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Eutrophication affects grassland ecosystems

Ecosystems have changed dramatically by human interferences in the last decades (Millennium
ecosystem assessment 2005). Disturbance in nitrogen (N) and phosphorus (P) cycles is one of the
most important impacts on the Earth’s environment (Vitousek et al. 1997, Rockstrom et al. 2009;
also see Figure 1.1).

N and P are the primary elements for living organisms that frequently limit the production
of ecosystems (Elser et al. 2007). The anthropogenic influence on nutrient cycles, therefore,
will inevitably have consequences for the functioning of ecosystems. In Europe, increasing
atmospheric N deposition, mainly caused by intensive agriculture, is identified as a crucial factor
deteriorating biodiversity of species-rich grassland ecosystems (Bobbink et al. 1998, Stevens et
al. 2004). The current levels of atmospheric N deposition in many ecosystems remain above the
levels where a substantial species loss is expected to occur (Stevens ef al. 2004, Clark & Tilman
2008). Availability of P is also increasing due to human activities but via different pathways than
N. Besides the agricultural inflow, P availability in ecosystems may also increase via internal
eutrophication triggered by human activities, e.g. enhanced P mobilization by groundwater
extraction (Wassen ef al. 1996), increased wetting-drying dynamics (Turner & Haygarth 2001), or
sulphate pollution (Lamers et al. 1998). The negative impacts of P eutrophication on biodiversity,
in particular on the richness of endangered plant species, are of increasing concern (Olde
Venterink et al. 2003, Wassen et al. 2005). Nevertheless, there has been little attention to the
effects of P availability on grassland ecosystems compared to those of N availability.

A well recognized impact of eutrophication on grasslands is the enhanced primary productivity
of plant communities. The increased above-ground productivity intensifies competition for light,
allowing fast growing or taller species to preempt the directionally supplied resource and thus
outcompeting other species (Hautier ef al. 2009). Competitive exclusion leads to dominance of a
few, superior species, that results in the loss of biodiversity (Grime 1973).

Eutrophication may also induce extra negative impacts on grassland communities by changing
the balance among major nutrients, such as N and P. Liebig’s Law of the Minimum states that
growth is determined not by the total resource available, but by the supply of the scarcest, limiting
resource. It indicates that organisms need to maintain certain proportions of each element to
grow efficiently. Although plants have various homeostatic mechanisms and adaptive traits to
regulate the nutrient balance in their biomass (Lambers et al. 1998), altered nutrient availability
in their environment may lead to unbalanced nutrient concentrations in biomass, with possible
negative impacts on plant performance (Sterner & Elser 2002). In natural habitats, more than
10-fold differences in plant N:P ratio are observed among plant communities from different
locations (Giisewell & Koerselman 2002). This large variation in nutrient balance in plants
highlights the need to separately consider the effects of stoichiometry (i.e. the relative balance of
multiple elements in availability and requirement), besides those of the productivity alone, when
we assess and predict the impacts of changing nutrient availability in ecosystems (Cardinale et
al. 2009). For aquatic ecosystems, it is widely recognized that a stoichiometric balance between
elements matters for growth, species competition, and trophic interactions of organisms (Elser
et al. 2000, Sterner & Elser 2002, Moe et al. 2005). For terrestrial ecosystems, there is a need for
a better understanding of how the balance between nutrients matters for plant functioning and
vegetation composition (e.g. Glisewell 2004, Agren 2004).

8 Chapter 1



N:P stoichiometry in grassland ecosystems

N and P are necessary nutrients for plant growth, and they have mutually dependent but
physiologically contrasting roles. N is the major component of proteins, while P forms a large
part of rRNA which is used to generate the proteins. The different functions of N and P lead
to different requirements of plants for N and P in relation to their functional characteristics,
such as plant growth or plant reproduction strategies. This underlies the observed patterns that
biomass N:P ratio is negatively correlated with growth rate (Agren 2004, Niklas ef al. 2005, Agren
2008); (but also see Matzek & Vitousek 2009) and that N:P ratio is higher in structural organs
than in metabolically active organs (Kerkhoft ef al. 2006). The different roles of N and P pose the
question of how the relative availability of N and P in the environment influences plant species
which have different requirements for N and P and/or different characteristics in response to N:P
stoichiometry (e.g. adaptive traits and plastic responses), and how these interspecific variations
consequently influence species interactions and assemblages. Below I outline the current
knowledge of the effects of N:P stoichiometry on plants on different levels: i.e. plant traits and
growth, competition, community, and ecosystems.

Plant traits adaptive to N and P limitation

On an evolutionary time scale, plants have developed to have various traits with which they
adapted to better cope with nutrient deficiency in the environment (Vance et al. 2003, Lambers et
al. 2008). Species inherent traits that are regarded as adaptations to nutrient limitations include
those which enhance uptake of the limiting nutrients. Examples of such traits are mycorrhizal
associations, N-fixing symbiosis, formation of cluster roots, and various kinds of root exudates
(e.g., organic acid, phosphatase enzyme, chitinase enzyme). Plant traits for P uptake are especially
diversified (Vance et al. 2003, Raghothama & Karthikeyan 2005, Lambers et al. 2006), because
a large proportion of P (ca. 30-65%; Harrison 1987) is immobile in the soil and the immobile P
exists in diverse forms (Turner et al. 2003). Plants, therefore, need to biochemically release P
from these immobile P sources, i.e. inorganic and organic P compounds, to make it bio-available
(Vance ef al. 2003, Lambers ef al. 2006). Interspecific variation in the ability to use different forms
of soil phosphorus is large, which could be a mechanism to explain coexistence of plant species
(Lambers et al. 2008, Turner 2008).

Effective resorption of nutrients from senescing leaves is another important trait to cope with
nutrient poor environments (Aerts & Chapin 2000). Although N resorption and P resorption
are positively correlated with each other, plants generally resorb P more efficiently than N
(Killingbeck 1996, Aerts & Chapin 2000, Giisewell 2005b), indicating that efficient resorption is
beneficial especially in P-limited environments.

Plastic responses of plant traits and growth to N:P stoichiometry

Plant individuals respond plastically to changing availability of N and P. I define plastic responses
as flexible reactions of organisms induced by environmental input, which are seen as phenotypic
variations rather than genetic variation. Plastic responses of plants include a change in
concentrations of N and P in their biomass in response to fluctuations in the relative availability
of N and P (Giisewell 2005¢). Plants biomass has generally a larger variation in P than in N
concentration (Glisewell & Koerselman 2002) and the plasticity largely differs among species
(Garnier 1998). N and P concentrations in plant biomass may have similar but also somewhat
contrasting effects on plant growth, resulting in different responses of plants to N-limitation (i.e.
low N:P ratio in the environment) and to P-limitation (i.e. high N:P ratio in the environment).
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climate Change

Figure 1.1 The nine Earth systems and associated planetary boundaries which, if crossed, could generate
unacceptable environmental change for humanity. The inner green shading represents the proposed safe operating
space for the systems. The red wedges represent an estimate of the current position for each variable. Three of the
Earth-system processes (i.e. climate change, rate of biodiversity loss, and interference with the nitrogen cycle) are
suggested to have already transgressed their boundaries. Source: Rockstrom et al (2009). Reprinted by permission
from Macmillan Publishers Ltd: Nature (Rockstrom ef al. 2009), copyright 2009.

For example, decreases in growth rate and biomass allocation to shoots are more sensitive to N
than to P limitation, while increases in senescence of leaves and roots are more sensitive to P than
to N limitation (Shaver & Melillo 1984, de Groot et al. 2003, El-Kahloun et al. 2003, Giisewell
2005a, Glisewell 2005¢).

Some of the adaptive traits are also plastically regulated by N or P concentrations in plant
biomass or the concentrations in the abiotic environment. For example, phosphatase, the enzyme
which hydrolyzes P from organically bound P, is stimulated by N addition and prohibited by
P addition (Johnson et al. 1999, Olander & Vitousek 2000). Resorption efficiency of N and P
from senescing leaves may be promoted by deficiency of the element, although the relationship
is generally weak and not constantly observed (Aerts 1996) and largely depends on species (van
Heerwaarden et al. 2003, Giisewell 2005a). These plastic responses help plants to maintain a
proper balance of nutrients in their biomass, enabling them to survive under fluctuating nutrient
conditions.
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N:P stoichiometric effects on plant competition, community, and ecosystems

The associations between the type of nutrient limitations and plant community properties
(e.g. species diversity, species composition) are of particular interest for the management
and conservation of grasslands (Verhoeven et al. 1996, Aerts et al. 2003, Olde Venterink et al.
2003). The interspecific differences in response to N:P stoichiometry, as mentioned in the
previous paragraphs, are expected to have consequences for all these community properties. The
mechanisms of stoichiometric effects on the community level are less understood than that on an
individual plant level, but theoretical studies and field observations have indicated several ways in
how the relative availability of N and P may influence grassland communities.

Theoretical models provide concepts of how N:P stoichiometry may influence species
interactions in plant communities. As the niche theory suggests (Chase & Leibold 2003), a species
with advantageous characteristics under a certain environmental condition wins the competition.
In this context, if a species has better adaptive traits or more efficient plastic responses to a
particular type of nutrient limitation, for example a high phosphatase activity under P limited
conditions, then they are likely to become a dominant species. Furthermore, the resource ratio
theory (Tilman 1982) predicts that a species will be likely to persist better if its requirement ratio
of multiple resources is closer to the supply ratio of the resources, than a species with a more
strongly deviated ratio. Thus, species which have inherited a high requirement of P and a low
requirement of N would have a relatively high survival probability in N-limited conditions.

Field observations support such relations between N:P stoichiometry and the competitive
strength of species. They include more graminoids and/or less forbs in P-limited grasslands
or after N fertilization (Bobbink ef al. 1998, Beltman et al. 2007), different effects on species
composition after N- and P-fertilizations (Limpens et al. 2003, van der Hoek et al. 2004),
and more threatened species in P-limited grasslands (Olde Venterink et al. 2003, Wassen
et al. 2005). It is, however, still unclear which characteristics of species are responsible for the
observed patterns of species-specific responses to a particular type of nutrient limitation (Perez-
Corona et al. 1996, Glisewell et al. 2003). Nevertheless, the shift of species along a gradient of
N- to P-limited conditions implies the risk that eutrophication of a single element would change
species composition depending on their functional traits, and thus have a directional effect on
the community structure.

As a consequence, N:P stoichiometry may have strong effects on species diversity in grassland
ecosystems. The resource balance hypothesis (Braakhekke & Hooftman 1999) proposes that
species diversity is highest at an intermediate resource ratio, because different species may be
limited by different resources and will therefore be able to co-exist. Several field studies show
that species diversity is indeed highest at intermediate N:P ratios (Olde Venterink et al. 2003,
Giisewell et al. 2005, Wassen et al. 2005), although the relations are only weakly supported by
statistical analyses.

Nutrient retention of N and P in ecosystems may also be influenced by N:P stoichiometry.
A long-term field study has indicated that bio-availability of P increases after decades of N
eutrophication (Malmer & Wallen 2005). A modeling study addressing the role of the availability
of multiple nutrients has emphasized the possibility that, due to coupled dynamics of N and P in
soil and in plants, an increased N input can increase P retention in the ecosystem (Perring et al.
2008). This raises the question in what way N eutrophication may have additional effects on the
availability of other nutrients, which eventually may increase productivity, and thus affect species
composition and diversity.
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To comprehensively understand such N:P stoichiometric effects on grassland communities and
ecosystems, more empirical, experimental, and theoretical examination is needed, especially
about the link between the responses of plants on the individual species level and those on the
community level. This will help us to understand how anthropogenic influences on the relative
availability of N and P affect functioning of grassland ecosystems.

Aims and outline of this thesis:

To properly assess the impacts of eutrophication on grassland ecosystems, it is necessary to
understand how the stoichiometric balance between N and P affects the functioning of plants
at the individual plant species level as well as at the plant community level. As conceptualized
in Figure 1.2, I examine the effects of eutrophication on plant communities in terms of
availability of N and P, as well as the balance between them. Particular attention is paid to species
variations in the effects, possibly caused by interspecific differences in their functional traits,
and its consequence on species competition, species composition, and biodiversity. Focusing
on functional traits enables us to better understand the general ecological patterns (McGill et al.
2006) and to provide useful predictions for ecological restoration (Pywell ef al. 2003).

The specific aims of my thesis are:

o To clarify N:P stoichiometric effects on the growth of individual plants, besides the effect of
overall nutrient availability

o To identify species traits which influence N:P stoichiometric effects on plant individual
growth on one hand, and species composition of plant communities along a gradient of N- to
P-limited grasslands on the other hand

o To predict N:P stoichiometric effects on community- and ecosystem-level properties, such as
plant species competition, plant species composition, plant diversity, and ecosystem nutrient
retention

o To provide information for ecosystem conservation about possible additional effects of
eutrophication on grassland ecosystems via its N:P stoichiometric effects

To tackle these aims, I carry out the following studies:

o Greenhouse experiments in order to understand responses of individual plants to N:P
stoichiometry under controlled nutrient supply on a short term (one to two years)

o A meta-analysis of field vegetation data in order to identify patterns of plant species
distributions along a gradient from N- to P-limited plant communities, and to link the
patterns to species functional strategies

o A modeling study in order to predict the consequence of N:P stoichiometric effects on
individual plant species for plant community and ecosystem properties.

In chapter 2, the interspecific difference in P uptake ability under varying levels of N supply is
examined in two 1-year greenhouse experiments with eight grassland species, including those
typical from N- and P-limited grasslands. Here I test how different plant species take up P
from not-readily available P sources (bound-P) under varied N levels, and which uptake traits
contribute to the interspecific difference in P uptake. Furthermore, I examine whether the plant
uptake traits are more strongly affected by N:P stoichiometry than by the availability of single
elements. Finally, I discuss whether species that are typical for P-limited grasslands have better
uptake traits, and thus grow better than those that are typical for N-limited grasslands.
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Figure 1.2 Schematic presentation of the focus of this thesis in examining the effects of eutrophication on plant
communities. Anthropogenic eutrophication increases N and P availability in the ecosystem. Increased N
availability is especially widespread and significant. The availability of N and P, as well as the stoichiometric balance
between N and P, influence plant growth. The strength of these influences differs among species because of the
interspecific variation in their functional traits. This may lead to changes in the competitive hierarchy among
species under different nutrient conditions, eventually leading to changed species composition and biodiversity.

In chapter 3, with the same eight species, I study how different N:P supply ratios influence plant
individual growth in a 2-year greenhouse experiment. Here nutrient economy of the plants (i.e.
inflow and outflow of N and P in below- and above-ground biomass) are examined for each
year in order to clarify the underlying physiological mechanisms which cause the stoichiometric
effects of N and P on plant individual growth. Special attention is paid to interspecific differences
among eight species in responses to N:P supply ratio.

In chapter 4, the plant community structure along a gradient from N- to P-limited conditions are
analyzed by using a large dataset of Eurasian herbaceous ecosystems. The association between the
species distribution patterns and functional strategies of the plants (e.g. growth and reproduction
strategies) are examined in order to test if interspecific differences in the functional traits play a
role in the assembly of the plant community structure.

