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Abstract

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

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
habitats were expected to stimulate the N mineralization because they produce larger quantities
of rhizodeposits and litter, which decompose 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 low fertility species. As a result, they added greater amounts of dead roots to
the soil, but the decomposability of these dead roots was not related to the fertility of the
habitat that they preferred. The effect of N availability on the plant characteristics studied was
striking. When N supply decreased, root biomass declined, especially for the species from high
fertility habitats, and as a result the rhizodeposition decreased. Moreover, for all species lower
N supplies had a negative effect on rhizodeposit and dead root decomposition. Living plants
stimulated dead root decomposition hut the degree of stimulation depended on the C:N ratio of
the decomposing roots. Overall, the differences in stimulation or inhibition of the N
mineralization as a result of different levels of soil fertility scemed to be greater in species from

high fertility habitats than in species from low fertility habitats,

Keywords: decomposition, nitrogen mineralization, perennial grasses, rhizodeposition, root

lifespan, soil fertility.
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1. General Introduction

Plant species and 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 (OIff 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 [987; 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). As a result, nutrient-poor habitats will be dominated by species with a low
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; Aerts and Chapin 2000).

Given that environment exerts selection pressure, via nutrient availability, on plant species,
perhaps the traits that characterize the species adapted to a particular nutrient scenaric 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



Chapter 1

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 by both abiotic factors (Swift et al. 1979) and biotic factors (Van Breemen and Finzi
1998; Wardle et al. 1998; Aerts and Chapin 2000). The most important abiotic factors
affecting nitrogen mineralization are temperature and soil moisture content (Swift et al. 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
soil microbial 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 in the soil by the activity of their living roots (Clarholm 1983; Nicolardot et al.
1995; Brevedan et al. 1996; Cadisch and Giller 1997) and by the production of dead plant
litter (Aerts et al. 1992; Van Vuuren et al. 1993; Bloemhof and Berendse 19935; 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 et al. 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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General Introduction

inorganic forms (NO;" and NH,"). So, the decomposition of plant 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 in soil is carbon limited and carbon can enter the soil from
plants as litter, dead roots and rhizodepaosits (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 and polyphenols (Cadisch and Giller 1997). The C:N ratio
is accepted as a general index of quality (Cadisch and Giller 1997), However, the C:N ratio is
not a consistently accurate predictor of organic matter decomposition because it does not 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 C source {(Cadisch and Giller 1997).
Nitrogen immebilization 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; Comnelissen 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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Chapter 1

1992; Cornelissen 1996; Wardie 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 nutnient mineralization,
especially when plant species composition changes during succession. If individual plant
species can affect the nifrogen mineralization, this can lead to positive feedbacks between

plant species replacement and changes in nitrogen availability.

Figure 1. Schematic view on
the influence of plant species
on the nitrogen cycle and, vice
versa, the influence of nitrogen
availability on the plant species

composition.

The species used in this study

Various studies have shown that there is a species-levet 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 tetralix and
Molinia caerulea showed that the nitrogen mineralization was correlated with the amounts of
organic nitrogen in the soil and tile decomposability of the above-ground litter (Van Vuuren
and Berendse 1993; Van Vuuren et al. 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 in this thesis mainly species of one family (Gramineae) were compared.

The study focussed on Lolium perenne, Holcus lanatus, Arrhenatherum elatius, Festuca
rubra, Anthoxanthum odoratum, Festuca ovina, Nardus stricta and Molinia caerulea and

investigated their influence on the nitrogen mineralization (table 1).

Table 1. Grass species used in the experiments, life form and main habitat

Lolium perenne L. perannial humid — dry, nutrient-rich grassland

Hoicus lanatus L. perennial wet — humid, moderately fertile — nutrient-rich grassland, ruderal

Arrhenatherurn elatius (L.) J. & C. Presi perennial humid, moderately ferlile — nutrient-rich grassland

Festuca rubra L. perennial humid — dry, nutrient-poor — moderately fertile grassland

Anthoxanthum odoratum L. perennial nutrient-poor — moderately fertile grassland

Festuce ovina L. perennial acid, dry, nutrient-poor sand

Nardus stricta L. perennial acid — moderate, humid — dry, nutrient-poor grassland

