In a garden experiment (chapter 3), root lifespan was studied for three years by
observations in minirhizotrons placed in monocultures of two species from nutrient-rich
habitats (L. perenne andA. elatius)and two species from nutrient-poor habitats (M. caerulea
and N. stricta). The minirhizotron technique was used because this technique enables
individual roots to be monitored from "birth" to "death" in successive observations. There
was a significant negative correlation between the root lifespan and the N availability of the
ecologically optimal habitats (N-index) for the four species. Theroot lifespan of speciesfrom
fertile habitats was significantly shorter than that of species from low fertility habitats: 14
weeks in L. perenne, 40 weeks in A. elatius, 53 weeks in M. caerulea and 58 weeks in N.
stricta.These data indicate that speciesfromfertile habitats add more carbon and nutrients to
the soil system asaresult ofashorterroot lifespan thanspeciesfromlessfertile habitats.
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However, the nutrient input into the soil from root senescence is the organic N and P
contained in the dead root material. So, for these to be available for plant uptake again, the
litter must be decomposed and nutrients must be mineralized. In a greenhouse experiment,
differences in root decomposability of three grass species,H. lanatus,F. rubraand F.ovina
(which are typical of soils of high, intermediate and low fertility, respectively) and the
subsequent N availability for the growing plants ofH. lanatus and F. ovina were measured
(chapter 4). This entailed measuring the decomposition of 15N-labelled roots of the three
species after a 6-week incubation period in soil planted with H. lanatusor F. ovinaplants or
with no plants. After this period, the decomposition rate of dead roots from the three plant
species was not significantly different. However, dead roots of H.lanatus led to a lower N
uptake by the growing plants compared to dead roots of F. ovina and F. rubra, possibly
because the higher C:N ratio in the decomposing H. lanatus roots resulted in more N
immobilization. When the C:N ratio of decomposing material exceeds the critical C:N ratio
for soil microorganisms, the latter immobilize N to compensate for the low N content of the
organic matter. ThisNimmobilization reducestheNavailability forthe growingplants.
Inthis study (chapter 4)the influence of growing grass speciesH. lanatusandF.ovinaon
the decomposition of dead roots of H. lanatus, F. rubra and F. ovina and on the N
mineralization from these residues was also studied. The presence of growing plants
stimulated dead root decomposition and N mineralization. This effect was stronger for H.
lanatusplants than for F. ovinaplants. Also,H. lanatusplants took up more N and 15Nthan
F.ovinaplants.However, the final N concentration inH. lanatuswas lower than inF. ovina,
which points to a stronger N limitation for H. lanatus. These results indicate that growing
plants stimulate N transfer from plant residues to the soil solution and thereby facilitate their
own growth. This effect was stronger for the high fertility species than for the low fertility
species.
The next question was how living plants can stimulate dead root decomposition. Can the
difference in stimulating effect between plant species of high and low fertility habitats be
explained by differences inthe amount of rhizodeposits that the plants produce? And what is
the effect of N availability on the plant characteristics investigated? The conclusions of the
first part ofthisthesis arebased on experiments that were carried out at one fertility level.To
test whether differences in the investigated plant characteristics occur both under nitrogen-
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poor and innitrogen-richer conditions, the studies inchapters 5and 6were done attwo levels
ofNsupply.
To examine the interspecific variation in rhizodeposition and decomposition of
rhizodeposits and dead roots, four grass species, H. lanatus,F. rubra, A. odoratum and F.
ovina were studied (chapter 5). Plants of these species were homogeneously labelled with
14

C02 during their growth at two N levels (no mineral N addition and 14 gN m"2 addition).

Using this method, it was possible to measure the carbon release to the soil through
rhizodeposition during growth. The amount of rhizodeposits in the soil was measured after a
growing period of 8 weeks. Rhizodeposition differed among species and the amount of
rhizodeposits was positively correlated with root biomass accumulation. Moreover, as a
general trend, the high and moderate fertility species H. lanatus,F. rubra or A. odoratum,
deposited more C in the rhizosphere than the low fertility species F. ovina. Higher N
availability increased rhizodeposition of H.lanatus,a high fertility species, as a result of its
increased root mass, but had negligible effects on rhizodeposition of the intermediate (F.
rubraandA. odoratum)andlowfertility (F. ovina)species.
Subsequently, decomposition rates of the rhizodeposits and the l4C-labelled dead roots
were measured. The 14C-labelled roots were incubated in fresh soil and, by trapping the
evolved 14C02 during aperiod of 69 days, we measured the decomposition of 1)the labelled
rhizodeposits in the soil in which the plants had been growing and of 2) the labelled dead
roots incubated in fresh soil. In general, the decomposition rate of the rhizodeposited organic
compounds of the four species increased with the potential growth rate of each species. The
rhizodeposits of high fertility species mineralized faster, which suggests that these species
activate the nutrient cycling more than low fertility species. When the N availability
increased, the decomposition rate of the rhizodeposits also increased. In addition, the
decomposability of the dead roots increased when more N was available during growth. The
species differed in dead root decomposability, but the decomposability was higher in A.
odoratum than in H. lanatus, with F. rubra being intermediate. There was no significant
difference in decomposition rate between dead roots of H. lanatus and F. ovina. So these
results did not support the idea that the decomposition rate of dead roots is related to the
fertility oftheiroptimal habitat.