In chapter 5, the knowledge from the greenhouse experiments on the physiological responses of
plants is used to study how differences in balance between N and P availability may affect species
competition. For this I present a species competition model in which plants plastically adjust the
nutrient concentrations in their biomass, and in which plants have an adaptive trait for P uptake,
i.e. phosphatase activity. I examine how different magnitudes of phosphatase activity affect
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species competition under increased N input levels with varying input levels of P. Furthermore, I
examine whether ecosystem P retention changes with increasing N input levels.

Finally, in chapter 6, I integrate the findings from all the chapters and give a mechanistic
explanation on how the balance between N and P availability may influence grassland ecosystems
on the individual plant level as well as on the plant community level. Furthermore, I discuss
the possible influence of eutrophication via the associated N:P stoichiometric effects on plant
community properties to provide implications for grassland conservation.

14 Chapter1



2 Increased N affects P uptake of
eight grassland species: the role of
root surface phosphatase activity

Yuki Fujita, Bjorn JM Robroek, Peter C de Ruiter, Gerrit W Heil and Martin ] Wassen
Accepted by Oikos
doi: 10.1111/j.1600-0706.2010.18427.X

Increased N affects P uptake of eight grassland species 15



Abstract

Increased N deposition may change species composition in grassland communities by shifting
them to P limitation. Interspecific differences in P uptake traits might be a crucial yet poorly
understood factor in determining the N effects. To test the effects of increased N supply (relative
to P), we conducted two greenhouse fertilization experiments with eight species from two
functional groups (grasses, herbs), including those common in P and N limited grasslands. We
investigated plant growth and P uptake from two P sources, orthophosphate and not-readily
available P (bound-P), under different N supply levels. Furthermore, to test if the N effects on
P uptake was due to N availability alone or altered N:P ratio, we examined several uptake traits
(root-surface phosphatase activity, specific root length (SRL), root mass ratio (RMR)) under
varying N:P supply ratios. Only a few species (M.caerulea, A.capillaris, S.pratensis) could take
up a similar amount of P from bound-P to that from orthophosphate. These species had neither
higher SRL, RMR, phosphatase activity per unit root (Pase_ ), nor higher total phosphatase
activity (Pase,: Pase_, times root mass), but higher relative phosphatase activity (Pase,,: Pase
divided by biomass) than other species. The species common from P-limited grasslands had high
Pase,,. P uptake from bound-P was positively correlated with Pase,, for grasses. High N supply
stimulated phosphatase activity but decreased RMR and SRL, resulting in no increase in P uptake
from bound-P. Pase_, was influenced by N:P supply ratio, rather than by only N or P level,
whereas SRL and RMR was not dominantly influenced by N:P ratio. We conclude that increased
N stimulates phosphatase activity via N:P stoichiometry effects, which potentially increases plant
P uptake in a species-specific way. N deposition, therefore, may alter plant community structure
not only by enhancing productivity, but also by favouring species with traits that enable them to
persist better under P limited conditions.

root tot

tot

Introduction

Increased nitrogen deposition is a major threat for plant species richness in terrestrial ecosystems
(Bobbink et al. 1998, Stevens ef al. 2004). A well known effect of increased N availability is that
enhanced productivity causes fast growing plant species to benefit more than others (Diekmann
& Falkengren-Grerup 2002, Suding et al. 2005), resulting in outcompeting of slow growing
species. Increased N availability may also change the relative availability of various nutrients
such as nitrogen (N), phosphorus (P) and potassium (K). Ecosystems previously limited by
N can switch to limitation by P and/or K after receiving high N (Mohren et al. 1986, van der
Woude et al. 1994). P is a crucial element, which limits productivity of aquatic and terrestrial
ecosystems equally frequently as N (Elser et al. 2007). Enhanced N supply may even suppress
biomass production, because extreme nutrient balance, i.e. very high N:P ratio, could impose
impaired responses (e.g. greater turnover of leaves and roots in response to N addition or to
P deficiency) by plants (Fisher et al. 2002, El-Kahloun et al. 2003, Bai et al. 2008). Clearly, the
balance of elements available for plant uptake, rather than the availability of single elements, is
important as has been empirically demonstrated for aquatic ecosystems (Sterner & Elser 2002)
and for terrestrial plant communities (Giisewell 2004).

Several nutrient uptake traits of plants play an important role in regulating tissue nutrient
concentrations to avoid elemental imbalance (Treseder & Vitousek 2001, Lambers et al. 2008).
Because only a small fraction of P in the soil is readily available for plants, P uptake traits
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are important, especially under P limited conditions (Vance et al. 2003). For example, root
surface phosphatase, an enzyme which is excreted by plant roots, fungi or bacteria and which
can hydrolyze ester-phosphate bonds in soil organic P, may contribute to as much as 65% of
the annual P uptake of grasses (Kroehler & Linkins 1988). A series of studies have shown that
phosphatase activity is suppressed by P addition but promoted by N addition (Johnson et al. 1999,
Olander & Vitousek 2000, Phoenix et al. 2003). Mycorrhizal infection, which helps P acquisition
of plants, also decreases with P availability and, though less evident, increases with N availability
(Furlan & Berniercardou 1989). Although not specific for P uptake but for nutrient uptake in
general, root morphology and allocation may also contribute to avoid elemental imbalance.
Nutrient limitation is known to stimulate root length, formation of cluster roots, and root mass
ratio (Lambers et al. 2006).

A number of field studies indicated that interspecific differences in responses to P or N
limitations may affect plant communities, e.g. in terms of species composition (Roem &
Berendse 2000, Olde Venterink et al. 2003), high richness of threatened species in P limited
grasslands (Wassen et al. 2005), and the divergent impacts of N and P fertilization on species
composition (Limpens et al. 2003, van der Hoek et al. 2004). Interspecific differences in response
to P limitation are likely caused by differences in traits related to P uptake (Verhoeven et al.
1996). Mycorrhizal association, for example, tend to be more intensive for dicots than monocots
(Read et al. 1976, Harley & Harley 1987), whereas root surface phosphatase activity is higher for
monocots than for dicots (Phoenix et al. 2003) and differs among plant species (Rejmankova
& Macek 2008). Although interspecific differences in these traits are recognized, there has
been little understanding about which traits are the most likely to influence species specific
performance along N:P gradients in the field (Perez-Corona et al. 1996, Giisewell et al. 2003).

Our study aims to explore the interspecific differences in response to increased N supply
relative to P of eight grassland plant species from two functional groups (grasses and herbs).
First, we investigated plant growth and P uptake from not readily available P sources (hereafter
referred to as bound-P), which is the major form of P in terrestrial ecosystems, under different
N levels. Here the contributions of several uptake traits (phosphatase activity, root length, root
mass) to the P uptake were examined. Second, in order to test if the effects of increased N supply
on P uptake was due to availability of N only or altered N:P balance, we examined the effects of
varying N:P supply ratios on the uptake traits.

We hypothesized that 1) growth and P uptake from bound-P differ among functional groups
and among species due to differences in the uptake traits. We also hypothesized that 2) increased
N supply would result in increased plant P uptake from bound-P but also increased P loss by
stimulating turnover of leaves and roots. Furthermore, we expect that 3) phosphatase activity
would be enhanced not by availability of only N or only P but by increased N:P ratio. Finally, we
hypothesized that 4) uptake traits of species typically from P limited grasslands would be stronger
or more sensitive to P limitation than those from N limited grasslands.

Materials and Methods

We carried out two growth experiments with eight grassland species. The first experiment
(hereafter referred to as Bound-P Experiment) aimed at examining plant growth and P uptake
from bound-P by using two types of P sources (readily available orthophosphate and non-readily

available bound-P) under two levels of N. In the second experiment (hereafter referred to as
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Stoichiometry Experiment) we studied the effects of N:P stoichiometry on three uptake traits
(root surface phosphatase activity, specific root length and root mass ratio) independent from the
effects of only N or P supply, by using readily available P in three N:P ratios and two supply levels.

Greenhouse experiments

Plant species and growth conditions

We used eight species which naturally occur at a range from wet to moist grasslands in The
Netherlands. Species were selected based on field data from 381 European grassland sites (Ertsen
1998, Wassen et al. 2005, Holzel unpublished) and included species which typically occur in P
and N limited grasslands. The selected species were five grasses (Alopecurus pratensis L., Agrostis
capillaris L., Festuca rubra L., Festuca ovina L., and Molinia caerulea (L.) Moench) and three
herbs (Lychnis flos-cuculi (L.) Greuter & Burdet, Lycopus europaeus L., and Succisa pratensis
Moench). A. pratensis and L. flos-cuculi occur more frequently in N limited grasslands, whereas
M. caerulea and S. pratensis occur more frequently in P limited grasslands (p<o.05, chi-square
test). See Appendix I Table 2.A1 for field distribution data of the eight species.

Plants were cultivated from seeds in a germination chamber from May 2007. In June 2007, all
seedlings were transplanted to plastic pots (c. 0.6L) filled with c. 500g quartz sand and placed in
an open greenhouse with a transparent roof and walls of coarse mesh. Chemical composition of
the quartz sand was analyzed to check if it contained none to negligible amounts of nutrients,
which was the case.

Nutrient treatments
We supplied different amounts of N and P for each treatment, while all other nutrients (K, Ca, S,
Mg, Fe, B, Mn, Zn, Mo, Cu) were supplied in constant, non-limiting amounts (see Appendix II
Table 2.A2 & 2.A3).

In the Bound-P Experiment, we combined two forms of P (orthophosphate and bound-P) and
two nitrogen supply levels (high and low) in a full factorial design. The resulting four treatments
were replicated five times. The total amount of P provided per pot per year was 1.29 mg, and
was equal for all treatments. P was provided as KH,PO, for the orthophosphate treatments. In
bound-P treatments, we supplied a mixture of organic P compound (inositol hexaphosphate
(CH,40,,P)), 20%) and inorganic P compounds (calcium phosphate (Ca,,(PO,),(OH),), 50%),
and aluminum phosphate (AIPO,), 30%) (see footnote 4 of Appendix II Table 2.Az2 for the choice
of the compounds). Calcium phosphate and aluminum phosphate were supplied into pots in the
beginning of the experiment and lightly mixed with the sand. Inositol phosphate suspension was
supplied weekly with a micropipette. N was provided as KNO, and Ca(NO,), or KNO, only (see
footnote 2 of Appendix II Table 2.A2),.

In the Stoichiometry Experiment we combined two levels of nutrients (high and low) at three
ratios of N:P (1.7 15 and 135) in a full factorial design. See Appendix II Table 2.A2 for the N and
P supply levels of each treatment. The resulting six treatments were replicated five times. N was
supplied as KNO, and Ca(NO,), or KNO, only (see footnote 2 of Appendix II Table 2.A2), and P
was supplied as KH,PO,. Following previous studies (Giisewell 2005a), N and P supply were set
in such a way that the geometric means of N and P supply became equal for all the treatments
within each supply level. The geometric means of N and P supply per plant per year were 15 mg
for high and 5 mg for low supply.
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The nutrient solution was supplied weekly over a period of 15 weeks, starting from the end
of June 2007. Demineralised water was provided into trays placed under each pot every 1 - 3
days. Once every 3 weeks each pot was leached with demineralised water three times, in order
to prevent accumulation of nutrients and toxic compounds. The alignment of the pots was
randomized every 3 weeks.

Measurements

We have measured the following plant properties for both the Bound-P Experiment and
the Stoichiometry Experiment. For plant individuals that had very small root biomass, the
measurements for either phosphatase activity or root length was omitted, yet in the constraint
that at least three samples were taken for every treatment for each trait. See Tables and Figure
captions for the specifications of the sample numbers.

Biomass and nutrient concentration

Before the fertilization period, for each species, five pots were randomly selected and harvested
to determine initial biomass and nutrient content. After 15 weeks of fertilization, above and
below ground biomass were harvested from the remaining pots. Dead leaves were collected
throughout the experiment. Biomass was sorted into dead and alive parts, dried at 70°C for 48
h., weighed and ground. After a digestion procedure (Kjeldahl; 1h at 200°C and 2h at 340°C in
a mixture of sulphuric acid, salicylic acid, copper sulphate, sodium sulphate and selenium), N
and P concentrations in plants were determined colorimetrically on a continuous flow analyzer
(Skalar SA-40). N and P contents were calculated by multiplying concentration by biomass.
Biomass production was calculated by subtracting the initial biomass (at week o) from the final
living biomass (at week 15). Similarly, P uptake was estimated by subtracting the initial P content
from the final P content. Death rate was calculated as the percentage of dead biomass over total
biomass. P productivity, i.e. the rate of biomass production per unit P acquired (Berendse &
Aerts 1987), was approximated by dividing total dry biomass by total P content. This equals to the
reciprocal of P concentration. P loss was calculated as a percentage of P content in dead biomass
over total P content. Resorption rate of P from senescing leaves was calculated as the percentage
of the difference of P concentration in dead and living aboveground biomass over that in living
aboveground biomass. Root mass ratio (RMR) was calculated as the proportion of belowground
biomass to total biomass.

Root length

Approximately 100 mg of root was subsampled for each pot to estimate root length. Each
subsample was dyed with 0.0005 % methylene blue solution and a digital photo was taken. Digital
images were analyzed to estimate root length using NIH image software (Kimura & Yamasaki
2003), after which specific root length (SRL; cm g root FW) was calculated. Total root length
was calculated by multiplying SRL by total root fresh weight. L. flos-cuculi was excluded from this
analysis, because their dense root hairs hampered length estimation with the software.

Phosphatase bioassay

Approximately 100 mg of root was taken from each pot in order to measure root surface
phosphatase activity, using a p-nitrophenyl phosphate (pPNPP) assay method (see Johnson et al.
1999). Within one hour after harvesting, the root subsample was assayed in artificial substrate
PNPP at pH 7.4, which is similar to conditions in the pots (average pH 7.5, SE 0.5), for two hours.
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Every 30 minutes, the concentrations of p-nitrophenol (pNP), a released compound from pNPP
by phosphatase, were measured using a spectrophotometer (Hach colorimeter DS/890) at 410
nm. Phosphatase activity (Pase,,; g pNP h'' g root FW) was estimated on the fresh root weight
basis.

Since the method for expressing phosphatase activity might influence comparisons among
species (Rejmankova & Macek 2008), we used two additional units to evaluate phosphatase
activity. Total phosphatase activity (Pase,; g pNP h), the amount of phosphatase activity from
the whole root system, was calculated by multiplying Pase,_, by total root fresh weight excluding
rhizomes. Furthermore, as an indicator of how sufficiently a plant produces phosphatase
independently from the effect of plant size, we calculated relative phosphatase activity (relative to
biomass), Pase,, by dividing Pase,, by total biomass (ug pNP h” g biomass DW).

rel? tot

Mycorrhizal infection
Approximately 100 mg of root was subsampled for three individuals of all species from each
treatment. Roots were boiled with 10% KOH and stained with ink (Parker black) and 5% acetic
acid (Vierheilig et al. 1998). Mycorrhizal infection was counted using the gridline intersect
method (Giovannetti & Mosse 1980). Counting was restricted up to 100 intersections, as this
proved to provide proper accuracy (Giovannetti & Mosse 1980). Mycorrhizal infection was
expressed as the percentage of intersections with infected roots over all intersections.