Molinia caerulea (L.) Moanch perennial acid — moderate, wet — humid, nutrient-poor, forest, grasstand or
heathland

These grass species occur in environments with different nitrogen availabilities. L.
perenne, H. lanatus and A. elativs grow in nutrient-rich environments, F. rubrg and A.
odoratum grow in environments with moderate nutrient availability and F. ovina, N. stricia
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 impertant effects on the species
composition of the 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 i1s a marked decline in
mineralization and productivity (Bakker 1989; OIff ¢t 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; OIff and Bakker 1991). After c¢. 10 years F. rubra
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became one of the dominant spectes. 4. odoratum became dominant after ¢. 15 years and N,
stricta appeared when the soil had become nutrient-poer (Bakker 1989; OIff 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
adapted to habitats with different nutrient supplies were planted in monocultures. The species
studied were assigned to three groups on the basis of the soil fertility in their preferred habitat:
high, intermediate or low seil fertility. The nitrogen mineralization and nitrification was
measured in soil samples taken from and incubated in the plots in order to analyse the long-
term effects of the species. To test whether the influence of these different groups of grass
species on nitrogen mineralization corresponds with the influence of species of other families,
I compared the nitrogen mineralization in soil in which these grass species were growing with
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 to the nutrient availability in their optimal habitat.

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 is known 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 1 focus on the possible subterrancan
mmpact of plant species.

In a garden experiment I and my colleagues measured during three years the root lifespans

of four grass species, L. perenne, A. elatius, N. stricta and M. 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 in root diameter was determined to assess biomass
and nutrient losses during root senescence prior to complete root death.

The dead root material that enters the soil due to root 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 "N-fabelled root
decomposability of three grass species, H. lanatus, F. rubra and F. ovina, and the subsequent
N and N availability for the growing plants of H. lanatus and F. ovina over a period of 6
weeks. This experiment also examined the influence of these growing plants on the
decomposition of dead roots and the nitrogen mineralization,

Relatively moderately fertile soil was used for the experiments in chapter 2, 3 and 4,
because under these conditions the relative effects of plant species on nitrogen 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 in chapters 5 and 6 were done at two levels of nitrogen 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 *CO; 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
thizodeposits in the soil in which the plants had been growing and of 2} the labelled dead
roots incubated in fresh soil, during 69 days.

15
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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. 1
tested whether living plants of H. lanatus and F. ovina affect the decomposition of '*C-
labelled dead roots of H. lanatus, F. rubra, A. odoratum or F. ovina and whether this effect is
species-specific. In the same experiment [ studied the influence of nitrogen availability during

root growth on root decomposability and whether this has an affect on the growing plants.
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2. The effect of plant species on soil

nitrogen mineralization

Abstract. To ascertain the influence of different plant species on N cyeling, we performed a
long-term garden experiment with 14 species with different potential growth rates, which are
adapted 10 habitats with different nutrient supplies. We planted monocuirurcs of 6 grass
species (Lofium perenne, Arvhenatherum elatius, Festuca rubra, Anthoxanthum odovatum,
Festuca ovina and Nardus stricta) and § dicotyledonous species (Urtica dioica, Rumex
obtusifolius, Anthriscus sylvestris, Centaurea pratensis, Achillea millefolium, Succisa
pratensis, Calluna vulgaris and FErica tetralix) and measured in situ N mineralization and
nitrification of the soil during the fourth year of the experiment.

In this study we focussed on the effects of the different species on (1) annual net N
mineralization; (2) the seasonal pattern of N mineralization; and (3) the fraction of the total N
mineralization that is nitrified. Our hypothesis was that plant species of nutrient-rich habitats
enhance the N mineralization compared to species of nutrient-poor habitats.

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
than species from low fertility habitats. About 90% of the mineralized ammonium was oxidized
to nitrate. There was no significant difference in this proportion in the plots of species from

nutrient-rich, moderate and nutrient-poor habitats.