The studydescribed inchapter 6investigated thepossible active regulation byplants ofthe
litter decomposition during a period longer than the studies reported in chapters 4 and 5. I
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tested whether livingplantsof//, lanatusandF.ovinacould affect the decomposition of Relabelled dead roots of H. lanatus, F. rubra, A. odoratum or F. ovina during one growing
season (May-November) and whether this effect was species-dependent. In addition, I
investigated the influence of the N availability during the growing period on the long-term
decomposability of the roots and its effect on the influence of the growing plants. Like the
study described in chapter 5, seedlings of H. lanatus,F. rubra,A. odoratum and F. ovina
werehomogeneously labelledwith 14C02 for eightweeks.Plantswere grown onsoil attwoN
levels: one without additional N and one with N addition (14 g N m"2). At the start of the
decomposition experiment 14C-labelled roots were incubated in litterbags (mesh-width 1mm)
in fresh soil. In an open greenhouse, 14C-labelledroots decomposed in soil eitherplanted with
H. lanatusor F. ovinaor in unplanted soil. In this experiment too, root decomposition rates
differed among plant species but again there was no evidence to support the hypothesis that
dead roots of high fertility species (i.e. H. lanatusandF.rubra)decompose faster than dead
roots of low fertility species (i.e.A. odoratumandF.ovina).In unplanted soil, differences in
mass lossandtotal 14Clossbetweenthe deadroots ofthe four species were comparable tothe
differences in decomposition rates inthe study described in chapter 5.Dead roots ofF.ovina
decomposed significantly faster when influenced by living F. ovinaplants. But living plants
had no stimulating effect onthe dead root decomposition ofthe otherthree species.This may
have been caused by the high C:N ratio of the dead roots, which made it necessary for soil
microbes to immobilize N in order to decompose and mineralize the dead root organic
compounds. The stimulation of the microbial degradation of dead roots as a result of
rhizodeposition by the living plants might have been reduced as a result of N limitation
caused by the N uptake by the living plants. The results suggest that whether plant exudates
stimulate dead root decomposition depends on the quality of these dead roots and the N
availability insoil.
In conclusion, the results described in this thesis support the hypothesis that grass species
from high fertility habitats increase the N availability more than species from low fertility
habitats. It seems that living plants of species from high fertility habitats can increase the N
mineralization compared to speciesfrompoorhabitats as aresult oftheir higher root biomass
production and consequently greater rhizodeposition. Moreover, species from high fertility
habitats have a shorter root lifespan than low fertility species so they add larger amounts of
dead roots to the soil. However, the decomposability of the dead roots was not related to the
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fertility oftheir optimal habitat.Nevertheless,the overall effect isthatplant species from high
fertility habitats are able to stimulate the N mineralization more than plant species from poor
habitats, as indicated by the N mineralization data of the garden experiment. The effect of N
availability ontheplant traits studied is striking. When Navailability decreased, root biomass
declined, especially for the species from high fertility habitats, and as a result the
rhizodeposition decreased. Moreover, for all species lowerNavailability had anegative effect
onrhizodeposit and deadroot decomposability.
The effect of living plants on dead root decomposition and, vice versa, the effect of
decomposing dead roots on living plant species is complicated. The results of the studies
presented in this thesis indicate that living plants can have a stimulating effect on dead root
decomposition. However, this effect depends on the quality of the decomposing roots. When
the C:N ratio of the dead roots is relatively low, living plants stimulate their decomposition.
But when the C:N ratio of dead root increases as a result of a lower N availability during
growth, the stimulating effect of living plants disappears. So, when the N availability
increases, the positive effect of the living plants on N mineralization increases. However,
whentheNavailability declines,the stimulating effect onN availability for plant growth also
declines and can even inhibit the N supply. The differences in stimulation or inhibition ofthe
Nrelease as aresult of different levels of soil fertility seem tobe greater in species from high
fertility habitatsthan inspeciesfromlow fertility habitats.
The effects of plant species on nutrient cycling processes could have an important impact
on ecosystem succession. If the N availability declines, as in agricultural grassland with a
restoration management, the species from high fertility habitats can acceleratethis decline and
thereby create more favourable conditions for species adapted to low fertility habitats. The
dominance of this species could reduce the N supply even faster. The results of the study
presented in these thesis offers a possible mechanism whereby species can influence species
replacement during succession.