Since the infection route of mycorrhizal fungi was neither controlled nor stimulated in our
experiment, we limited our analysis to use the mycorrhizal infection rate as an explanatory
variable for plant P uptake, but not as a response variable to test treatment effects.

Statistical analysis

Bound-P Experiment

Effects of P source, N supply level, functional group, species as nested within functional groups,
and their interactions (all fixed factors) on various plant properties were analyzed with 3-way
nested ANOVA. When functional group and any of its interactions had no significant effect,
ANOVA was repeated with factors excluding functional group (source of P, N supply level,
species and their interactions: all fixed factors) as 3-way ANOVA. The following data were
used as the plant properties: square-root-transformed P uptake, biomass production, P loss,
SRL, and mycorrhizal infection; log-transformed P productivity, Pase,, Pase,, and Pase
P resorption rate, death rate, and RMR. Consequently, differences in these variables between
two P sources and two levels of N were compared for each species by a t-test when data was
normally distributed, else by a Mann Whitney U-test. Additionally, interspecific differences in
these variables were compared by multiple comparisons (Games Howell test (Sokal & Rohlf
1995)). Finally, the relationships between P uptake and four uptake traits (root mass, Pase,,
total root length, and mycorrhizal infection) for bound-P treatments were tested with Pearson’s
correlation analysis for each functional group. Because the former three traits are correlated,
partial correlation analysis was also conducted with these traits. L. flos-cuculi was excluded from
the analysis concerning total root length due to absence of their SRL data

rel®

Stoichiometry Experiment
Effects of supply level, N:P supply ratio, functional groups, species as nested within functional
groups, and their interactions (all fixed factors) on three uptake traits (Pase_ , RMR, and SRL)

root>
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were analyzed with 3 way nested ANOVA. The factors which showed a significant effect were
compared with Games Howell test. Pase , and SRL were log-transformed to obtain normal
distributions of residuals.

root

Results
Bound-P Experiment: growth and P uptake from bound-P under different N levels

Effects of P source on plant growth properties

P uptake was less when plants were grown with bound-P compared to orthophosphate (Table
2.1, Figure 2.1a), yet in a species specific manner (see Sp x P interaction effect in Table 2.1). Five
species (A. pratensis, F. ovina, E rubra, L. europaeus, and L. flos-cuculi) had significantly reduced
P uptake when grown with bound-P (Figure 2.1a, p<o.05 with t-test).

Biomass production, a proxy of overall plant performance, also decreased when plants
were grown with bound-P (Table 2.1), but the decrease was not as large as when P uptake was
compared (Figure 2.1b). The interaction between P source and species was nearly significant
(p=0.059) and only two species (E rubra and L. europaeus) significantly reduced biomass
production when grown with bound-P (Figure 2.1b, p<o.05 with U-test).

P productivity was influenced by species, P source, and their interaction (Table 2.1). Five
species (A. pratensis, E ovina, E rubra, L. europaeus, and L. flos-cuculi) had significantly higher P
productivity when grown with bound-P (p<o.05 with U-test).

P loss was also significantly affected by P source and species (Table 2.1). Plants lost more P
when grown with bound-P (significant for A. pratensis, F. rubra, L. europaeus, L. flos-cuculi, and
S. pratensis). The increase of P loss was attributed to two factors: higher death rate and lower P
resorption rate when grown with bound-P (Table 2.1).
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Figure 2.1 P content in biomass (a) and living biomass (b) after 15 weeks of fertilization with bound-P or
orthophosphate treatments. White bars represent initial P content and initial biomass before the start of the
fertilization (N=5); dark grey bars represent P uptake and biomass production with bound-P (N=10); light grey bars
represent P uptake and biomass production with orthophosphate (N=10). Standard errors of total P and total living
biomass at the end of the fertilization are shown. Low N and high N treatments were combined. Asterisks indicate
significant differences in P uptake and biomass production between bound-P and orthophosphate treatments (",
p<0.001; ", p<0.01;”, p<0.05). Species abbreviations are; Mc: M. caerulea, Fo: F. ovina, Ac: A. capillaris, Fr: E. rubra,
Ap: A. pratensis, Sp: S. pratensis, Le: L. europaeus, Lf: L. flos-cuculi.
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Species difference in uptake traits

The magnitudes of several uptake traits and its sensitivity to P source was compared among
functional groups and among species in order to speculate why three species (A. capillaris, M.
caerulea, and S. pratensis) did not reduce P uptake from bound-P. Variation in Pase was large
between functional groups (higher for grasses than for herbs) as well as among species (Table
2.1), although neither of the variations depended on P source (interaction effects in Table 2.1). The
rank order of species in Pase_, was: A. capillaris > M. caerulea > F. ovina > E. rubra > A. pratensis
> L. europaeus > S. pratensis > L. flos-cuculi, where the difference between the lowest and highest
species was approximately 10-fold. Pase,, was not significantly different between functional
groups (F, = 2.0, p=0.21), but varied among species (F, ,=41.8, p<o.001). A. capillaris had the
highest Pase,,, followed by E rubra. Pase , was also significantly higher for grasses than for herbs
(F,,,= 11.2, p<0.05). Interspecific variation in Pase  was significant for both grasses and herbs:
two grasses (M. caerulea and A. capillaris) and one herb (S. pratensis) had significantly higher
Pase_, than other species in their functional group (Figure 2.2; p<o.01).

Variation in SRL was large between functional groups (higher for grasses than for herbs),
as well as among species (Table 2.1), although neither of the variations depended on P source
(interaction effects in Table 2.1). A. pratensis and E ovina had higher SRL than other species
(p<o.o01).

Variation in RMR was large among species, but not significant between functional groups
(Table 2.1). Neither of the variations depended on P source (interaction effects in Table 2.1). RMR
was higher for M. caerulea, S. pratensis, and A. pratensis than for the other species (p<o0.05).

Variation in mycorrhizal infection was large among species (F, = 16.2, p<o.001) but not

6,82
significant between functional groups (F,, = 0.11, p=0.95). Interactive effects of P source on the

1,827

variations are not discussed here because of the limitation in mycorrhiza measurements (see
Methods).

rel

rel

Uptake traits related to P uptake from bound-P

The contributions of several uptake traits to the plant P uptake from bound-P were examined by
correlation analyses. P uptake from bound-P was positively correlated with root mass for both
functional groups, and positively correlated with Pase,, and with total root length for grasses but
not for herbs (Table 2.2). Mycorrhizal infection was not correlated with P uptake from bound-P.
Partial correlation analysis showed that the correlation between Pase,, and P uptake was positive
and significant for grasses even when root mass and total root length were kept constant (Table
2.2). In contrast, the correlation between root mass and P uptake was positive and significant for
herbs when the effects of Pase,, and total root length were kept constant (Table 2.2).

Effects of increased N

With the exception of E ovina, N supply level did not have a significant effect on P uptake
when plants were grown with bound-P (p>0.05 with t-test). This contrasted with the results
of phosphatase activity that increased with increased N supply in any units, i.e. Pase_, (Table
2.1), Pase,, (F, ,= 26.9, p<o.001) and Pase, (F, , = 4.7, p<0.05). Decrease in RMR and SRL with
increased N supply (Table 2.1) could have mitigated the effect of promoted phosphatase activity.
Despite unchanged P uptake, biomass production increased significantly with increased N
supply (Table 2.1). This corresponds with higher P productivity with increased N supply (Table
2.1; significant for A. capillaris, A. pratensis, E. rubra, L. europaeus, and L. flos-cuculi, p<o.05 with
t-test).

tot rel
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Table 2.2 Pearson’s correlation coefficients of root mass, total phosphatase activity (Pase,,), total root length and

tot.
mycorrhizal infection with P uptake, as well as partial correlation coefficients of the former three traits with P
uptake. Only bound-P treatments were considered for these analyses. Coefficients are shown for five grasses and
three herbs, except that L. flos-cuculi was excluded from the analysis concerning total root length due to absence of
their SRL data. Values in parenthesis are number of samples examined. Significance levels are; ™, p<o.001; ', p<0.01;

Y p<o.05; ns, not signiﬁcant.

Variables correlated Variables kept constant (Partial) correlation coefficient
with P uptake

Grasses Herbs
Root mass - 0.457" (50) 0.715™ (30)
Total phosphatase activity - 0.632" @an" ns (30)
Total root length - 0.403" 45)" ns (19)"
Mycorrhizal infection - ns (30) ns (18)
Root mass Total phosphatase activity — ns (43)" 0.594" (19)
Total root length
Total phosphatase activity ~ Root mass 0.509™ (43)™ ns (19)7
Total root length
Total root length Root mass ns (43)™ ns (19)2

Total phosphatase activity

' Sampling for either root length or phosphatase activity was omitted for a few plant individuals due to their very small root
size.

"2 Partial correlation analysis was conducted only for the plant individuals which had complete data set of root mass, total
phosphatase activity, and total root length.
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Figure 2.2 Relative phosphatase activity (Pase

rel

), expressed as total phosphatase activity (Pase,,) divided by total
biomass, for each species (N=20, except for M. caerulea: N=13). Values are means + 1 standard error. Letters
represent results of multiple comparison test. Species abbreviations are; Mc: M. caerulea, Fo: . ovina, Ac: A.
capillaris, Fr: E. rubra, Ap: A. pratensis, Sp: S. pratensis, Le: L. europaeus, Lf: L. flos-cuculi.
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There was no significant effect of N level on P loss (Table 2.1). Although high N level resulted
in higher death rates, it also promoted P resorption, resulting in no significant effect on P loss
(Table 2.1) except for F rubra (p<o.o5 with t-test).

Stoichiometry Experiment: effects of N:P ratio on uptake traits

Pase,,, was highly influenced by N:P supply ratio (F,, = 273.1, p<o.001) and to a lesser extent
by supply level (F,, = 6.4, p<o.05) (Figure 2.3a). Pase_, was significantly lower at N:P of 1.7
compared to that at the two higher N:P ratios (15 and 135) (p<o.001). The N:P ratio effects on
Pase, ,, was not significantly different between two functional groups (F,,.= 1.2, p=0.30) nor
between two nutrient levels (F, , =1.8, p=0.17).

SRL was not influenced by N:P supply ratio (F,,,=2.6, p=0.07), but decreased with increased
supply level (F, = 5.7, p<o.0s) (Figure 2.3b). The N:P ratio effects on SRL was not significantly
different between the two functional groups (F, = 0.7, p=0.48) nor between two nutrient levels
(F,,,,=2.3, p=0.10).

RMR decreased with increased N:P supply ratio (F,,,,=29.6, p<o0.001) and decreased with
supply level (F, ,,,=44.6, p<o.001) (Figure 2.3c). The N:P ratio effects on RMR was not significantly
different between the two functional groups (F, ,,,= 0.1, p=0.90) nor between two nutrient levels
(F,,,,=0.4, p=0.67). The relation between RMR and N:P supply ratio seems to be a pseudo relation

caused merely by N effects, because RMR decreased with increased N supply, but did not change
with P supply (Appendix III Figure 2.A1).

root

1213

Discussion

Plant growth and P uptake from bound-P

We showed that the ability of plants to take up P from bound-P was species specific, and the
species variation was, at least partly, explained by their phosphatase activity. Therefore, our first
hypothesis was not rejected. Although there was no difference between grasses and herbs in P
uptake from bound-P, the importance of several traits for their P uptake seemed contrasting.
For grasses, P uptake from bound-P was related to Pase even when the other potentially
confounding P uptake traits (i.e. root mass and root length) were controlled. In contrast,
for herbs, P uptake from bound-P was not directly related to Pase,,. This coincides with our
observation that Pase, was considerably lower for herbs than grasses (also see Phoenix et al.
2003). Moreover, P uptake of herbs was higher than that of grasses when individuals with the
same amount of Pase,, were compared, implying that mechanisms other than phosphatase might
be more important for herbs. Since neither SRL, RMR, nor mycorrhizal infection were higher
for herbs compared to grasses in our experiment, other unexplored factors such as phosphorus
carrier enzymes in roots (Treseder & Vitousek 2001) or excretion of other root exudates (Lambers
et al. 2006) might have contributed to the better P uptake of herbs. Note that the mycorrhizal
infection rates were low in our experiments (average for herbs 14.7 %; grasses 14.0 %) due to
the restricted infection route. Higher mycorrhizal infection rates of herbs in natural habitats
(Weishampel & Bedford 2006) would promote their P uptake even more.

The importance of phosphatase in P uptake from bound-P was further supported by the trend
that species which did not differ in P uptake from both P sources had neither high RMR nor
high SRL, but high Pase_,. This was a rather surprising result, because organic P, which is the
only P form that phosphatase hydrolyzes, was only 20 % of the total bound-P supplied in our
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Figure 2.3 a) Phosphatase activity (Pase,), b) specific root length (SRL), and c¢) root mass ratio (RMR) after 15

weeks of fertilization with different nutrient supply ratios for grasses (squares) and herbs (triangles). L. flos-cuculi is

Toot.

not included in the SRL graph. Closed and open symbols represent high and low nutrient supply levels, respectively.
and RMR) or N=10 (SRL) for

oot Of grasses, N=23 at all N:P ratios of low level and at N:P 135 of high
level, N=24 at N:P 1.7 of high level; for SRL of herbs, N=8 at N:P 135 of high level.

Average values and standard errors are shown. N= 25 for grasses and N=15 (Pase,

oot

herbs, with the following exceptions: for Pase

experiment. Considering the possible P adsorption to the sand (see Appendix IV), presumably as
inorganic calcium phosphate, a large part of the difference between bound-P and orthophosphate
treatments may lay on organic P. This explains why phosphatase was related to P uptake from
bound-P in our experiment regardless of the limited proportion of organic P. It should also be
noted that phosphatase activity measured by pNPP assay (i.e. phosphomonoesterases) and
hydrolysis of phytates have only indirectly a causal relationship (Tibbett 2002) although they are
positively related (Tarafdar & Claassen 1988, Helal 1990). In natural soils where the proportion of
organic P would be much higher (Perez-Corona et al. 1996) and in which organic P is present in
various forms (Lambers et al. 2006), the importance of phosphatase for P uptake is expected to
be even greater.

Both M. caerulea and S. pratensis, which occur typically in P limited grasslands, had the
highest Pase, , among the grasses and herbs, respectively. These species did not have the highest,
though moderately high, Pase_, among species. However, they had a higher RMR than other
species. Apparently, species variation in phosphatase activity does not coincide with their field
distribution patterns when its rate per unit root (Pase, ) is concerned, but does coincide with

root
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its relative amount to the whole plant biomass (Pase_,). This indicates that phosphatase activity
should be evaluated on the whole plant level rather than the activity rate per unit root to properly
assess its importance.

Effects of increased Nitrogen

Contrary to our second hypothesis, higher N supply increased neither P loss nor P uptake
from bound-P. Although phosphatase activity was enhanced by increased N supply both on
the whole root level and per unit root, it did not result in higher P uptake. This contradicts
with our finding that P uptake from bound-P was related to phosphatase activity (see previous
paragraph). Decreased RMR and SRL under high N supply may have hampered the positive
effects of increased phosphatase activity. Furthermore, not all excreted phosphatase might have
contributed to cleaving organic P because of the relatively small amount of P supplied in the
Bound-P Experiment.