Keywords: grasses, dicots, monocultures, nitrogen mineralization, nitrification
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Chapter 2

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 and Tilman 1990; Olff et al. 1994). The supply rate of N
depends largely on N mineralization, the microbial mediated conversion of organic N to
inorganic forms (NO; and NH,"). In turn, the rate of N mineralization is regulated by abiotic
factors (Swift et al. 1979) and biotic factors (e.g. plants, soil animals and microorganisms} {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 is great inter-species variation among plants in the 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 imporiant 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; Bloemhof and Berendse
1995). Moreover, varicus 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; Stelzer and Bowman 1998). However, most of these studies have only compared
clearly divergent species (Vitousek et al. 1987; Berendse 1990; Van Vuuren et al. 1992;
Stelzer and Bowman 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 low potential 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

biomass turnover, that resulted in an accelerated increase in N mineralization during succession
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The effect of plant species on soil nitrogen mineralization

(cf. Berendse 1998). These examples illustrate that the interpretation of observational studies
can be confounded by the choice of the species.

It is difficult to interpret the results of descriptive field studies on the relation between
species composition and soil nutrient mineralization. Not only plant 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
garden plots to ensure that the initial soil conditions were identical for each of the 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
on the effects of the test species on (1) annual net N mineralization; (2) the seasonal pattern of
N mineralization; and (3) the fraction of the total N mineralization that is nitrified. Our
hypothesis was that different plant species have different effects on nitrogen mineralization and
that plant species of nutrient-rich habitats enhance the N mineralization compared to species of

nutrient-poer habitats.

Materials and Methods

(GARDEN EXPERIMENT

The long-term garden experiment was started in June 1993. In this experiment 14 different
plant species were planted at the same time in monocultures, The monocultures were arranged
according to a randomized block design with 5 replicates. Plots of 1 by | m were cut out to a
depth of 50 cm, where the yellow subsoil was present. Each block contained two rows with
seven plots each. The distance between the rows was 1 m and the distance between the plots in
one row was 50 cm. The plots were subsequently replenished with an intermediate fertile sandy
soil with 6.6% organic matter, 2.0 g/kg total N (26.5 NO; mg/kg, 6.07 NH, mg/kg), and pH of
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5.6. First the soil was sieved in order to remove old roots. All plots were surrounded by 50 cm
deep sheets, The plots were planted with monocultures of 6 grass species, Lolium perenne,
Arrhenatherum elatius, Festuca rubra, Anthoxanthum odoratum, 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. 64 young tillers were planted per plot. In August 1993 dead plants were replaced by
new tillers, In September 1993 35 cm high shadow gauze was placed around the plots to keep
the produced plant biomass inside the plots.

In August 1999 the whole garden experiment was harvested. The above ground biomass
was clipped and dried at 70°C to a constant weight.

During the experimental period mean temperature and total precipitation were 4.2°C and
174 mm during winter (January untii 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 (October until December) (Meteorological data, Wageningen University).

CLASSIFICATION OF THE SPECIES

The species were divided into three groups according the Clansman N index parameter
{Melman et al. 1985). This index is a ranking parameter, varying from 1 to 9, that characterizes
the relative soil N availability at which the species involved is most frequently found. The first
group contained species of nutrient-rich habitats: their Clausman N index was higher than 5.5
(Table 1). The grasses of this group were Lolium perenne and Arrhenatherum elativs and the
dicots were Rumex obtusifolius, Urtica dicica and Anthriscus sylvestris. Species of the second
group occur in moderately fertile habitats. They were the grass species Fesfuca rubra and
Anthoxanthum odoratum and the dicot species Achillea millefolium and Centaurea pratensis.
Species of the third group occur in nutrient-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 and Erica tetralix.
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The effect of plant species on soil nitrogen mineralization

Table 1. Species used in the garden experiment. The Clausman N index

parameters are given in parenthesis.

Group 1 Lolium perenne (9.1) Rumex obtusifolius (&0}
(> 5.5) Amhenatherum elatius (5.6) Urtice divica (6.5)
Anthriscus sylvestris (6.2)

Group 2 Festuca rubra (3.8) Achillea millefolitim (5.1)
(5.5 > x> 3.0) Anthoxanthum odoratum (3.3) Cenlaurea pratensis {3.2)
Group 3 Fesfuca ovina (2.3) Succisa pratensis (1.1)
(<3 Nardus stricta (1.5) Calluna vulgaris (1.1)

Erica letralix {1.1}

N MINERALIZATION

In 1996, afler the experiment had been running for three years, we measured net N
mineralization in the monocultures of the grass species and the dicot species from 26 March
1996 until 25 March 1997. We took soil core sarﬁples and incubated them in situ for 4 periods
of 8 weeks in the period from 26 March until 5 November, one period of 13 weeks from 5
November until 11 February and one period of ¢ weeks from 11 February until 25 March.