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In veel ecosystemen is de bodemvruchtbaarheid een belangrijke bepalende factor voor de
soortensamenstelling van de vegetatie. De verschillende plantensoorten hebben
eigenschappen ontwikkeld diezetot succesvolle concurrenten maken ineenvoedselrijke ofin
een voedselarme omgeving. Uit eerder onderzoek is gebleken dat planten ook zelf invloed
kunnen hebben op de voedselbeschikbaarheid in de bodem. De voedselbeschikbaarheid zou
bei'nvloed kunnen worden door de verschillende planteneigenschappen. Als dit zo is, kunnen
veranderingen in de soortensamenstelling een belangrijke invloed hebben op de
voedselbeschikbaarheid endaardoor ophet functioneren van eenecosysteem.
Dit proefschrift is gebaseerd op een studie naar de mogelijke effecten van verschillende
soorten op de stikstofmineralisatie. Stikstof (N) is vaak de beperkende voedingsstof voor
plantengroei in agrarische graslanden in Nederland. Deze beperkende voedingsstof wordt via
bemestingtoegevoegd om zo een maximale biomassaproductie te bereiken. Het gevolg is dat
graslanden ontstaan met een weinig diverse vegetatie die voornamelijk uit snel groeiende
soortenbestaat. Ineenaantal van dezeagrarische graslanden isdebemesting gestopt enwordt
de bovengrondse biomassa een tot twee maal perjaar verwijderd door te maaien. Onder deze
omstandigheden neemt de N-beschikbaarheid in de bodem af met als gevolg dat de snel
groeiende plantensoorten worden vervangen door langzaam groeiende soorten. Dit heeft
geleid tot de vraag ofdeplantensoorten ook zelf invloed hebben op dezeveranderingen inNmineralisatie. De hypothese was dat soorten van voedselrijke standplaatsen door hun
eigenschappen de N-mineralisatie kunnen verhogen vergeleken met soorten van voedselarme
standplaatsen. De verwachting was dat soorten van rijke standplaatsen meer dood materiaal
produceren datgemakkelijker afbreekt waardoorNweer snellerbeschikbaar komt.Bovendien
scheiden de wortels van soorten van nutrientenrijke omstandigheden meer organische stoffen
uit, die de afbraakprocessen in de bodem door bodemorganismen kunnen versnellen. Omdat
de betrokken graslanden worden gehooid en dus al het bovengrondse materiaal wordt
afgevoerd, heb ik me in dit proefschrift voornamelijk gericht op de effecten van de
ondergrondse plantendelen.
De hoofdvragen die ik in dit proefschrift wil beantwoorden zijn daarom: "Verschillen
soorten die voorkomen op nutrientenrijke en soorten die voorkomen op nutrientenarme
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standplaatsen in adaptieve eigenschappen, zoals wortellevensduur, afbreekbaarheid van de
dode wortels en de afbreekbaarheid en kwantiteit van het organisch materiaal dat wortels
uitscheiden (rhizodepositie)? Hebben deze eigenschappen een effect op de N-mineralisatie?"
Om deze vragen te kunnen beantwoorden is de levensduur van wortels, de afbreekbaarheid
van het dode wortelmateriaal en de rhizodepositie gemeten in een aantal perenne grassoorten.
De verschillende grassoorten waren karakteristiek voor standplaatsen varierend van
voedselrijk tot voedselarm. Met opzet zijn voornamelijk soorten van een familie (Gramineae)
met elkaar vergeleken, omdat op deze manier effecten van uitgesproken verschillen in
groeivormenfylogenie (verwantschap) tussen soortenvanverschillende families te vermijden
zijn indeanalyses.
De eerste en meest belangrijke vraag die beantwoord moest worden was, of grassoorten
van standplaatsen met een verschillende N-beschikbaarheid werkelijk een verschillend effect
hebben op de N-mineralisatie (hoofdstuk 2). Dit is getest in een langlopend
proeftuinexperiment waar zes grassoorten (Lolium perenne, Arrhenatherum elatius, Festuca
rubra, Anthoxanthum odoratum, Festuca ovina en Nardus stricta) in monoculturen zijn
geplant. De bestudeerde soorten zijn soorten die zijn aangepast aan standplaatsen met
verschillende voedselbeschikbaarheid. Voor deze studie werden ze onderverdeeld in drie
groepen opbasis van het nutrientenniveau vanhun natuurlijke standplaats: veel,matigveel of
weinig voeding in de bodem. Om de langer termijn effecten van deze soorten te bepalen
werden gedurende het vierde jaar van het experiment de N-mineralisatie en nitrificatie
gemeten in bodemmonsters uit de verschillende plots. Uit de resultaten bleek dat de soorten
inderdaad een verschillend effect op de netto N-mineralisatie en netto nitrificatie hadden.