In contrast to the unchanged P uptake, biomass production was enhanced in high N
treatments by increasing P productivity. This is because biomass production is more strongly
regulated by the availability of N rather than P (de Groot et al. 2003). Interestingly, three
species which did not increase P productivity with increased N (M. caerulea, S. pratensis, and
E ovina) tend to occur in P limited grasslands. Because high death rate is related to low P
concentration (this study (results not shown), Fisher et al. 2002, El-Kahloun et al. 2003), these
three species avoided increased senescence by not producing more biomass from extra N supply.
Although the increased death rate did not result in higher P loss in our experiment due to an
improved P resorption rate in P poor conditions (Richardson et al. 2008), maintaining too low
P concentration might cause other negative impacts on a longer time scale, such as impaired
reproductive activity (Brouwer et al. 2001). In this regard, a less plastic response to changing
nutrient conditions, which is more common for species from nutrient poor habitats (Garnier
1998), might be advantageous under enhanced N deposition. This may account for the trend that
P poor conditions commonly promote abundance of low productive, non-typical nitrophilous
species (Giisewell 2004) or threatened species (Wassen et al. 2005).

N:P ratios regulate phosphatase activity

Our study showed that phosphatase activity is strongly influenced by N:P stoichiometry, which
is in line with our third hypothesis. Pase,, increased with N:P supply ratio, and the effect of N:P
supply ratio was stronger than the effects of supply level of N and P. Although several studies
have already shown that individual nutrients affect Pase_, i.e. an inhibitory effect of P addition
and a stimulating effect of N addition (Johnson et al. 1999, Olander & Vitousek 2000, Phoenix
et al. 2003), we here explicitly show that the N:P stoichiometry is the most important regulatory
factor by testing effects of each N:P supply ratio by two combinations of N and P supply. The
mechanism responsible for the N:P stoichiometry effects on phosphatase activity could be
a higher flexibility of plants for P concentration than for N concentrations in their biomass
(Guisewell & Koerselman 2002). Due to the dominant role of N for biomass production, low P
concentrations in biomass occur only when P supply is relatively low to N supply (where plants
grow by increasing productivity per unit P). Thus, not merely low P supply but high N:P supply
ratio results in P starvation in the plant, which induces synthesis and secretion of phosphatase
(Duff et al. 1994). In contrast to Pase,,,, SRL and RMR were not dominantly influenced by N:P
stoichiometry. RMR was more strongly regulated by N than by P (Andrews ef al. 1999, this study),
while SRL was hardly influenced by N:P supply ratio. The minor influence of N:P stoichiometry
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effects on SRL and RMR seems plausible, because these traits are involved not only for P
uptake but nutrient uptake in general. Extrapolating these trait responses in the Stoichiometry
Experiment to the observed plant responses to high N supply in the Bound-P Experiment,
we argue that enhanced phosphatase activity under high N supply was not due to increased N
supply but increased N:P ratio, whereas decreased RMR was mainly due to solo effect of N. The
contrasting responses of uptake traits to (relative) availability of N and P imply that the effects of
N enrichment of a certain level on grassland ecosystems may differ depending on the relative P
availability of the site.

In conclusion, our study showed that increased N supply stimulates phosphatase activity, most
likely via N:P stoichiometric effects, although the increased phosphatase activity did not result
in higher plant P uptake. This is probably due to decreased RMR and SRL, as well as limited P
supply in our experiment. Nevertheless, the important role of phosphatase activity in plant P
uptake from bound-P was indicated. Furthermore, we found that the species common in P
limited grasslands were associated with effective phosphatase activity (i.e. high Pase ), which
is in line with our fourth hypothesis. This provides an example of how a species trait possibly
alters the competitive balance of species along a gradient of nutrient availability (Grime 2001).
The trait-driven distribution pattern has been intensively tested for low to high nutrient gradients
(e.g. Campbell & Grime 1992, Fynn et al. 2005), but it is still poorly understood for stoichiometric
gradients of N and P. Our results implied that N deposition may affect plant community
composition not only by enhancing site productivity, but also by favouring species that have
adaptive traits to P limited conditions, which may cause changes in the species composition.
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Appendix . Field distribution pattern of eight
species in N and P limited grasslands

Table 2.A1 381 field sites from Dutch, Belgium, German and Polish grasslands were classified into either N, co,

or P limited sites based on biomass N:P ratio of plant community (<13.5, 13.5 to 16, and >16, respectively). For

the eight species used in the experiment, number of sites of occurrence in each type of nutrient limitation was
shown. Species were considered to have affinity to N or P limited sites when they had significantly more frequent
occurrence in N or P limited sites tested by chi-square test. Positive or negative associations to the limitation type

were shown as “+” or “- respectively. Significant levels of the chi-square test were shown as; ", p<o.001; ”, p<o0.01;
', p<0.05; n.s., not significant.

Species Number of sites of occurrence (N=381) Affinity to N Affinity to P
limited sites limited sites
N limited Co limited P limited
Grass  Molinia caerulea 10 16 72 +"
Festuca ovina 4 1 8 - n.s.
Agrostis capillaris 23 6 14 n.s. n.s.
Festuca rubra 84 12 38 n.s. n.s.
Alopecurus pratensis 34 0 0 + -
Herb  Succisa pratensis 4 4 36 +"
Lycopus europaeus 25 3 18 n.s. n.s.
Lychnis flos-cuculi 66 12 5 +7 -
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Appendix Il. Composition of nutrient solution

Table 2.A2 Amount of N and P in nutrient solution

Treatment N P
(mg pot™) (mg pot™)

Bound-P Experiment

<P Source> <N level>

Orthophosphate Low 19.4 “‘ 13 B
High 174.3 2 13 B

Bound-P Low 19.4 " 13 “
High 174.3 2 13 "

Stoichiometry Experiment

<Supply level> <N:P ratio>

Low 1.7 6.5 1 3.9 3
15 19.4 1 1.3 =
135 58.1 *‘ 0.4 B

High 1.7 19.4 1 11.6 3
15 58.1 " 39 B
135 174.3 2 1.3 =

" Supplied as KNO,

"2 Supplied as KNO,and Ca(NO,), in order to provide the same amount of potassium for all treatments. The amount of calcium
associated with the Ca(NO,), was subtracted from CaCl,, so that the same amount of calcium was supplied for all treatments.
 Supplied as KH,PO,

" Supplied as a mixture of organic and inorganic P compounds. For the organic P compound we used inositol hexaphosphate
(C4H,50,,P,), since phytates typically comprise the largest fraction of organic P in natural soils (Dalal 1977). Because organic P
typically comprise 30-65 % of total P (Harrison 1987) and phytates comprise ca. 50% of total organic P (Dalal 1977) in natural
soils, we supplied 20% of our bound-P supply as inositol hexaphosphate. For the inorganic P compound we chose an acid-
labile and an alkaline-labile compounds: calcium phosphate (Ca,,(PO,),(OH),) and aluminum phosphate (AIPO,), respectively.
To resemble natural soils (Scheffer & Schachtschabel 1970), we supplied more calcium phosphate than aluminum phosphate
(50% and 30% of our bound-P supply, respectively).

Table 2.A3 Amount of other elements in nutrient solution

Element mg pot’ Compound

Mg 25.64 MgSO, 7H,0

S 37.11 MgSO, 7H,0, FeSO, 7H,0, CuSO, 5H,0, MnSO, 4H,0, ZnSO,, 7H,
Fe 5.13 FeSO, 7H,0

Cu 0.01 CusO, 5H,0

B 0.24 H,BO,

Mn 0.55 MnSO, 4H,0

Mo 0.01 Na,MoO, 2H,0

Zn 0.03 ZnSO, 7H,0

Ca 79.76 CaCl,",Ca(NO;), 4H,0™
K 332.39 KCI"", KNO,, KH,PO,

! Not for the treatments of high supply level x N:P ratio135 and orthophosphate x high N level.
"2 Supplied only for the treatments of high supply level x N:P ratio135 and orthophosphate x high N level.
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Appendix lll. Effects of N and P supply on plant uptake traits

a) Effects of N supply
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Figure 2.A1 Effects of N supply (a) and P supply (b) on phosphatase activity (Pase,, ), specific root length (SRL),

and root mass ratio (RMR) are shown for grasses and herbs. Closed squares represent grasses, while open triangles

Toot.

represent herbs. Treatments are connected with dotted lines when supply of the other nutrient was the same.

Average values and standard errors are shown.
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Appendix IV. Adsorption capacity of quartz sand

The amount of P uptake was low even with orthophosphate treatments; the highest P uptake was
approximately 50 % of the total P supply. Therefore it was suspected that some of the supplied
P was adsorbed to the quartz sand. To test the magnitude of the adsorption, we performed an
additional lab experiment to check adsorption capacity of the quartz sand for orthophosphate.
We monitored the phosphorus adsorption capacity of sog of quartz sand in 10oml of KH,PO,
solution for one week. Although adsorption was ignorable when P concentration of the solution
was high (somg P I'"), considerable amount of adsorption (c.a. 45% and 30%) was observed after
one week when P concentration was low (0.smg P 1) and intermediate (smg P 17), respectively.
The concentration of P in the solution used in our Bound-P Experiment was 2.6mg P 1.

Although the observed high percentages of P adsorption in the extra lab experiment were
considerable, the effects of adsorption on the results of our fertilization experiments may be
questioned, since plants may take up P quickly after fertilization before P will be adsorbed.
Giisewell (2005¢) showed that Carex species took up around 8o % of P from solution in seven
hours when N:P supply ratio was larger than 5. In addition, percentage of N uptake relative
to supplied N was also low in our experiment, ranging from 3% to 66%. This indicates that
transportation of solution to roots in general, rather than adsorption of P to sand, was a major
problem for plants in taking up nutrients.
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Abstract

N and P have different eutrophication effects on grassland communities, yet the underlying
mechanisms are poorly understood. To examine plant growth in response to the varying
(relative) supply of N and P, we conducted a two-year greenhouse experiment. Five grasses and
three herbs were grown with three N:P supply ratios at two overall nutrient supply levels. During
the first year the plant growth was relatively low at both high and low N:P supply ratios, whereas
during the second year the growth was especially low at a high N:P supply ratio. This second-
year low growth was attributed to the high root death rate, which was influenced by a high N:P
supply ratio rather than by the nutrient supply level. Species responded differently, especially in
P uptake and loss at a high N:P supply ratio. Each species seemed to have a different strategy for
P limitation, e.g. an efficient P uptake or a high P resorption rate. Species typical of P-limited
grasslands had neither better P uptake nor better P retention at a high N:P supply ratio. This
study quantitatively demonstrates an increased plant root death triggered by strong P limitation.
This finding indicates a possible extra effect of N eutrophication on ecosystem functioning via
changed N:P stoichiometry.

Keywords
Eutrophication; plant growth and death; long-term experiment; interspecific differences; N:P
ratio; nutrient loss

Introduction

Increased nutrient availability is one of the major causes of degradation among grassland plant
communities in Europe. Nitrogen (N) and phosphorus (P) are the two main nutrients responsible
for biodiversity decline in grassland ecosystems (Bobbink ef al. 1998, Stevens et al. 2004, Wassen
et al. 2005). Plant growth can respond differently to N compared to P enrichment. N fertilization
immediately increases the biomass of a plant community, whereas the effects of P fertilization
appear slowly (e.g. Gusewell ef al. 2002) but last longer (El-Kahloun et al. 2003, van der Hoek
et al. 2004). On top of that, some species-specific effects have been reported. Legumes, for
example, decrease their abundance after N fertilization (Kirkham ef al. 1996, Beltman et al. 2007).
The contrasting effects of N and P fertilization indicate that plants are sensitive to the ratio of
nutrients (besides their sensitivity to the overall supply level) but also that these sensitivities may
vary among species (Giisewell 2004). It is known that plants maintain a certain stoichiometric
balance of elements, such as a N:P, to function properly (Sterner & Elser 2002). Changing the
N:P ratio, for instance by adding one element, may induce different responses in different
species, which may then affect competition among those species and alter the structure of the
community. Several field observations demonstrate the importance of a balance between N and
P for the functioning of plant communities. Three observations illustrate this: the productivity
level at the peak of a hump-shaped curve is lower for P-limited than for N-limited wetlands (Olde
Venterink ef al. 2003); the species composition shifts from N- to P-limited grasslands (Verhoeven
& Schmitz 1991, Olde Venterink ef al. 2003, Giisewell 2004); and endangered species persist better
at P- rather than N-limited sites (Wassen et al. 2005).
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In search of an explanation for these field observations, a number of greenhouse experiments
have been carried out to investigate the morphological and physiological responses of grassland
plants to varying balances of N and P (Shaver & Melillo 1984, Ryser et al. 1997, Glisewell 2005a,
Macek & Rejmankova 2007). Short-term experiments show that adding N, leading to high N:P
supply ratios, increases plant biomass, whereas adding P, leading to low N:P supply ratios, does
not promote plant growth (Giisewell et al. 2003, Giisewell 2005¢). Longer-term experiments
show contrasting results: after a period of two years, high N:P ratios reduce nutrient retention
(i.e., the amount of nutrients retained in biomass), whereas low N:P ratios do not (Giisewell et al.
2003, Glisewell 2005a). The poor retention at high N:P ratios is assumed to be caused by nutrient
loss from roots (Giisewell 2005a), although this relation has not been quantitatively examined.
Increased root turnover or root death was also observed in other studies under conditions of
P limitation (e.g. El-Kahloun ef al. 2003) or upon increased N availability (e.g. Fransen & de
Kroon 2001). However, it remains a matter of speculation whether the root death is caused by
the balance between N and P availability rather than by the availability of single elements. Nor
is it clear what the underlying mechanisms are. Additionally, interspecific difference in response
to N:P ratio has been also suggested by previous greenhouse experiments with a large number of
species. Species that react strongly to a change in N supply do not necessarily also react strongly
to a change in P supply (Keddy et al. 2001, Giisewell et al. 2003). This implies that for different
species it could be N- or P-limited conditions that are favorable. These interspecific differences in
the response to the availability of nutrients also call for research into an explanatory mechanism.
Such investigations might fill the gap in understanding how the anthropogenic nutrient
enrichment of ecosystems, which is often asymmetric between N and P (Lamers et al. 2002, Olde
Venterink ef al. 2002), may affect communities of plant species.

Hence, the aim of the present study is to examine the effects of the relative availability of N and P
on plant growth. Concretely, we investigate whether a relatively high N to P availability reduces
the nutrient retention of plants in a species-specific way. In order to examine both immediate
effects and longer term effects, we conducted a two-year greenhouse fertilization experiment with
grasses and herbs, including those typical of P- and N-limited grasslands. We varied both the
overall N and P supply and the N:P supply ratio, enabling us to distinguish the effects due to the
supply level from those due to the supply ratio. Based on the prior work, we hypothesized that
(1) a high N:P supply ratio reduces plant growth mainly due to high root death and nutrient loss
in the second year; and (2) that the high death rate and nutrient loss is influenced by N:P supply
ratios rather than by overall nutrient supply levels. Moreover, we hypothesized that (3) different
species respond differently to a high N:P ratio because of the interspecific difference in root death
in the second year. Furthermore, we expected that (4) species that typically occur in P-limited
grasslands would have less nutrient loss at a high N:P ratio and thus be better able to cope with P
limitation than other species.