At the start of the incubation period, a paired sample of the first 10 cm of the soil was taken
under or near an individual plant in each monocuiture, using preweighed polyvinyl chloride
tubes (internal diameter 2.8 cm, length 15 cm and wall thickness 2 mm). These tubes were
pushed through the loose litter into the soil to a depth of 10 cm. Then the tubes were removed
and their ends closed with caps of low-density polyethene. One of each pair of samples (initial
sample} was transported to the laboratory in a cooled box and stored overnight at 5°C. The
mineral N was extracted the day after collection. The other tube (incubated sample} was
returned to its original position in the soil and left there in order to measure the accumulation
of mineral N during the subsequent incubation period. The incubated soil tube had four holes
of 4 mm diameter in the part that remained above the soil surface, to allow for the passage of

air. The lids prevented water entering the tubes. At the end of the incubation period the
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incubated samples were also transported to the laboratory in a cooled box and stored overnight
at 5°C, and the mineral N was extracted the following day. The followed method was similar
to earlier N mineralization measurements (Berendse 1990).

Before the analysis, the loose litter was removed from the soil core and discarded. The soil
samples were homogenized afier removing the roots. A 20 g sample of field-moist soil was
taken from each tube and extracted with 50 ml of 1 mol KC1 1", Thereafter the NH, and the
NOj™ content were determined using a Skalar autoanalyser San™® 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. The bulk soil density of the 0-10 cm soil layer at each site was
calculated from the average amount of dry soil per initial sample.

Net N mineralization was calculated as the increase in N-NH," plus N-NO; whereas net
nitrification was calculated as the increase in N-NOj5™ in the incubated samples relative to their
paired initial samples. For each period net N mineralization and net 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 as the 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 to nitrate.

STATISTICAL ANALYSES

All data were analysed using analysis of variance (General Linear Model; SPSS 7.0, 1995) with
life form (dicot or grass) and fertility group as fixed factors and block as random 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 was used to ascertain whether the three groups to which species had been

assigned had different effects on mineralization and nitrification.
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Results

The nitrogen mineralization and nitrification per unit area fluctuated strongly during the year
(Figs 1 and 2). Both N mineralization and nitrification were low during autumn and winter
(November until March). During March and April the N mineralization and nitrification peaked
in the plots with species characteristic of relatively fertile soils. In this period the N
mineralization and nitrification in the plots of grass species from nutrient-rich habitat (group 1)
were three times greater than in the plots of grass species from intermediate 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 1 or 2 were up to
seven times greater than in the plots of species from group 3.

The three species groups had different effects on the annual net nitrogen mineralization.
Figure 3 shows that for both the grass species and the dicot species the N mineralization in the
plots of species form nuirient-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 between the plots with the species of groups 1 and 3. For the dicot species, the N
mineralization in plots with group 2 species was not different from the N mineralization in
plots with high nuirient species (group 1) and was significantly higher than in plots with
species from low fertility habitats (group 3).

Table 2. F values calculated by analysis of variance, using GLM, for annual N
mineralization (Nmin}), nitrification (N-NQOs) and relative nitrification (rel. NOa) from
26 March 1996 — 25 March 1997 and net living aboveground biomass (g m™) in
August 1998 in plots with grass and dicot species (life formy).

o | Nmin"
Life form {If) 1 0.82™ 1.63™ 1.92" 340"
Groups {(g) 2 9.02™ 934 2.36™ 76817
Block 4 2.45™ 1.58™ 2.05™ 0.76™
IFxg 2 0.39™ 0.51™ 0.33™ 1.68™

*P<0.05, ** P<0.01, *** P<0.001.
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Figure 1. Net N mineralization (mg m? day") measured in situ in three-year-old monoculiures with 6 grass
species (A} and 8 dicot species {B) during different periods of the year. Species are divided inte 3 groups; high
fertility species {group 1), intermediate fertility species {group 2) and low ferlility species (group 3). Values are
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Figure 4. Annual net nitrification (g
N-NQ; m? yr'ﬂ) from 26 March 1996
— 25 March 1997 in monocultures
with 6 grass species and 8 dicots
divided into 3 groups; high fertility
species {group 1), intermediate
fertility species (group 2) and low
fertility species (group 3). Values are
means £ se.