Soorten van voedselrijke standplaatsen (L. perenne en A. elatius) verhoogden de Nmineralisatie en nitrificatie meer dan soorten van voedselarme standplaatsen (F.ovina en N.
stricta). Om te testen of de invloed op de N-mineralisatie van de verschillende groepen
grassoorten overeenkomt met het effect van soorten van andere families werd de Nmineralisatie in bodem met deze grassoorten vergeleken met de N-mineralisatie in bodems
beplant met verschillende dicotyle soorten (Urtica dioica, Rumex obtusifolius,Anthriscus
sylvestris,Centaureapratensis,Achillea millefolium, Succisapratensis, Callunavulgarisand
Erica tetralix). Ook in de bodem waar deze soorten op groeiden was de N-mineralisatie en
nitrificatie significant hoger in veldjes met soorten van voedselrijke standplaatsen (U.dioica,
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R. obtusifoliusenA. sylvestris)dan in veldjes met soorten van voedselarme standplaatsen(5*.
pratensis, C.vulgarisandE.tetralix).
Vervolgens hebben we onderzocht welke planteneigenschappen de veranderingen in Nmineralisatie kunnen veroorzaken. Hoofdstuk 3tot en met 6zijn gericht op de ondergrondse
planteneigenschappen die mogelijk de invloed van grassoorten kunnen bepalen:
wortellevensduur, de afbreekbaarheid van wortels en de uitscheiding van organische
componenten door levendewortels (rhizodepositie).
Wortels van de onderzochte soorten zijn gedurende 3 jaar bestudeerd in een
proeftuinexperiment door middel van observaties in minirhizotrons welke waren geplaatst in
monoculturen van twee grassoorten van voedselrijke standplaatsen (L.perenne enA. elatius)
en twee grassoorten van voedselarme standplaatsen (M. caerulea en N. stricta). Voor dit
experiment is de minirhizotron techniek gebruikt, omdat door middel van deze techniek
individuele wortels gedurende opeenvolgende observaties kunnen worden gevolgd vanaf het
moment dat ze ontstaan tot het moment dat ze weer verdwijnen. Uit de observaties bleek dat
er een negatief verband was tussen de wortellevensduur en de N-beschikbaarheid in de
ecologisch optimale standplaats (N-index) voor deze vier soorten. Wortels van soorten van
voedselrijke standplaatsen leefden significant korter dan wortelsvan soortenvanvoedselarme
standplaatsen. Dewortellevensduur wasgemiddeld 14wekenvoori. perenne, 40wekenvoor
A. elatius, 53 weken voor M. caeruleaen 58 weken voor N. strictaplanten. Deze gegevens
wijzen erop dat soorten van voedselrijke standplaatsen meer koolstof en voedingsstoffen aan
het bodemsysteem toevoegen als gevolg van hun grotere wortelturnover dan soorten van
voedselarme standplaatsen.
Echter, devoedingsstoffen die alsgevolgvanwortelsterfte indebodemkomen,zijn nogin
een organische vorm. Om de voedingsstoffen weer beschikbaar te maken voor opname door
de plant, moet het dode wortelmateriaal afgebroken worden en de voedingsstoffen moeten
worden gemineraliseerd. Het verschil in afbreekbaarheid van dode wortels afkomstig van drie
verschillende grassoorten, H. lanatus,F. rubra en F. ovina (respectievelijk typische soorten
voor standplaatsen met een hoge, gemiddelde en lage voedselbeschikbaarheid) en de invloed
van deze wortels op de N-beschikbaarheid voor levende H. lanatus en F. ovina planten is
gemeten in een kasexperiment (hoofdstuk 4). In dit experiment werd de afbraak van 15N
gelabelde wortels van de drie soorten gemeten na een incubatie periode van 6weken. De 15N
gelabelde wortels waren gedurende deze periode geincubeerd in grond zonder planten of in
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grondbeplant metH. lanatusofF. ovina.Aan het einde van de incubatieperiode was ergeen
verschil in afbraaksnelheid tussen de dode wortels van de drie verschillende soorten. Toch
veroorzaakten de dode wortels van H. lanatuseen lagere N-opname door de levende planten
vergeleken met de dode wortels vanF. ovinaenF. rubra.Een mogelijke verklaring hiervoor
is dat de hogere C:N ratio in de afbrekende wortels van H. lanatusresulteerde in een hogere
N-immobilisatie door bodem-microorganismen. Wanneer de C:N ratio van afbrekend
materiaal boven dekritische C:Nratio ligtvoorbodemmicro-organismen, immobiliseren deze
micro-organismen mineraal N om het lage N gehalte in het organische materiaal te
compenseren. Deze N-immobilisatie leidt tot een reductie van de N-beschikbaarheid voor de
levendeplanten.