Materials and methods

Plant species and growth conditions

We used five grass and three herb species, all of which occur naturally in the Netherlands on
grasslands ranging from wet to moist. These species were selected on the basis of field data from

381 European grassland sites (Ertsen 1998, Wassen et al. 2005; Holzel unpublished) in order to

Time-dependent, species-specific effects of N:P stoichiometry 35



include species typically found at P- and N-limited sites in the field. The selected species are
Alopecurus pratensis L., Lychnis flos-cuculi (L.) Greuter & Burdet, Agrostis capillaris L., Festuca
rubra L., Lycopus europaeus L., Festuca ovina L., Molinia caerulea (L.) Moench, and Succisa
pratensis Moench. The first two and last two species in this list have a significantly more frequent
distribution in N- and P-limited grasslands, respectively (chi-square test, p<o.05; see Chapter 2).

Plants were cultivated from seed in a germination chamber starting in May 2007. In June 2007
all seedlings were transplanted to plastic pots filled with ¢. 500g quartz sand and placed in an
open greenhouse with a transparent roof and walls of coarse mesh. Plants were fertilized with
nutrient solution once a week for two growing seasons. The environmental conditions within the
greenhouse - such as temperature, humidity, and light intensity — were similar to the ambient
conditions. The fertilization periods lasted 15 weeks in 2007 (starting at the end of June) and
14 weeks in 2008 (starting at the end of March). The chemical composition of the quartz sand
was analyzed to ensure that it contained no nutrients or only negligible amounts, which was the
case. Every one to three days, demineralized water was poured into trays placed under each pot.
Once every three weeks, the pots were leached with demineralized water three times in order
to prevent the accumulation of nutrients and toxic compounds. The alignment of the pots was
randomized once every three weeks.

Nutrient treatments

We combined two nutrient levels, high and low, and three N:P supply ratios, low (1.7),
intermediate (15), and high (135), in a full-factorial design. The resulting six treatments were
replicated eleven times. N was provided as KNO, and Ca(NO,),, while P was provided as
KH,PO,. In line with previous studies (Giisewell 2005a, Giisewell 2005¢), the supply of N and P
was determined such that their geometric means came out equal for all treatments at a distinct
supply level (5 mg and 15 mg per plant per year for high and low supply, respectively; Table 3.1).
All other essential elements were supplied at sufficient levels (per pot per year: 25.6 mg Mg, 37.1
mg S, 5.1 mg Fe, 0.01 mg Cu, 0.24 mg B, 0.55 mg Mn, 0.01 mg Mo, 0.03 mg Zn, 79.8 mg Ca,
332 mg K). The amount of N and P in the high-level treatment at an N:P ratio of 15 is similar
to the annual influx of those nutrients occurring in productive wetlands in the Netherlands
(Koerselman et al. 1990a, Wassen & Olde Venterink 2006).

Table 3.1 Annual supply of Nitrogen and Phosphorus for six treatments

Treatment Nutrient supply (mg pot™ year™”)
Nutrient supply level N:P supply ratio N P
Low Low (1.7) 6.5° 3.9
Intermediate (15) 19.4° 1.3
High (135) 58.1° 0.4
High Low (1.7) 19.4° 11.6
Intermediate (15) 58.1° 3.9
High (135) 174.3° 13

*Supplied as KNO,
° Supplied as KNO, and Ca(NO,),. For this treatment, CaCl, was reduced so that total amount of supplied Ca is the same for all
the treatments.
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Measurements

Before the fertilization period in 2007, five pots of each species were randomly selected and
harvested to determine the initial biomass and nutrient content. Dead leaves were collected
throughout the experiment. After the 2007 fertilization period, the above- and below-ground
biomass was harvested from five pots per treatment. At the same time, the above-ground biomass
of the remaining six pots was clipped approximately 1 cm above the sand. After the fertilization
period in 2008, the above- and below-ground biomass of these six pots was harvested. The
harvested biomass was sorted into dead and alive parts, dried at 70°C for 48 h, weighed, and
ground up. Dead roots were separated from living ones based on visual inspection of their color
and testing elasticity with a tweezers. After digestion using the Kjeldahl procedure (1th at 200°C
and 2h at 340°C in a mixture of sulfuric acid, salicylic acid, copper sulfate, sodium sulfate, and
selenium) (Bremner & Mulvaney 1982), N and P concentrations were determined colorimetrically
on a continuous flow analyzer (Skalar SA-40). Total contents of N and P were calculated for each
part of the biomass (above-alive, above-dead, below-alive, below-dead) by multiplying their
concentration by the biomass. For each part, when fewer than three samples within a treatment
weighed more than 50 mg, all samples of the treatment were combined for digestion.

Growth in 2007 (mg per 15 weeks of fertilization) was calculated by subtracting average initial
biomass from biomass (including dead and alive) at the end of the 2007 fertilization period.
Growth in 2008 (mg per 14 weeks of fertilization plus the preceding winter) was calculated
by subtracting the average living below-ground biomass in 2007, for each treatment, from the
biomass at the end of the fertilization period in 2008. When growth in 2008 was negative,
we considered the negative part as the below-ground dead biomass in 2008. Death rate was
calculated as the percentage of dead biomass relative to total biomass. Root mass ratio (RMR)
was calculated as the percentage of living below-ground biomass relative to the total amount of
living biomass. P uptake in 2007 was estimated by subtracting the average initial P content from
the total amount of P content in 2007. P uptake in 2008 was estimated by subtracting the average
P content of living below-ground biomass in 2007 for each treatment from the total P content in
2008. When P uptake in 2008 was negative, we considered the negative part as loss from below-
ground dead biomass in 2008. P loss rate was calculated as the percentage of P content in dead
biomass relative to the total P content. Resorption rate of P from senescing leaves was calculated
for 2007 as the percentage difference in the P concentration between dead and living above-
ground biomass, relative to that in living above-ground biomass. Plants that did not regenerate
after the winter were excluded from the calculations for 2008. Plants that did not have any living
biomass left in 2008 were excluded from the calculations of RMR.

Statistical analysis

The effects of the nutrient supply level, N:P supply ratios, species, and their interactions (all fixed
factors) on various plant responses (growth, death rate, above-ground death rate, below-ground
death rate, P uptake, P loss, N uptake, N loss in 2007 and 2008, and leaf resorption rate of P
and N in 2007) were tested with a three-way ANOVA. Note that some of these plant response
variables are autocorrelated; there is a correlation among growth, P uptake, and N uptake as well
as among death rate, above-ground death rate, below-ground death rate, P loss, and N loss. All
variables except those expressed as percentages were log transformed or square root transformed
to obtain normal distributions of the residuals. For the leaf resorption rate, three-way interaction
was omitted, because we aggregated replicas of some treatments for N and P determination and
therefore used average values of each treatment for each species in the ANOVA. L. flos-cuculi
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Figure 3.1 Species difference in a) growth, b) death rate, c) P uptake, and d) P loss over two years (15 weeks of
fertilization in 2007, 14 weeks of fertilization in 2008, plus the winter in between) in response to different N:P
supply ratios. See Materials and Methods for the definition of each of the variables. Means of high and low nutrient
supply levels combined are shown. For growth and P uptake, the sums of SE for 2007 and SE for 2008 are shown

was excluded from ANOVA tests for 2008, as its regeneration rate in 2008 was very low (6%).
The factors that showed a significant effect in ANOVA were compared by a multiple comparison
test, the Games-Howell test (Sokal & Rohlf 1995). We also tested the difference in growth and
death rate between N:P supply ratios within each nutrient supply level (Games-Howell test) as
well as between nutrient supply levels within each N:P supply ratio (Mann-Whitney U test).
Additionally, differences in death rates between 2007 and 2008 were analyzed by the U test.

Relationships between death rate and biomass concentrations (N, P, and N:P) were tested
by Spearman’s correlation analysis. To check whether the treatment and species effects had
influenced the relationships, we repeated the correlation analyses with corrected variables (i.e.,
after dividing their values by the average values of the treatment for each species).

= Table 3.2 Effects of species (Sp), nutrient supply levels (L), and N:P supply ratios (NP) and their interactions on
eight plant responses in 2007 and 2008. F values and P values (***, p<o.001; **, p<o.01; ¥, p<0.05) determined by
3-way ANOVA, as well as treatment means (over all species) + SE for nutrient supply levels and N:P supply ratios,

are shown
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Growth Death Death Death Puptake Ploss N uptake N loss
(mg) (%) above  below  (mg) (%) (mg) (%)
ground ground
(%) (%)
2007
ANOVA results
df
Species 7 88.0%** 21.0%%*  28.6%**  28.8***  798¥** 18.1%** Q7. 1¥** 26 5***
Level 1 131.4%%*  49.1***  88.5%** 0.2 608.5%**  68.9%**  440.0%** 77.6%**
N:P ratio 2 12.2%%* 88.9%**  81.2** 0.6 730.2%**  46.0%**  253%** 75 3¥xx
SpxL 7 4.0%** 6.4%** 6.4%** 1.4 3.6%* 6.3%** 3.3%* 5.5%%x*
Sp x NP 14 3.4%%x 4.5%** 5.9%*x 1.1 7.0%%* 4.7%** 10.7%%*  4.6%**
Lx NP 2 4.2* 1.1 25 1.4 34.5%** 3.4% 6.6%* 1.5
SpxLxNP 14 0.6 2.3%* 2.4%* 13 1.8* 2.6%** 1.1 3.2%%
Error 192
Treatment means + SE
Low & N:P= 1.7 67653 6.6£0.9 15.1£2.0 0.8+0.2 0.96+0.07 3.3+0.6 4.3+0.2 5.6+0.9
15 779+77 8.6+1.0 17.5+2.1 1.7+05 0.27+0.04 3.8+0.6 7.4+0.7 4.1+0.5
135 685+73 15.0+0.9 29.5+2.0 1.4+0.3 0.07+0.02 7.1+0.9 7.9+09 8.9+0.8
High & N:P= 1.7 1190+81 4.6+£1.0 8.0+1.5 09+0.2 286+0.23 23+05 124+0.7 2.7+0.5
15 1427+126 5.8+1.1 95%1.7 0.9+0.2 1.07+0.09 23+0.7 224+1.7 3.2+0.7
135 976+93 11.6+£1.1 20.9+2.2 09+0.2 0.26+0.03 3.8+0.5 159+1.4 7.1£1.0
2008
ANOVA results
df
Species 6 21.2%** 45.9%¥*  312%¥% 5B 4*¥*  16.5%** 62.1*¥% 27 1*¥* 82 .4¥*¥
Level 1 107.2%** 2.2 0.0 0.1 83.2%** 0.0 71.4*** 0.1
N:P ratio 2 133.4%** 51.8%*%  19.8%**  49.2%**  180.4***  67.2%**  82.6%** 61.5%**
SpxL 6 4.0%* 3.3** 15 5.0%** 4.0%* 2.8*% 2.3% 3.1%*
Sp x NP 12 5.7%%* 3.3%%x 0.8 4.7%*% 5.6%** 8.4%*x 7.2%%* 6.1%**
L x NP 2 36.4%** 6.7%* 4.1* 4.9%* 19.4%%** 12.4%%*  21.3¥**  75¥%*
SpxLxNP 12 2.4%* 6.4%** 1.5 6.5%*% 2.6%* 6.0%** 3% 6.7%*%
Error' 173
Treatment means + SE
Low & N:P= 1.7 1437+151 17526 24.6+29 15.1+29 1.16£0.11 14.8+2.6 6.6+0.5 21.1+2.7
15 474176 27.6+3.8 344+35 248+42 0.15+0.02 28.1+3.8 4.7+0.6 28.0+3.7
135 189+41 49.7+6.2 499456 49.5+6.5 0.05£0.01 51.5+5.9 2.5+0.7 49.6+6.2
High & N:P= 1.7 2483+262 29.5£5.3 344453 26,154 2.52+0.26 28.4+56 12.3+1.0 30.6+£54
15 2798+203 23.3+4.2 257450 21.5+4.3 1.09+0.08 21.4+4.7 22.8+1.5 23.3+4.6
135 3784787 52,1456 49.2+5.8 52.2+6.0 0.12+0.02 53.7+6.1 5.8%1.3 529456
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Results

Effects of N and P supply on plant growth

The average plant growth across all species was significantly influenced by the nutrient supply
level and N:P supply ratio in both years (Table 3.2). In 2007, growth was higher at the high supply
level for all N:P ratios (p<o.05). Per supply level, the intermediate N:P supply ratio resulted in the
highest growth. In 2008, average growth was higher at the high supply level (p<o.001, except for
N:P supply ratio 135). At the high supply level, the low and intermediate N:P supply ratio resulted
in high growth; at the low supply level, in contrast, the low N:P supply ratio yielded the highest
growth. The ANOVA confirms that N:P ratio affected plant growth differently per supply level in
2008 (p<o.001). Still, for both supply levels, growth was significantly lower at the N:P supply ratio
135 than at the other ratios (p<o.o1).

Looking at the responses per plant species, the results revealed a large interspecific variation
in growth in both years (Table 3.2). Note that, for species-specific effects, we give the results
for the whole 2007-2008 period (Figure 3.1). We do so because the year effects were similar for
most species, with some minor deviation for a particular year (see Appendix I Figure 3.A1, 3.A2).
Although there was a significant interaction effect between species and N:P supply ratio in both
years (Table 3.2), all species had the lowest total growth at N:P supply ratio 135 over two years
(Figure 3.1a).

Effects of N and P supply on plant death rate

In 2007 the average death rate of the whole biomass (below- and above-ground biomass together)
across all plant species increased with an increasing N:P supply ratio and a decreasing nutrient
supply level (Table 3.2). Death of below-ground biomass was small, amounting to less than a few
percent (Table 3.2). In 2008 the average death rate of the whole biomass was much higher than in
2007 for all six treatments (p<o0.001). In 2008, the death rate rose with an increasing N:P supply
ratio independent of the nutrient supply level (Table 3.2), and the death rate of the below-ground
biomass was much higher than in 2007 (Table 3.2). The death rate of the whole biomass in 2008
was particularly high at an N:P supply ratio of 135, where the death rate did not differ significantly
between low and high nutrient levels (p=0.35). Although interaction effects between nutrient
supply level and N:P supply ratio were significant for the year 2008, the trend remained that for
both supply levels the death rate rose as the N:P ratio increased. (There was one exception: at the
high nutrient level, the death rate was slightly higher for the intermediate than for the high N:P
ratio.)

Correlation analysis showed that the death rate of the whole biomass was negatively related to
both concentrations of N and P in plant biomass, but more strongly to the P (r=-0.42, p<o.001)
than to the N (r=-0.17 p<o.001) concentration. These negative correlations were also found when
the treatment and species effects were corrected (r=-0.49 and p<o.oo1 for P concentration; r=-0.57
and p<o.oo1 for N concentration). In addition, the plant death rate was positively correlated with
the biomass N:P ratio (r=0.30, p<o0.001).