Figure 5. Annual relative nitrification
(g N-NQ3 / g N mineralization) from
26 March 1996 — 25 March 1997 in
monocultures with 6 grass species
and 8 dicots divided into 3 groups;
high fertility species (group 1),
intermediate fertility species (group
2) and low fertility species (group 3).
Values are means % se.
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The nitrification showed the same pattern as the N 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 group 2 plots was lower compared with the plots of the group 1 species, but this difference
was not significant.

There were no significant differences between the 3 groups of grass species and dicot
species in the fraction of mineralized N that was converted into nitrate (Table 2). The average
fraction that was nitrified was 0.91 g N-NO; per g N mineralized in plots with grass species
and 0.87 N-NO, per g N mineralized in plots with dicot species (Fig. 5).

At the end of the experiment, the living aboveground biomass in the plots with the grass
species and dicot species was not significantly different (P=0.07, table 2 and 3). The amount of
biomass in plots with species of group 3 was significantly higher than in plots with species of
group 1 and 2.

Table 3. Net living aboveground biomass (g m™} in monocultures with grass and dicot
species in August 1999, The grass species and 8 dicots are divided intc 3 groups; high
fertility species (group 1}, intermediate fertility species (group 2) and low fertility species
{group 3). Valuss are means = se. Different uppercase letters indicate significant

differences between the means (P < 0.05).

1 1711 £426 260.1 £ 58.4 2282139.0°

2 217.7 £ 538 526.2% 155.7 371.9+88.2°

3 3794 £ 88.3 1677.1 £ 291.3 1205.2 + 230.1%
means 24841380 864.4 £ 157.5
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Discussion

The differences we found after four years in the net N mineralization and nitrification rates in
initially identical soils, comparing the three species groups, clearly show that plant 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 and the turnover rate is much greater for high fertility species than for low
fertility species (Grime 1994; Berendse et al. 1998). The lower amount of living biomass of the
high and moderate fertility species was expected to be the result of these higher turnover rates.
The dead leaves supply large quantities of litter for decomposition resulting in an increased N
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) in response to
the low temperature and high soil meisture 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 1 and 2 and the grass species of
group 1 was higher during spring (March until May) but in the plots with the species from the
other groups it was not. In autumn too (September until November) the N mineralization rate
and nitrification rate of the dicots of groups 1 and 2 was higher, with the species of group 1,
characteristic of fertile soils, having a high biomass preduction and a high biomass turmover
{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
and for high fertility grass species during spring.

The fraction of mineralized N that was nitrified was close to 1 for all three groups of both
the dicots and the grasses. Almost all the mineralized nitrogen was oxidized to NO;". The N
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mineralization rate in monocultures with species from high fertility habitats was 18 g N m™ yr'!
for dicots and 21 g N m” yr' for grasses. In monocultures with species from low fertility
habitats the N mineralization was 9 g N m” yr' for dicots and 12 g N m? yr” for 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 g N m? yr') and late “nutrient-poor” (6.1 g N m” yr"'} fields during reversed grassland
succession (OIfT et al. 1994).

Other authors have reported that changes in N supply have important effects on species
replacement (Chapin 1980; Berendse 1983; Wedin and Tilman 1990; OIff 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 cansed an increase in N mineralization whereas
species from much less fertile habitats had a relatively negative effect on the N release from the
soil. The differences in N 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; Schlipfer 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. We must conclude that to obtain a deeper insight in the effects that different plant
species have on nutrient mineralization, more knowledge about the below ground carbon and

nutrient flows from plant to the soil is needed.

Acknowledgements
We thank J. Blijenberg, H. Klees, F. Méller and J. van Walsem and the numerous summer
workers for the assistance in this project and we also appreciate the valuable comments on

carlicr drafts of the manuscript provided by I. Burrough.

31



Van der Krift A.J., Méller F and Berendse F. Root lifespan of four grass species from habitats
differing in nutrient availability. Submitied for publication.