Ook is in dit experiment de invloed van de levende H. lanatus en F. ovina planten
bestudeerd opdeafbraaksnelheid van de dodewortelsvanH.lanatus,F.rubraenF.ovinaen
de N-mineralisatie van deze wortel residuen (hoofdstuk 4). De aanwezigheid van levende
planten stimuleerde de afbraak van de dode wortels en de N-mineralisatie. Het stimulerende
effect van H. lanatusplanten was sterker dan dat van F. ovina planten. Ook namen de H.
lanatusplanten meerN en 15Nop dan deF. ovinaplanten. Deuiteindelijke N-concentratie in
H. lanatus planten was echter lager dan in F. ovina planten, wat wijst op een sterkere NlimitatievoorH.lanatusplanten.Uitderesultaten bleekdatlevendeplantendeNtransfer van
dood materiaal naar de bodemoplossing kunnen stimuleren en daardoor hun eigen groei
kunnen bevoordelen. Dit effect was sterker voor een soort van een voedselrijke standplaats
danvooreensoortvaneenvoedselarmestandplaats.
De volgende vraag was hoe levende planten de afbraak van dode wortels kunnen
stimuleren. Kunnen deverschillen inhet stimulerende effect tussen soorten van rijke enarme
standplaats verklaard worden door verschillen in de hoeveelheid rhizodepositie die de
verschillende soorten produceren? Wat is het effect van de hoeveelheid beschikbare N op de
onderzochte planteneigenschappen? De conclusies van het eerste gedeelte van dit proefschrift
zijn gebaseerd op experimenten die zijn uitgevoerd op een niveau van N-beschikbaarheid in
debodem. Omtetesten ofdeverschillen in deplanteneigenschappen zowelonderN-armeals
N-rijkere condities voorkomen, zijn de studies in hoofdstuk 5 en 6 op twee niveaus van Nbeschikbaarheid uitgevoerd.
De interspecifieke variatie in rhizodepositie en afbraaksnelheid van de rhizodepositen en
dode wortels is bestudeerd voor vier grassoorten; H. lanatus,F. rubra,A. odoratum en F.
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ovina (hoofdstuk 5). Planten van deze vier soorten werden homogeen gelabeld met l4C02
gedurende hun groei bij twee N-niveaus (zonder mineraal N of met 14 g N m"2). Door de
labelling met 14Cwashetmogelijk omna eenperiode van groei dehoeveelheid uitgescheiden
koolstof (C)naardebodemdoorrhizodepositie temeten. Dehoeveelheidrhizodepositie inde
bodemwerd gemeten naeen groeiperiode van 8weken. Dehoeveelheid uitgescheiden Cdoor
de wortels verschilde tussen de soorten en was positief gecorreleerd met de productie van
wortelbiomassa door de planten. Bovendien, hadden de soorten van standplaatsen met een
hoge of gemiddelde voedselbeschikbaarheid, H. lanatus,F. rubra en A. odoratum,meer C
uitgescheiden in de rhizosfeer dan de soort van voedselarme standplaatsen, F. ovina. Een
hoger N-beschikbaarheid gedurende de groei verhoogde de rhizodepositie door H. lanatus
planten als gevolg van de hogere productie van wortelbiomassa. Een hogere Nbeschikbaarheid had verwaarloosbare effecten op de hoeveelheid rhizodepositie door F.
rubra,A. odoratum ofF.ovinaplanten.
Vervolgens werd de afbraaksnelheid van de rhizodepositen en de dode 14C gelabelde
wortels gemeten. De 4C gelabelde wortels werden ge'incubeerd in verse bodem. Doordat we
degerespireerde 14CC>2 gedurende een periode van 69 dagen opvingen, konden we de afbraak
meten vande gelabelde rhizodepositen in degrondwaar deplanten ophadden gestaan envan
de in verse grond gei'ncubeerde gelabelde dode wortels. Over het algemeen nam de
afbraaksnelheid van derhizodepositen van de vier soorten toe met depotentiele groeisnelheid
van deze soorten. De rhizodepositen van de soort van een voedselrijke standplaats
mineraliseerden sneller, wat aangeeft dat deze soorten denutrientencyclus meer activeren dan
de soorten van voedselarmere standplaatsen. Wanneer meer N beschikbaar was tijdens de
groei,namzowel de afbraaksnelheid vanderhizodepositen endeafbraaksnelheid van dedode
wortels toe. Ook verschilden de soorten in de afbraaksnelheid van hun wortels, maar deze
afbraaksnelheid nam niet toe met de potentiele groeisnelheid van de soorten. De
afbraaksnelheid van dedode wortelsvanA. odoratum washoger danvan dedodewortels van
H. lanatus, en F. rubra zat er tussenin. Er was geen significant verschil in afbraaksnelheid
tussen de dode wortels van H. lanatus en F. ovina. Deze resultaten bevestigen dus niet de
hypothese dat de afbraaksnelheid

van dode wortels is gerelateerd aan de

voedselbeschikbaarheid indenatuurlijke standplaatsvan desoorten.