There was a high interspecific variation in the death rates, especially in 2008 (Table 3.2; see also
Appendix I Figure 3.A1b, 3.A2b). In both years, species responded differently to N:P supply ratios
(Table 3.2). The total death rate over two years at an N:P ratio of 135 was the lowest for E ovina,
followed by M. caerulea and L. europaeus (Figure 3.2b).
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Effects of N and P supply on nutrient uptake
We observed somewhat different patterns in the P and N uptake of plants in response to N:P
supply ratio than those in growth, despite that the uptakes were autocorrelated with growth. The
P uptake decreased with a rising N:P supply ratio in both years, while the N uptake differed from
one year to the next. The N uptake was lowest at the low N:P ratio in 2007 but lowest at the high
N:P ratio in 2008 (Table 3.2). The proportion of N and P taken up from the supplied N and P
in two years decreased with an increasing N:P supply ratio. The N uptake was 92 + 9 % for N:P
supply ratio 1.7, 41 + 5% for N:P 15, and 8 + 2% for N:P 135. The P uptake was 31 + 4% for N:P 1.7, 25
* 4 for N:P 15, and 15 + 4% for N:P 135. This means that the plants that were grown at the high N:P
supply ratio not only received less P but also took up lesser percentages of the P supplied. With
an N:P supply ratio of 135, the P uptake was especially small in 2008 (18.5% of total P uptake). At
this N:P supply ratio, the initial content of P from the pre-fertilization period consisted of a large
proportion (38.8%) of the total P content.

Total P uptake over two years largely differed among species at the N:P supply ratio of 135
(Figure 3.1c). L. europaeus took up 82.9% of the supplied P whereas M. caerulea took up only
4.1%.

Effects of N and P supply on nutrient retention

Similar to the plant death rates (and partly due to the autocorrelation), the losses of N and P
increased with an increasing N:P supply ratio in both years, while they were not significantly
influenced by the nutrient supply level in 2008 (Table 3.2). The P loss over two years became
larger as the N:P ratio increased (Figure 3.2a, see dotted lines): the loss amounted to 18.1% for N:P
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Figure 3.2 Loss or retention of P (a) and N (b) of plants grown with different N:P supply ratios, shown as
percentages of total uptake of P or N in two years. Means of high and low supply level across seven species (except
L. flos-cuculi) are shown. Each compartment represents a part of the biomass (above-ground alive, below-ground
alive, above-ground dead, below-ground dead) of each year. Dotted lines show the distinction between nutrient lost

from plants and nutrient retained in plants
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supply ratio 1.7, 20.2% for N:P 15, and 37.1% for N:P 135. Of the total P loss, the loss from below-
ground dead biomass in 2008 was larger than that from above-ground biomass. Moreover, that
loss from below ground increased along with the N:P ratio: the loss was 61.0% for N:P supply
ratio 1.7, 74.0% for N:P 15, and 81.2% for N:P 135. The same patterns were observed for N loss. That
is, we found an increasing N loss and increasing proportion of N loss from below-ground dead
biomass in 2008 as the N:P supply ratio increased (Figure 3.2b).

The total P loss over two years largely differed among species, especially at N:P supply ratio 135.
E ovina had the lowest P loss rate whereas A. pratensis and S. pratensis had a higher P loss rate
than the others (Table 3.2, Figure 3.1d). For all species, P was lost mainly from below-ground dead
biomass in 2008. The contribution of P loss from below-ground biomass to the total P loss in
2008 was especially large for S. pratensis (93%), M. caerulea (92%), and A. pratensis (87%).

The N resorption rate from senescing leaves in 2007 was influenced by the N:P supply ratio
(F,,, =14.7, p<o.o1). The N resorption rate was higher for an N:P supply ratio of 15 than of 135
(p<o0.05). The P resorption rate was not influenced by the N:P supply ratio (F,,, =1.1, p=0.35).
Species variation in the resorption rates was statistically significant for both N resorption (F,,,
=573, p<o.oo1) and P resorption (F_ =11.4, p<o0.001). M. caerulea and E ovina had the highest

714

and the second highest resorption rates for both N and P.

Discussion

General trends in N and P supply effects on plant growth and nutrient economy

The present study shows that the availability of N and P influences plant growth and nutrient
economy in terms of supply levels as well as of the N:P supply ratio. Moreover, the effects of N:P
supply ratio are shown to depend on time. Our results regarding plant biomass productivity
are comparable to those of previous similar experiments (Giisewell 2005a, Giisewell 2005¢).
Notably, in the first year, both high and low N:P supply ratios resulted in a relatively low biomass
compared to the intermediate N:P supply ratio, whereas in the second year it was especially the
high N:P supply ratio that resulted in a low biomass. As the present experiment traced the major
nutrient flows to and from plants over a period of two years, we were able to relate the negative
effects of high N:P supply ratio, especially in the long term, to high nutrient losses via the death
of roots.

The high death rate in the second year was influenced by a high N:P supply ratio, but not by
the nutrient supply level alone. Our experimental design included, besides the different N:P
supply ratios and nutrient supply levels, some identical supplies of N and of P. By comparing
these identical supplies we could see that the increased death rate at the high N:P ratio was due
to a relative scarcity of P to N, rather than to N toxicity or P limitation per se. First, the two
treatments with the same high N supply but at a contrasting P supply (i.e., High & N:P=15 and
Low & N:P=135) showed that a high N supply led to high death rates only when the P supply
was relatively low. This implies that N toxicity is not the main cause of high N:P ratio effects.
Moreover, the two treatments with the same low P supply but a contrasting N supply (i.e., High
& N:P=135 and Low & N:P=15) showed that a low P supply led to a high death rate only when the
N supply was relatively high. This implies that P limitation per se is not the main cause either.
Together, these results suggest an independent effect of N:P supply ratios on plant death rate
apart from the effects of N or P supply levels.

42 Chapter 3



The effects of N:P supply ratio on plant death rate might be explained by differences in the
way plants are able to adapt the N and P concentration in biomass to their environment (Aerts
& Chapin 2000, Giisewell & Koerselman 2002). We found that the plants adjusted their P
concentrations more flexibly than their N concentration. That is, the P concentration in living
biomass decreased considerably as the N:P supply ratio increased (82% decrease from N:P supply
ratio 1.7 to 135), whereas the N concentration decreased only slightly as the N:P supply ratio
decreased (26% decrease from N:P supply ratio 135 to 1.7) in 2007 (see Appendix II Table 3.A1 for
the average nutrient concentrations of each treatment for each part of the biomass). Considering
that the reduction of P concentration below a minimum requirement will cause senescence of
tissues (Batten & Wardlaw 1987), higher flexibility of P than N concentration in biomass could
explain the increased death rate at high N:P supply ratios, but not at low N:P supply ratios. The
importance of P concentration to the death rate is also underpinned by our observation that plant
death rates were more strongly correlated to P than to N concentration in biomass.

In addition, poor P uptake (in terms of both the absolute amount and the percentage relative
to supplied P) at a high N:P supply ratio could be another reason why plants kept such low P
concentrations. Our additional laboratory experiment showed that part of the supplied P could
be adsorbed to the substrate (ca. 30 % of the orthophosphate was adsorbed to the quartz sand
within a week when the P concentration in the solution was comparable to that in our Low,
N:P=15 treatment). We are also aware of a possible underestimation of nutrient uptake because
of our discrete (once a year) rather than continuous measurements of the nutrient content in
biomass. With this method, we were unable to trace nutrient losses via root exudates, which are
often stimulated by P deficiency (Vance ef al. 2003). These artefacts of our experiment, however,
are still not enough to explain the extremely low percentage of P taken up by plants (15%) at a
high N:P ratio. Although a high rate of P uptake by P-deficient plants is commonly observed in
short-term experiments (e.g. Shaver & Melillo 1984, Giisewell 2005¢), another two-year growth
experiment also revealed poor nutrient recovery (i.e., percentage of nutrient accumulated in
plants relative to its supply) under conditions of P- rather than N-limitation (Guisewell 2005a).
Furthermore, Craine and Jackson (2009) reported a trend whereby plants grown on low-P soil do
not increase biomass upon P fertilization alone, whereas those on low-N soil do increase biomass
upon N fertilization, indicating a stronger inhibition of nutrient acquisition under P rather than
N stress.

In reality, however, drastic nutrient losses and poor P uptake at high N:P supply ratios, as
those observed in our experiment, are less likely to happen. Under natural conditions, unlike
in our experiment, there exist various forms of P bound to soil that plants can effectively take
up by several mechanisms such as excretion of root exudates (Vance et al. 2003, Raghothama
& Karthikeyan 2005, Lambers et al. 2006). A low mycorrhizal infection rate on the plant roots
in our experiment (on average 14% in 2007) compared to their field status (Weishampel &
Bedford 2006) may have also led to the observed low P uptake by plants. Still, rapid increase
of atmospheric nitrogen deposition (Galloway 1995, Holland et al. 1999) could invoke a strong
(relative) P limitation in plants and influence the nutrient budget of the ecosystems by enhancing
nutrient loss from the plant rhizosphere.

Interspecific difference in response to high N:P supply ratios

By including eight different grassland species in the experiment, we were able to identify possible
mechanisms that cause species-specific responses to varying N:P supply ratios. Species variation
in impaired P uptake and increased P loss in the second year, which were the main negative
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effects of the high N:P supply ratio (see previous section), seemed to determine the differences
in the growth of the species. The top three fastest growing species in the second year at the high
N:P supply ratio (L. europaeus, E ovina, and E rubra in rank order) suffered less from P losses
than the other species, and the fastest growing species (L. europaeus) had the highest P uptake
compared to all other species.

Interspecific differences in P loss could be caused by several factors. First, species that had
poor P uptake inevitably had a lowered P concentration, which resulted in high death rates. Also
the sensitivity of death rate to low P concentration seemed species specific: M. caerulea and F
ovina had relatively low death rates even at low P concentrations, possibly due to interspecific
differences in optimum nutrient concentrations in biomass (Agren 2008). Secondly, variation
in leaf resorption rates could have influenced the species differences in P losses. The higher
resorption rate by M. caerulea and E ovina counteracted the negative effects of increased death
rates. Such interspecific differences in resorption efficiency are also reported by other studies
(Aerts & Chapin 2000, Giisewell 2005b). Thirdly, variation in root mass ratio (RMR) (results not
shown) could also have contributed to the species difference in P loss. Since loss from below-
ground dead biomass was the major path of P loss, higher allocation to roots may ultimately
have resulted in a higher loss rate. The much lower nutrient resorption rate from senescing roots
compared to that from leaves (Gordon & Jackson 2000; this experiment) may have accelerated
this effect. Indeed, the contribution of below-ground P loss to total P loss was very high for
species that had high RMR (M. caerulea, S. pratensis, and A. pratensis).

Contrary to our hypothesis (4), those species that commonly occur in P-limited grasslands,
i.e., M. caerulea and S. pratensis, did not perform better at a high N:P supply ratio than the other
species. They actually had the worst performance in terms of P uptake (M. caerulea) or P loss
(S. pratensis). A study on phosphatase activity with the same set of species (Chapter 2) shows
that M. caerulea and S. pratensis have eflicient phosphatase activity (i.e., high phosphatase activity
per unit of biomass). Because phosphatase excretion requires large quantities of N (Treseder
& Vitousek 2001), the intensive investment of these two species in phosphatase seemed to
turn out to be ‘wasted’ in our experimental setting, as we did not supply organic P, the P form
that phosphatase mobilizes. In contrast, L. europaeus, which had the highest P uptake in our
experiment, has poor phosphatase activity (Chapter 2). L. europaeus has less dependency on
phosphatase but may have other traits to promote P acquisition, e.g., nutrient carrier enzyme in
roots, which might have worked advantageously in our experiment.

Concluding, we have quantitatively shown for the first time that severe P limitation (ie., low
availability of P relative to N) causes high root death and thus results in poor nutrient retention
in plants. These results indicate that unbalanced anthropogenic impacts on N and P availability
to grassland ecosystems will influence their nutrient budget in the long term, for instance by
stimulating nutrient loss from the rhizosphere under a high level of N eutrophication relative to
P eutrophication. This might consequently alter the plant community structure by favoring plants
with an adequate growth strategy that circumvents unbalanced N:P availability, e.g., an efficient
P uptake or an enhanced P retention under conditions of P limitation. To further understand the
significance and consequence of the increased root death under P stress, future research needs to
examine the underlying physiological mechanisms that trigger the high death rate. Future studies
should also test the effects of P stress in experimental conditions that mimic the field nutrient
status in soil more realistically (i.e., by including various forms of phosphorus).
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Appendix |. Responses of each species to N:P supply ratios

= Figure 3.A1 Species difference in growth (a), death rate (b), P uptake (c), P loss (d), and root mass ratio (e) in
2007 in response to different N:P ratios for high (left) and low (right) nutrient supply levels. Means and SE are

shown
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= Figure 3.A2 Species difference in growth (a), death rate (b), P uptake (c), P loss (d), and root mass ratio (e) in
2008 in response to different N:P ratios for high (left) and low (right) nutrient supply levels. Treatments that had
fewer than three regenerated pots were omitted. Means and SE are shown
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Abstract

Eutrophication is a major threat to the biodiversity of herbaceous ecosystems. The diversity
decline may not only be caused by increased nutrient availability, but also by altered
stoichiometry, such as the ratio between nitrogen and phosphorus (N:P). We hypothesized that
species with particular functional traits would survive better in imbalanced nutrient conditions,
eventually altering species composition and decreasing species diversity.

We conducted a meta-analysis of species distributions along a gradient of N:P ratios in
Eurasian herbaceous ecosystems. Functional traits of occurring species, e.g. growth and
reproduction parameters, were related to their distribution patterns.

Species richness had a weak hump-shaped relationship with N:P ratio. The number and
percentage of threatened species were strongly and positively related to N:P ratio. Although
association between high N:P ratio and low productivity partly explained high richness of
threatened species under high N:P ratios, we found that unique effects of N:P ratio on threatened
species were much larger than that of productivity.

Species occurrence along a N:P gradient was associated with reproduction strategy: i.e. species
with a less dependency on seed reproduction (e.g. small seed number, short flowering period,
perennials) occurred more often in P-limited grasslands, irrespective of the confounding biomass
effects. Threatened species tended to have less dependency on seed reproduction, which could
account for their high richness in P-limited plots.

Our comparison between species pool size and current distribution of herbaceous vegetation
along a N:P gradient showed that the vegetation did not shift to be more P-limited in regions with
high N deposition rate; they rather shifted to be more N-limited. This counterintuitive pattern
may be due to promoted P foraging by increased N availability, resulting in dominance of fast-
growing species which have inherited low N:P ratios. Increased N deposition, therefore, may not
benefit threatened species by providing P-limited conditions, but it may rather cause a negative
impact on species diversity due to increased productivity and concomitant change in species
composition.