3. Root lifespan of four grass species from

habitats differing in nutrient availability

Abstraet  Root lifespan and root diameter were studied by observations in minirhizotrons
placed in monocultures of Lolium perenne, Arrhenatherum elatius, Molinia caerulea and
Nardus stricta. 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 14 weeks in L. perenne, 40 weeks in A. elatius, 53 weeks in M, caerulea and 58 weeks in
N. stricta. There was a significant negative correlation between root lifespan and the nitrogen
availability of the ecologically optimal habitats (N-index) for the four species. Root lifespan
of species from fertile habitats was significantly shorter than the root lifespan of species from
low fertility habitats. In addition, the root lifespan of the four species was positively
correlated to root diameter. This root diameter decreased during aging.

This study shows that there are great differences in root lifespan and root diameter between
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 a result of a shorter root lifespan than species from less fertile habitats. We suggest
that these differences in root lifespan together with the known differences in decomposability

of the dead roots have an important effect on nutrient cycling in ecosystems.

Keywords: minirhizotron, nitrogen cycling, root diameter, perennial grass species, root

lifespan
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Introduction

The dead organic material produced by plants has an important influence on N 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 of their roots. Root production, senescence and decomposition have been found to
be key processes in the carbon and nitrogen dynamics of ecosystems (Aerts et al. 1992; Van
Vuuren et al. 1993; Brevedan et al. 1996; Aerts and De Caluwe 1997),

The amount of root litter added to the soil, and therefore the importance of root turnover
for nutrient eycling, differs strongly between species (Aerts et al. 1989; Aerts et al. 1992;
Stelzer and Bowman 1998). Species differ in turnover rate depending on their optimal habitat
{Aerts 1999). This has been most clearly demonstrated in studies on plant leaves. In leaves, a
long lifespan increases nutrient conservation and nuirient 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
has been suggested that root lifespan may be linked to suites of traits similar to the ones found
in leaves {(Grime 1994; Eissenstat and Yanai 1997), and that the mass and energy involved in
the growth and death of roots may be at least as great as that involved in the growth and death
of leaves (Eissenstat and Yanai 1997).

In the study described here we compared the root lifespans of species with a similar growth
form but with a contrasting ecological response to nutrient availability. The species used in
this study, Lolium perenne, Arrhenatherum elatius, Nardus stricta and Molinia 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 (N. stricta and M. caerulea) live longer than the roots of the faster growing
species, L. perenne and A. 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

out to determine whether there was a link between root lifespan and root 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
change in root diameter during the lifespan of the roots. Assuming that the species from fertile
habitats would have a shorter lifespan, we expected that their root diameter would decrease
faster than that of species from less fertile habitats.

Earlier studies on root lifespan of grass species were based on core sampling (Troughton
1981; Schlipfer 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

The long-term garden experiment started in June 1993. In this experiment four different grass
species were planted in monocultures arranged in a randomised block design with five
replicates. Plots of 1 by 1 m 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'kg total N (26.5 NO; mg/kg, 6.07 NHy mg/kg), and pH of 5.6, that had
been sieved to remove old roots. All plots were separated by 50 cm deep underground sheets
surrounding the plots. The plots were planted with monocultures of four grass species, Lolium
perenne L., Arrhenatherum elatius L., Nardus stricta 1.. 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 1 to 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. stricta and M. caerulea are respectively 8.1, 4.9, 1.5 and
1.1.
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Per plot, 64 young tillers were planted. In August 1993 dead plants were replaced by new
tillers. In September 1993 shading gauze was erected around the plots to a height of 35 cm, to
keep the produced plant biomass inside the plots.

OBSERVATIONS IN MINIRHIZOTRONS

The minirhizotron technigue used to measure root lifespans and root diameters was developed
by Van Noeordwijk 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
were round tubes made of 3 mm transparent acrylate and with a diameter of 6 cm and a length
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 was placed 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

s cap minirhizotron  observation tube in the
minirhizotron I

monoculture.

Black tape

The observations in the minirhizotrons started in February 1995. They continued at 2-week
mntervals until September 1997. On each observation date, colour slides were made in each

tube at fixed positions 12.4 and 23.0 cm below soil surface, using fibreglass optics. Fach root
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