Het inhoofdstuk 6beschreven experiment is gericht op demogelijke actieve regulatie van
de afbraak van dood organisch materiaal door levende planten gedurende een langere periode
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dan de studies in hoofdstuk 4 en 5. Dit experiment duurde een groeiseizoen (van mei tot
november). In dit experiment is onderzocht of levende planten van H. lanatusenF. ovinade
afbraak van 14C gelabelde dode wortels van H. lanatus,F. rubra,A. odoratumof F. ovina
kunnen bei'nvloeden en er is onderzocht of dit effect soortafhankelijk is. Tevens hebben we
het effect van N gedurende de groeiperiode op de afbraaksnelheid van de wortels over een
langere periode onderzocht enhet effect daarvan op de invloed van de levende planten.Zoals
voor het onderzoek in hoofdstuk 5,zijn ook in dit onderzoek kiemplantjes vanH. lanatus,F.
rubra,A. odoratumen F. ovina homogeen gelabeld met 14CC>2gedurende een groeiperiode
van 8weken. Tijdens deze periode groeide deplanten op eenbodem met additioneel N (14g
N m"2) of zonder additioneel N. Aan het begin van het afbraakexperiment werden de
gelabelde wortels verpakt in strooiselzakjes (1 mm maaswijdte) en gei'ncubeerd in kolommen
metverse bodem. Deze kolommen werdenbeplant metF.ovinaplantenof//, lanatusplanten
of bleven onbeplant. Na een groeiseizoen werd het gehele experiment geoogst. Ook uit dit
experiment bleek dat de wortelsafbraak snelheid verschilde tussen de vier verschillende
soorten,maarerwaren weergeen aanwijzingen voor deveronderstelling dat dodewortelsvan
soorten van rijke standplaats (//. lanatusen F. rubra) sneller afbreken dan dode wortels van
soortenvan armerestandplaatsen (A. odoratumenF.ovina).Indeonbeplante grand warende
verschillen tussen de verschillende soorten in gewichtsverlies en ' C-verlies van de dode
wortels vergelijkbaar met de afbraakgegevens zoals beschreven in hoofdstuk 5. Verder bleek
dat dodewortels vanF.ovinasignificant sneller afbraken onder invloed van levendeF. ovina
planten. Maar de levende planten hadden geen stimulerende invloed op de afbraaksnelheid
van de dode wortels van de andere drie soorten. Een verklaring hiervoor kan zijn dat de C:N
ratio van de dode wortels erg hoog was, waardoor bodem-organismen N moesten
immobiliseren om het dode materiaal af te kunnen breken en vervolgens te kunnen
mineraliseren. De stimulatie van demicrobiele degradatie van de dode wortels als gevolg van
de rhizodepositie door de levendeplanten kan zijn afgenomen als gevolgvan een N-limitatie,
doordat de levende planten N opnemen. Er is geen verklaring voor het feit dat alleen de dode
wortels van F. ovina sneller afbreken onder invloed van levende F. ovina planten. Het
resultaat van dit experiment suggereert dat stimulatie van de afbraak van dood
wortelmateriaal door plantenexudaten afhangt van de kwaliteit van het dode wortelmateriaal
envan deN-beschikbaarheid indebodem.
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Uit deresultaten in ditproefschrift kan de conclusie worden getrokken dat grassoorten van
voedselrijke standplaatsen inderdaad de N-beschikbaarheid in de bodem sterker kunnen
verhogen dan soorten van nutrientenarmere standplaatsen. Dit effect kan worden verklaard
door de grotere wortelbiomassaproductie en de grotere rhizodepositie door soorten van
nutrientenrijke standplaatsen. Bovendien leven de wortels van soorten van rijkere
standplaatsen korter en daardoor voegen deze soorten meer dode wortels aan de bodem toe.
Echter, de afbraaksnelheid van de dode wortels is niet gecorreleerd met de nutrienten
beschikbaarheid in de optimale standplaats van de verschillende soorten. Toch is het overall
effect, dat soorten van voedselrijke standplaatsen instaat zijn deN-mineralisatiein de bodem
meerte stimuleren dan soorten vanvoedselarme standplaatsen, zoalsduidelijk isgeworden uit
de resultaten van het proeftuinexperiment. Opvallend is het effect van de N-beschikbaarheid
op de onderzochte planteneigenschappen. Wanneer de N-beschikbaarheid afneemt, neemt de
wortelbiomassa productie ook af. Dit geldt vooral voor de soorten van voedselrijke
standplaatsen. Als gevolg van deze afname inwortelbiomassaproductie neemt de hoeveelheid
rhizodepositie ook af. Tevens had een afname inN-beschikbaarheid een negatief effect op de
afbraaksnelheid van dedodewortels enderhizodeposieten vooralleonderzochte soorten.