Keywords
Functional traits, meta analysis, N:P stoichiometry, herbaceous plant community, species
diversity, growth strategies, reproduction strategies, threatened species, Nitrogen deposition

Introduction

The negative impacts of eutrophication on species diversity in herbaceous ecosystems have been
intensively studied, but still remain topical (Stevens et al. 2004, Clark & Tilman 2008) since
the underlying mechanisms have not been completely clarified. A prevailing explanation of the
diversity loss due to eutrophication is that eutrophication increases biomass productivity. The
concomitant loss in species diversity can be explained by trait-based mechanisms: i.e. species
which have advantageous traits under productive conditions exclude others (Grime et al. 2007).
A changed balance of resources due to eutrophication might also account for species diversity
loss. The resource ratio hypothesis states that an intermediate balance of resources should support
the highest species diversity (Braakhekke & Hooftman 1999), because individual species may be
limited by different resources, allowing multiple species to coexist. This view was supported by
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results of a fertilization experiment (Harpole & Tilman 2007), as well as by analyses of field data
(Gusewell et al. 2005, Cardinale ef al. 2009). In search for a trait-based mechanism to explain
biodiversity loss, one could say that species that survive better under a certain type of resource
imbalance would have better adapted traits for such conditions. Although there have been
multi-species comparative studies analyzing functional traits in relation to nutrient availability
(Diekmann & Falkengren-Grerup 2002, Suding et al. 2005, Xia & Wan 2008), we are not aware of
any such a study in relation to nutrient balance.

In terrestrial ecosystems, nitrogen (N) and phosphorus (P) are the primary growth limiting
nutrients (Elser et al. 2007). The balance between N and P affects plant physiological processes
and growth, yet in a species-specific manner (Giisewell 2005a), which causes inter-specific
variation in plant N:P ratios (Giisewell 2004). For example, fast growing species generally have
a low N:P ratio, because they require a relatively high amount of P to intensively invest in rRNA
(Sterner & Elser 2002, Wright ef al. 2005, but see Matzek & Vitousek 2009). As a consequence of
this inter-specific variation, some species may persist better in either N- or P-limited conditions
than others. This may eventually result in different species composition of plant communities
depending on whether the vegetation is N- or P-limited (Verhoeven & Schmitz 1991, Olde
Venterink ef al. 2003, Giisewell 2004), and more frequent occurrence of endangered species in
P- than in N-limited grasslands and wetlands (Olde Venterink et al. 2003, Wassen et al. 2005).
Clarifying whether and how species functional traits influence such shifts in species composition
under varying relative availability of N and P will provide us a mechanistic explanation for the
observed relationships between species diversity and balance between N and P availability (Roem
& Berendse 2000, Aerts et al. 2003, Giisewell et al. 2005). This will subsequently improve our
understanding of the impacts of nutrient enrichment (e.g. atmospheric N deposition, which
possibly increases N:P ratio of ecosystems) on community structure and species diversity of
herbaceous plant communities.

In order to examine the effects of N:P ratio on plant species diversity and composition,
we conducted a meta-analysis of vascular plant distribution from field studies in Eurasian
herbaceous plant communities. These sites encompass a wide geographical range and cover
a gradient from very low to high atmospheric N deposition. First, we tested if increased N
deposition could have shifted N:P ratios of vegetation. Although there is no direct way to
measure pre-industrial N:P ratios of vegetation, it could be approximated by species pool size,
which is believed to reflect past biogeographical and historical events (Wisheu & Keddy 1996,
Schamp et al. 2002). We, therefore, compared the species pool size (as a proxy of historical
abundance of the habitat) with the current frequency distribution of plots along a N:P gradient.
Second, we correlated N:P ratio of plant communities to their species diversity and functional
composition. Functional traits of occurring species, such as growth and reproduction parameters,
were examined in relation to their distribution patterns along a N:P gradient.

Our hypotheses were; 1) in regions where N deposition rate is currently high, vegetation have
shifted to be more P-limited than before; 2) species richness is highest at intermediate N:P ratio;
3) threatened species persist more in communities with higher N:P ratios; 4) threatened species
have particular functional traits in common, and those traits are positively associated with
occurrence in P-limited sites.
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Methods

Relevee data of herbaceous vegetation

We used vegetation data of 647 plots from wet to moist herbaceous ecosystems. The plots were
selected from a wide geographical range of Eurasian countries; the Netherlands (287 plots),
Belgium (20), Poland (155), Germany (43), Russia (83), Iceland (17), Sweden (16), Scotland
(12), Belarus (10), France (2), and Italy (2). The Polish plots are located in two regions: central
(Kampinos) and north-east (Rospuda and Biebrza) Poland. The Belgium and Dutch plots are
treated as within the same region. Thus, we distinguish 11 geographically distinct regions in the
analysis (also see Appendix I Table 4.A1).

Vegetation types include grasslands, fens, bogs, marshes, and dune slacks. 102 plots are exposed
to periodical river flooding. For each plot above-ground standing crop of vascular plants was
harvested at the height of the growing season, between June and August. The harvested surface
area ranged from 0.06 m’to 1 m*. Concentration of N, P and K in the biomass was analyzed
after Kjeldahl digestion (Bremner & Mulvaney 1982). Vascular plant species composition were
recorded in or around the harvested plots for a size of 0.06, 1, 4, 10, or 25 m* (See Appendix I for
justification of using different plot sizes). The plant communities are similar among the countries:
averagely 86% (and minimum 70%) of the species recorded in a country was also observed in
other countries.

Characteristics of species

A number of functional traits were selected to distinguish functional strategies of species. For
537 species recorded, trait values were retrieved from several databases: Biobase (CBS 1997),
LEDA traitbase (Kleyer et al. 2008), BiolFlor (Klotz et al. 2002), and CLOPLA (Klimesova &
Klimes 2006). For each species, categorical-scale trait data were obtained for functional group
(woody/herbaceous, dicots/monocots), life span (annual/biennial/perennial), N-fixing legumes
(nodulated legumes/other herbs) (Sprent 2001), pollen vector (by wind or water/by animal/by
selfing/multiple vectors), and type of reproduction (mostly by seed/by seed and vegetatively/
mostly vegetatively). Ordinal-scale trait data were obtained for starting month of flowering
(month), duration of flowering (month), and lateral spread (<0.01/0.01-0.25/>0.25m per year).
Continuous-scale trait data were obtained for canopy height (CH; m), specific leaf area (SLA;
mm?/mg), leaf dry matter content (LDMC; %), leaf mass (LM; mg), seed mass (mg), and number
of seeds (number per shoot). Furthermore, C-S-R strategy (Grime et al. 2007) was attributed to
each species by use of seven traits (CH, LDMC, flowering period, flowering start, lateral spread,
LM, and SLA) according to the method of Hodgson ef al. (1999). For each species, scores of each
primary element (C: competitor, S: stress tolerator, R: ruderal) were assigned simply from its
proportional contributions (e.g., C scores of C, CS, CSR, and C/CR strategies are 1, 0.5, 0.33, and
0.75, respectively (cf. Willby et al. 2001)).

Threatened species were distinguished using the red lists of the Netherlands (van der Meijden
et al. 2000, Tamis et al. 2004), Germany (Schnittler & Ludwig 1996), and Poland (Mirek et al.
2006), because plots from these countries consisted of a majority (77%) of our dataset. Species
composition of the other countries were similar to theirs: in our dataset, overlaps of species with
these three countries were 97% for Belgium and France, 95% for Iceland, 92% for Belarus, 83% for
Scotland, 76% for Sweden, 74% for Italy and Russia. Species which are categorized in “critically
endangered”, “endangered” or “vulnerable” (but not “rare”) in at least one of the three countries

54 Chapter 4



were classified as threatened. Therefore, these are species that are actually disappearing (due to
habitat or environmental change) and not those that have always been rare.

Data analysis

The N:P ratio of the total above-ground herbaceous vegetation is taken as the indicator of
the type and strength of nutrient limitation of the plant community as a whole (Giisewell &
Koerselman 2002, Olde Venterink et al. 2003). Since the consideration of N:P ratio is relevant
only when a plot is (co-)limited by N or P, we excluded K-limited plots from the analysis for N:P
ratio. According to Wassen ef al. (2005), we considered a plot as K-limited if N:K ratio is more
than 2.1 and K:P ratio is less than 3.4. We had 61 K-limited plots.

Firstly, we compared species pool size and current frequency distribution of plots along a N:P
gradient. Species pool size (see below for calculation) was used as a proxy of historical frequency
distribution of vegetation, assuming that species pool size is larger for a abundant habitat type
than a rare habitat type in a evolutionally time scale (Zobel 1992). To test if current conditions
are more P-limited than historical conditions in regions with high atmospheric N deposition, we
examined the discrepancy of species pool size and current frequency distribution of vegetation
for three regions which have the largest number of plots (i.e. the Netherlands and Belgium, NE
Poland, and Siberia). These regions are exposed to distinct levels of atmospheric N deposition,
with estimated deposition levels of 30 for the Netherlands, 10 for NE Poland, and 3 for Siberia
(kgN ha' year”, sum of oxidized and reduced nitrogen in 2002) (Tarrasén et al. 2004). Species
pool size was calculated as follows, a comparable method to Wisheu & Keddy (1996). All non-
K-limited plots were grouped into 15 categories of N:P ratio with the same interval (0.2) on a
log-scale. We allowed overlap of Ino.1 between categories to avoid improper influence of the
group boundaries which we arbitrarily chose. Within each category, subsets of 10 plots were
randomly chosen, for which the total number of species (= species pool size) was determined.
The same procedure was repeated 10 times, and average and SE of the total species number were
calculated.

Secondly, we compared species diversity of vascular plants with biomass and N:P ratio
of vegetation. We used three indices to assess species diversity: number of species, number of
threatened species, and percentage of threatened species over total number of species. Sequential
regression analysis (Graham 2003) was conducted to distinguish unique and shared effects of
biomass and N:P ratio on each diversity index. Data were log- or square-root-transformed to
obtain normal distribution of the residuals. For the number of species and number of threatened
species, both linear and quadratic effects of biomass and N:P ratio were considered. For the
percentage of threatened species, a logistic regression analysis was applied in order to restrict the
prediction between o and 100. K-limited plots were excluded from the analysis.

Thirdly, functional traits of each species were related to the habitat conditions (biomass and
N:P ratio of above-ground vegetation) of their occurrence. For all the herbaceous species which
occurred at least in three plots, we calculated average N:P ratio and biomass of the plots where
they occurred. K-limited plots were excluded from the calculation of average N:P ratio. CH,
SLA, seed number, and average biomass were square-root-transformed, and LDW, seed mass,
and average N:P ratio was log-transformed, to obtain normal distributions. First, we tested the
correlations between habitat conditions (i.e. average N:P ratio and average biomass) and six
continuous-scale traits (CH, SLA, LDMC, LM, seed mass, seed number) by Pearson’s correlation
analysis, as well as correlations between the habitat conditions and six ordinal-scale traits
(flowering start, flowering period, lateral spread, and C-, S-, R-score) by Spearman’s correlation
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analysis. Furthermore, we tested the relationships between five categorical traits (functional
group, life span, N-fixing legumes, pollen vector, and type of reproduction) and the habitat
conditions by ANOVA. Since N:P ratio and biomass of plots were negatively correlated (r=-
0.47 p<o.001 with Pearson’s correlation analysis), we conducted additional analyses to remove
the confounding effects of biomass on the relations between traits and N:P ratio, and vice versa,
in the following ways. For the continuous-scale traits, partial correlation analysis with average
N:P ratio or average biomass was conducted to control the effect of the other. For the ordinal-
and categorical-data, Spearman’s correlation or ANOVA analysis were repeated with corrected
average N:P ratio and biomass (corrected for the effects of the other, by using residual values of
regression models).

Finally, functional traits were compared between threatened species and the other species. For
the quantitative and categorical traits, we analyzed with Mann-Whitney’s U-test and chi-square
test, respectively.

Results

Species pool size and current frequency distribution of plots along

a N:P gradient under different levels of N deposition

Species pool size (as a proxy of historical frequency distribution of plots) was highest at
intermediate N:P ratio (12-15) and decreased drastically toward high N:P ratio (Figure 4.1a). The
current frequency distribution of plots had almost the same shape as species pool size (Figure
4.1a).

For all of three regions, the peaks of species pool size were at intermediate N:P ratio (Figure
4.1b-d). For Siberia and NE Poland subsets, the shape of the current frequency distribution of
plots matched with that of species pool size (Figure 4.1b & 1c). In contrast, for the subset of the
Netherland and Belgium, the shape of the current frequency distribution of plots were skewed
toward lower N:P ratio (ca. 7-8) compared to that of species pool size (Figure 4.1d).

Patterns of species richness of plant communities with N:P ratio and biomass
Number of species had hump-shaped relationships with both N:P ratio and biomass (Figure
4.2a). Sequential regression analysis showed that the unique effect of N:P ratio explained only a
minor variation, whereas biomass counted for a larger variation (Table 4.1).

Both number and percentage of threatened species increased with N:P ratio, whereas they
decreased with biomass (Figure 4.2b, 2c). Sequential regression analysis showed that the unique
effect of N:P ratio was much larger than that of biomass (Table 4.1).

Correlations between functional traits and species occurrence

patterns along a N:P and biomass gradient

Several significant correlations were found between species functional traits and the average
N:P ratio of vegetation in the sites where they occurred (Figure 4.3; see Appendix II Table 4.A2a
for statistical values for the relations). Average N:P ratio was positively correlated with LDMC
(correlation coefficient +0.23, p<o.001; Figure 4.3¢), whereas it was negatively correlated with CH
(-0.21, p<o.o1; Figure 4.3a), SLA (-0.14, p<o.05; Figure 4.3b), seed number (-0,35, p<o.0o1; Figure
4.3f), flowering period (-0.33, p<o.oo01; Figure 4.3h), and lateral spread (-0.14, p<o.o0s5; Figure
4.31). Average N:P ratio was higher for monocots than dicots (p<o.o1; Figure 4.3m), and higher
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Figure 4.1 Species pool size (crosses) and current frequency distribution of plots (bar graphs) along a gradient of
N:P ratios for all plots (a), Siberian plots only (b), NE Poland plots only (c), and Netherlands and Belgium plots
only (d). Species pool size, assumed to represent historical frequency distribution of vegetation, was calculated

as the total number of species of randomly selected 10 plots within each N:P ratio category. The calculation was
repeated 10 times, and its average and SE are shown in the figures. K-limited plots were excluded from the analysis.
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Table 4.1 Percentage of variation explained by sequential regression analyses for number of species per plot,
number of threatened species per plot, and percentage of threatened species per plot. The explanatory variables
are N:P ratio and biomass of above-ground plant material. Unique and shared effects of N:P ratio and biomass are
separately shown. K-limited plots were excluded from the analysis.

Response variables
Number of species Number of threatened % of threatened
species species
Explanatory variables
N:P ratio 2.1 20.1 211
Biomass 9.9 6.6 9.2
N:P & Biomass 34 14.4 25.1
Total explained 15.4 411 55.4
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Figure 4.2 Relationship of N:P ratio (left) and biomass (right) of above-ground plant material with a) number of
vascular species per plot, b) number of threatened species per plot, and ¢) percentage of threatened species per plot
in herbaceous plant communities. Although several plot sizes were used, the relationships shown here do not seem
to change with the plot size (see Appendix I). K-limited sites were excluded from the figures of N:P ratio.
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for perennials than annuals (p<o.001; Figure 4.3n). Legumes were not related to the N:P ratio
(Figure 4.30). Average N:P ratio differed almost significantly (p=0.055) between different types
of reproduction (Figure 4.3q); it was higher for species which reproduce mostly vegetatively
than for those which reproduce both by seeds and vegetatively (p<o.05). Even when the effects
of biomass on N:P ratio were corrected, negative correlation with average N:P ratio remained for
seed number (-0.30, p<o.001), flowering period (-0.33, p<o0.001), and lateral spread (-o0.14, p<0.05)
(see Appendix II Table 4.A2b for statistical values of all traits).