Het effect van levende planten op de afbraak van dode wortels en, omgekeerd, het effect
van afbrekende dode wortels op levende planten is gecompliceerd. De resultaten van de
studies die worden gepresenteerd in ditproefschrift geven aan dat levende planten de afbraak
van dode wortels kunnen stimuleren. Echter, dit effect is afhankelijk van de kwaliteit van het
dode wortelmateriaal. Wanneer de C:N ratio van dodewortels relatief laagis,kunnen levende
planten de afbraak stimuleren, maar wanneer de C:N ratio hoger wordt als gevolg van een
lagere N-beschikbaarheid gedurende de groei, verdwijnt het stimulerende effect van levende
planten. Dus, als de N-beschikbaarheid toe neemt, neemt het positieve effect van levende
planten op de N-mineralisatie ook toe. Maar als de N-beschikbaarheid afneemt, neemt het
stimulerende effect op de N-beschikbaarheid ook af en dit kan zelfs leiden tot een verdere
afname van deN-beschikbaarheid. Deverschillen indemate van stimulatie en indematevan
remming van de N-mineralisatie door het effect van planten, als gevolg van verschillende
niveaus in bodemvruchtbaarheid, lijken groter te zijn voor soorten van voedselrijke
standplaatsen danvoor soortenvanvoedselarme standplaatsen.
Het effect van plantensoorten op de kringloop van nutrienten kan belangrijke
consequenties hebben voor de successie van ecosystemen. Als de beschikbaarheid van
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mineraal N in de bodem afneemt, zoals het geval is in agrarische graslanden waar een
herstelbeheer wordt uitgevoerd, kunnen soorten van voedselrijke standplaatsen deafname van
N versnellen en daardoor betere condities scheppen voor soorten die zijn aangepast aan
nutrientenarme standplaatsen. Als deze soorten van nutrientenarme standplaatsen dominant
worden in de vegetatie, kunnen zij een nog grotere afname veroorzaken van de minerale Nbeschikbaarheid in de bodem. De resultaten van de studie die gepresenteerd wordt in dit
proefschrift bieden een mogelijk mechanisme met betrekking tot de wijze waarop dominante
soorten devervangingvan soortentijdens de successiekunnenbei'nvloeden.
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Het werk isgedaanenhetproefschrift isaf. Deafgelopen zesjaar warenzwaar enhetwas mij
niet gelukt zonder dehulpvan anderen. Hetmeest duidelijk is de hulp van collega's, maarde
hulpvanvrienden enfamilie iszekernietminder belangrijk.
Allereerst wil ik drie personen speciaal bedanken die vanaf het begin direct bij het project
waren betrokken, mijn promotor Frank Berendse, mijn co-promotor Peter Kuikman en mijn
onderzoeksassistent enparanimf FransMoller.
Beste Frank, ikwilje bedanken voorje vertouwen en steungedurende de afgelopen 6jaar.
Zonder jou had ik dit proefschrift niet kunnen schrijven; jij hebt immers het projectvoorstel
geschreven. Van je kritische houding ten opzichte van de experimenten en de uiteindelijke
resultaten heb ik ontzettend veel geleerd. Je inhoudelijke opmerkingen enje soms minuscule
verbeteringen hebbenmegedwongen goednatedenken enheelpreciesteformuleren. Jij hebt
ervoorgezorgd dat ditproefschrift isgeworden zoalshetnuis.
Beste Peter, jij was mijn externe begeleider. Van jou heb ik geleerd dat het streven naar
perfectie qua tijdsinvestering niet de optimale manier is.Je hebt mij wegwijs gemaakt bij het
AB-DLO en me gesteund bij het werken met isotopen en het verwerken van de resultaten.
Overbodem-ecologie,eenvakgebied waarikniets vanafwist,hebje meveelnalatendenken.
Alsikmetjou gepraathadovereenmanuscript, hadikachteraf altijd meervragen danvooraf,
maarhierdoor kwam iksteeds eenstapverder.
Beste Frans, graag wil ikje bedanken voor de intensieve samenwerking in de afgelopen 6
jaar. Je stond altijd voor mij en mijn experimenten klaar. Ik heb enorme bewondering voor
hoeje altijd heel volgzaam mijn protocollen uitvoerde. Zonderjou had ik mijn experimenten
nooit uit kunnen voeren. Jij hebt het grootste gedeelte van het praktische werk overgenomen
en ik was blij dat ik af en toe kon helpen. Het was altijd gezellig en ik heb ontzettend vanje
maniervanwerken enje humor genoten.
Naast direct betrokkenen wil ik ook anderen bedanken die op een of andere manier een
bijdrage hebben geleverd bij het tot stand komen van dit proefschrift. Jan van Walsem en
Herman Klees wil ikbedanken voor de hulp bij mijn vaak omvangrijke proeven. Jan,je wist
altijd een passende oplossing als er weer wat mis ging. En, dank je voor het, volgens jou,
eindeloosbewarenvanmijn monsters (zemogennuweg).
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Voor al het werk dat achter de schermen is gebeurd wil ik Gerda en Roelfina bedanken.
Afspraken maken, geld declareren, verlofbriefjes, spullen bestellen, enzovoort, enzovoort;
zonderjulliehadikalleingewikkelde regeltjes en formulieren nooit begrepen.
Anita van Mierlo, Bart Fransen, Carolien deKovel enWilmaRoemwaren vanaf het begin
mijn naaste AIO collega's. Graag wil ik ze bedanken voor de opbeurende gesprekken en hun
opbouwende kritiek. Anita wasdeAIO inde sollicitatie commissie endegene dieme wegwijs
heeft gemaakt bij onze vakgroep. Anita, ik heb veel steun aanje gehad. Wilma was de beste
kamergenoot die ik mekon wensen. Wilma, de gesprekken metjou ga ik erg missen. Ik hoop
dat we elkaar in detoekomst nog vaak zien en spreken. Met Carolien kon ik rustig over mijn
perikelen binnen devakgroep praten,je kende het goed maar was niet meer van Wageningen
afliankelijk. Tot slot Bart. Bart, we kenden elkaar al langer, maar in Wageningen leerden we
elkaar beterkennen; zowel de positieve als de negatieve kanten. Gelukkig konden we dit ook
eerlijk tegen elkaar zeggen. Tijdens mijn onverwachte afwezigheid pakte jij mijn
experimenten op en zorgde ervoor dat ze goed werden afgerond. Bovendien waren wij de
enige die aan wortels werkten. Aangezien volgens velen dit soort onderzoek het daglicht niet
kanverdragen, was ikblij dat ik een medelotgenoot had. Ikbenheel blij datje mijn paranimf
wilt zijn.
Natuurlijk wil ik ook alleandere AIO'sen OIO's enverdere collega's bedanken voorjullie
goede opmerkingenen, ideeen endeleukegesprekken.
Werk kan alleen leuk blijven alsje buiten het werk vrienden hebt die op gezette tijden je
dwingen om ook met andere dingen dan werk bezig te zijn. Arjan en Corina, Carolien en
Laurens, Jan en Coby, Karin, Sylvia en Bart, dank jullie voor de interesse, hulp en nodige
ontspanning.
Naast vrienden heb ik ook een grote steun gehad aan mijn familie. Vooral van mijn ouders
heb ikveel steun gehad, ze waren altijd in debeurt als ik zenodig had, letterlijk en figuurlijk.
Lievepa enma,ikweetdatjullie somsniet goedbegrepen waariknumeebezig was.Ikhoop
dat ditproefschrift hetwat duidelijker maakt.Paenma Slot, Manon, JanGerrit enAarjen, wil
ik bedanken voor de belangstelling en de daaruit voortvloeiende vragen en discussies die me
altijd weer aanhetdenken zette.
Natuurlijk wil ikookmijn levensmaatje bedanken. LieveJaap,jij hebt mevanhetbegintot
het einde vanmijn onderzoek gesteund. Vanaf de eerste sollicitatie in Wageningen hebje me
bijgestaan. Jehebtmegebracht engehaaldwanneer hetnodigwas. Gedurende de afgelopen 6
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jaar stondje niet alleenklaar omme door moeilijke perioden tehelpen, maarhadje zelfs ook
inhoudelijke inbreng in het onderzoek. Bovendien was ik dankzij jou een AIO zonder
geldzorgen. Kortom,zonderjou wasiknietzovergekomen.
Tot slot wil ik mijn trouwe vriend Donar bedanken voor al zijn troostende en opbeurende
likken en pootjes. Donar,je dwong me met mijn werk te stoppen alsje vond dat ik ook mijn
energie eens aan andere dingen moestbesteden; aanjou dus.Bovendien werden metjou mijn
verplichte "rust" dagen leuk en doorjou is mijn conditie met sprongen vooruitgegaan. Donar,
bedankt!

Tanja vander Krift
Zeist, September 2000
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Tanja vanderKrift werdgeboren op 13december 1969te IJsselstein. In 1988behaalde zijhet
VWO diploma aan het Oosterlicht College te Nieuwegein. In September 1988 begon zij aan
de studie Biologie aan de Universiteit te Utrecht. Tijdens haar doctoraalfase voerde zij,inhet
kader van het hoofdvak Landschaps-oecologie, een onderzoek uit naar de invloed van sulfaat
en chloride op de fosfaatbeschikbaarheid in veenbodem. Voor het afstudeervak Natuur en
Milieu-educatie maaktezij een lespakket voor debasisschool overwatervervuiling tijdens een
stage bij Stichting Reinwater. Het gedrag van angelloze bijen heeft zij bestudeerd tijdens het
afstudeervak Ethologie van Sociale Insecten.
Injuni 1994 studeerde zij af en in november 1994begon zij met haar promotieonderzoek
bij de leerstoelgroep Natuurbeheer en Plantenecologie van de Wageningen Universiteit. In
deze periode onderzocht zij de invloed van plantensoorten op de stikstofmineralisatie in
grasland-ecosystemen. Deresultaten vanditonderzoek zijn vastgelegd indit proefschrift.
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