We also observed several significant correlations between species functional traits and the
average biomass of the sites where they occurred (Figure 4.4; see Appendix II Table 4.A2c for
statistical values). Average biomass was positively correlated with CH (correlation coefficient
+0.35, p<o.oo1; Figure 4.4a), SLA (+0.18, p<o.o1; Figure 4.4b), LM (+0.21, p<o.o1; Figure 4.4d),
seed number (+0.19, p<o.o1; Figure 4.4f), and flowering period (+o.1; p<o.o1; Figure 4.4h),
whereas it was negatively correlated with LDMC (-0.28, p<o.001; Figure 4.4¢c). Reflecting the
negative correlation between average biomass and average N:P ratio (r=-0.54, p<o.o01 with
Pearson’s correlation analysis), signs of the correlations with average N:P ratio were opposite to
that with average biomass (compare the relationships in Figure 4.4 to that in Figure 4.3; also see
Appendix II Table 4.A2). Average biomass was higher for dicots than monocots (p<o.01; Figure
4.4m). Even when we corrected for the effects of N:P ratio on biomass, the positive correlation
with average biomass remained for CH (+0.29, p<o.001), SLA (+0.12, p<0.05), LM (+0.19, p<o.01),
and flowering start (+0.14, p<0.05), while negative correlation remained for LDMC (-0.19, p<o.01)
(see Appendix II Table 4.A2d for statistical values of all traits).

Grime’s CSR strategy types were also related to species distribution patterns along gradients
of biomass and N:P ratio (Figure 4.3j-1, Figure 4.4 j-1). Even when the effects of the other was
corrected, correlation analysis showed that species which have stronger S characteristics
occurred more often in sites with low biomass and with high N:P ratio (correlation coeflicient
-0.21, p<o.001 with biomass; +0.17 p<o.o1 with N:P ratio). On the other hand, species which have
stronger R characteristics occurred more often in sites with low N:P ratio (-0.24, p<o.001), and
species which have stronger C characteristics occurred more often in sites with high biomass
(+0.22, p<o.001).

Functional traits of threatened species

Threatened species had lower CH (p<o.001), shorter flowering period (p<o.001), smaller
SLA (p<o.05), fewer seeds per shoot (p<o.001), and smaller lateral spread (p<o.001) than non-
threatened species. Threatened species were less likely to be N-fixing legumes (p<o.05) and more
likely to be perennials (p<o.01) than non-threatened species. There were no differences between
threatened and non-threatened species in C-, S-, or R-scores, flowering start, LDMC, LM, seed
mass, functional group, pollen vector, and type of reproduction (p>0.05).
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Figure 4.3 Relationships between species functional traits and their occurrence along a gradient of N:P ratio. The
occurrence of a species was expressed as the averages of N:P ratio in above-ground vegetation of the plot where
they occurred. Only species which was recorded in at least 3 plots were considered. The relationships were shown
as scattered graphs for the continuous-scale traits (a: Canopy height, b: Specific leaf area, c: Leaf dry matter content,
d: Leaf mass, e: Seed mass, f: Seed number per shoot), for the ordinal-scale traits (g: Flowering start, h: Flowering
period, i: Lateral spread), and for the element scores of Grime’s CSR strategy (j: C-score, k: S-score, I:R-score).

The relationships are shown as box plots for the categorical traits (m: Functional group, n: Life span, o: N-fixing
legumes, p: Pollen vector, and q: Type of reproduction). Lateral spread and N-fixing are evaluated only for non-
annual species and for herbs, respectively. The box plots show the range from 25th to 75th percentiles and the

median value, accompanied with whiskers from minimum to maximum. For the continuous- and ordinal-scale
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traits, correlations with average N:P ratio was tested with Pearson’s and Spearman’s correlation analysis, respectively.
For the categorical-scale traits, difference in average N:P ratio among categories were tested with ANOVA. Because
N:P ratio and biomass were negatively correlated, we did additional analyses to remove the possible confounding
effects of biomass on the relations between traits and N:P ratio, and vice versa (see Methods). See Appendix II
Table 4.Ax2 for the results of these statistical analyses.
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Figure 4.4 Relationships between species functional traits and their occurrence along a gradient of biomass. The
methods of graphical presentations and the statistical analyses are identical to those in Figure 4.3.
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Figure 4.5 Relationship between (a) N:P ratio and biomass, and (b) N and P concentrations, in above-ground
plant material for each plot. K-limited plots were excluded. The dotted line shows that the ratio between N and P

concentrations is 15.

Discussion

Effects of N:P ratio on species diversity of vascular plants

Species richness of vascular plants was weakly related to N:P ratio, and was highest at
intermediate (ca. 15) N:P ratio. This means that balanced availability of N and P is favored by
plants to co-exist, supporting the resource ratio hypothesis. The unique effect of N:P ratio,
however, explained only a small percentage of variation in species richness. This concurs with the
analysis of Gusewell ef al. (2005) in which N:P ratio accounted for a small, though higher than
our study, variation (11-17%) of species richness. Other local conditions such as biomass, pH and
disturbance, as well as regional processes like dispersal limitation (Ozinga et al. 2005), likely play
far more important role in determining species diversity of herbaceous plant communities (Grace
1999).

The number and percentage of threatened species were much more strongly influenced by N:P
ratio than overall species number. This confirms the results of previous studies with a smaller
number of plots (Olde Venterink et al. 2003, Wassen et al. 2005) in which more endangered
species persisted under P-limited than N-limited conditions. Moreover, our study showed that
the unique effect of N:P ratio on richness of threatened species was much stronger than that of
biomass. This is consistent with Olde Venterink et al. (2001) who observed that the occurrence
of threatened species in Dutch meadows and fens (46 sites also included in our dataset) was
negatively related to soil extractable P, regardless whether soil-P was related to biomass or not.
Furthermore, High pH, a stress factor that may affect persistence of threatened species, had only
minor influence on richness of threatened species (results not shown).

Two different mechanisms may explain higher richness of threatened species in P- than
N-limited plots. The first mechanism is the possible indirect effect of N:P ratio on species
composition via productivity. P-limited conditions are related to the low productivity of the
site (this study (Figure 4.5a), Mcjannet ef al. 1995, Olde Venterink et al. 2003), although the
association is weak and not always consistent (Willby et al. 2001, Giisewell et al. 2005). The
low productivity would benefit threatened species that are typically inferior in competition for
light in highly productive vegetations. The causal relationship between high N:P ratio and low
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productivity is not evident. It is speculated that P-limited conditions are, at least partly, the
consequence rather than the cause of low productivity: low productivity attract slow-growing
species which tend to have lower N:P ratio than fast-growing species (Sterner & Elser 2002,
Wright et al. 2005) because of their different physiological requirement. This underlies the well
established scaling pattern of N and P concentration in plants: N and P concentrations are
positively related but with a scaling slope smaller than 1 (i.e. species which have high nutrient
concentrations tend to have a low N:P ratios) on individual level (Wright et al. 2004, Niklas ef al.
2005, Westoby & Wright 2006) as well as community level (this study (Figure 4.5b), Bedford et al.
1999, He et al. 2008).

The second mechanism may be direct effects of N:P ratio on species composition due to
inter-specific difference in functional traits. Our study supported such direct effects by showing
several correlations between species functional traits and their distribution patterns along N- to
P-limited grasslands even when confounding effects of biomass on N:P ratio were removed. For
example, we found that traits related to reproduction accounted for occurrence in N- or P-limited
conditions; species which have a shorter flowering period and a smaller number of seeds, those
which rely on vegetative rather than seed reproduction, and perennial rather than annual
species, occurred more often in P-limited (high N:P ratio) than N-limited (low N:P ratio) plots.
A relatively high requirement of P in reproductive structures compared to vegetative structures
(Kerkhoft et al. 2006) could contribute to a better persistence of those species under P-limited
conditions. On the other hand, species with high canopy height, high SLA, low LDMC and high
LM, which are all characteristics of fast-growing species, were positively related to biomass even
when the effect of N:P ratio was controlled. This indicates that, although productivity and N:P
ratio are partly auto-correlated, N:P stoichiometry and productivity also partly influence species
composition independently. In this respect, productivity affects species composition via growth
strategies whereas N:P stoichiometry could influence species composition via reproductive
strategies.

The trait-based direct effect of N:P ratio on species composition was further supported by
our analysis on species functional strategy. CSR strategies and distribution patterns along a N:P
gradient were related irrespective of confounding biomass effects; stress tolerators occurred more
often in P-limited plots whereas ruderals occurred more often in N-limited plots. This links to
the above-mentioned discussion on each functional trait, as ruderals tend to produce seeds more
intensively than the others (Grime et al. 2007). A similar pattern has been suggested in previous
studies: ruderal species have a lower N:P ratio in biomass than other types of wetland species
(Mcjannet et al. 1995, Glisewell 2004); plant communities characterized by stress tolerators had
a higher N:P ratio in biomass than those by competitors or ruderals (Willby et al. 2001). The
occurrence of another functional type of species, legumes, was surprisingly not related to N:P
ratio, although symbiotic N, fixation seems to be of advantage under N limitation. However,
legumes appear to produce high rates of phosphatase and hence could be adapted to P limitation
as well (Houlton et al. 2008).

The relationship between N:P gradient and richness of threatened species poses the question
whether threatened species have particular functional traits in common which are favored in
P-limited conditions. Our study and a number of previous studies shared the idea that difference
in characteristics between threatened and common species mainly lies in reproduction strategy:
i.e. threatened species have a shorter flowering period (Lahti ef al. 1991, this study), smaller seed
mass (Murray et al. 2002), fewer number of seeds (this study), and poorer dispersal ability (Kunin
& Gaston 1993, Farnsworth & Ogurcak 2008). Therefore, the typical reproductive strategies of
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threatened species could, at least partly, explain why they occur more often in P-limited than
N-limited vegetation.

Atmospheric N deposition shift ecosystems toward P-limitation and

thus change species composition of plant communities?

Whether increased nitrogen deposition alters the type of nutrient limitation and thus species
composition of herbaceous plant communities is an important concern for ecosystem
conservation. Our analysis on species pool size and current distribution of vegetation along
a N:P gradient indicated that regions with a high N deposition rate did not shift to more
P-limited, but rather to more N-limited conditions. This counterintuitive pattern may be due
to difference in biogeochemical forms between N and P. P exists mainly in compounds which
are not-readily available for plants. Plants have a variety of traits to forage P from compounds,
such as root exudate, cluster root, or mycorrhizal infection (Lambers ef al. 2006), which could
be flexibly adjusted according to their demand (e.g., stimulated phosphatase activity following P
scarcity (Johnson et al. 1999)). Increased N deposition, therefore, may promote P availability for
plants and thus increase productivity, which concurs with the finding of a direct, long-term field
measurement (Malmer & Wallen 2005). A higher P eutrophication level in the Netherlands than
in Poland and Siberia (via P-enriched surface water as well as internal eutrophication) could also
have stimulated P foraging by plants. Furthermore, the resulting increased productivity would
have changed plant communities to be dominated by faster growing species in the long term.
This, as discussed earlier, could have caused a lowered N:P ratio in vegetation.

One may think that increased N deposition might be preferable for ecosystem conservation
because it shifts N-limited grassland ecosystems to more balanced N:P ratios which support
high species diversity (Aerts et al. 2003, Giisewell et al. 2005), or even to P-limited where
more threatened species could persist (Wassen et al. 2005). Our findings, however, indicated
an opposite possibility: increased atmospheric N deposition could increase bio-availability
of P (Johnson et al. 1999) as well as alter species composition toward dominance of fast
growing species and loss of threatened species. In order to predict the effects of eutrophication
on ecosystems, a more mechanistic (and modeling) approach is required which includes
physiological responses of plants to varying N:P stoichiometry and its consequence on species
competition and community structure.
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Appendix I: Justification of using different plot sizes

Since data were collected by various researchers, the plot size for species identification varied
from 0.06 to 25 m” (Table 4.A1). The plot size was chosen by each researcher according to his/her
experience with the vegetation of the research area, so that the plot represents well the diversity
of the investigated vegetation. For Iceland, an exceptionally small plot size (25 cm x 25 cm) was
used. Although the number of species was small in Iceland plots (ranging from 5 to 11, average
7.3), the species pool size of Iceland was very limited too: there were only 20 species in total from

17 plots. Therefore, the effect of the small plot size of Iceland would be minor.

The relationships between species diversity and plot properties (as in Figure 4.2) are shown
for each plot size in Figure 4.A1. The shapes of the relationships are similar among different plot
sizes, suggesting no major consequence of using various plot sizes on our conclusions.

Table 4.A1 Plot size for species identification for each region

Country

Region

Plot size (m?)

Number of plots

The Netherlands, Belgium

Germany
Poland

Scotland
Sweden
Belarus
France
Italy
Russia
Iceland

The Netherlands & N. Belgium

Northern upper Rhine
NE Poland (Biebrza & Rospuda)

Central Poland (Kampinos)
Gairloch

Umea

Ruzhany

Jura

Grand Paradiso
Novosibirsk

Hengill

1
4
10
25
10
25
25
10
10
10
10
10
10
0.06

55
85
167
43
76
41
38
12
16
10
2
2
83
17
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Figure 4.A1 Relationship of N:P ratio (left) and biomass (right) of vegetation with a) number of vascular species, b)
number of threatened species, and c) percentage of threatened species in herbaceous plant communities for each

plot size of species identification. K-limited sites were excluded from the figures of N:P ratio.
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Appendix Il. Relationships between species functional traits and
their occurrence patterns on gradients of N:P ratio and biomass

See next page
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Table 4.A2 Relations between species traits and average N:P ratio (a) or average biomass (c) of above-ground plant
materials in plots where they occurred. Only herbaceous species which occurred at least in three plots were used.
Because not all species were examined due to incompleteness of trait information, percentages of examined species
are shown for each trait. Continuous- and ordinal-scale trait data were analyzed by Pearson’s and Spearman’s
correlation analysis, respectively. Categorical-scale trait data were analyzed by ANOVA. Since there was a negative
correlation between N:P ratio and biomass, we did additional analyses to remove the possible confounding effects
of biomass on the relations between traits and N:P ratio (b), and vice versa (d), in the following ways. For the
continuous-scale traits, partial correlation analysis with average N:P ratio or average biomass was conducted to
control the effect of the other. For the ordinal- and categorical-data, Spearman’s correlation or ANOVA analysis
were repeated with corrected average N:P ratio and biomass (corrected for the effects of the other, by use of residual
values of regression models). Correlation coefficients and P values are shown for continuous- and ordinal-scale
traits. F values and P values of ANOVA and the results of multiple comparison are shown for categorical-scale
traits. P values are: ", p<o.001; ”, p<0.01; ", p<0.05; ™, not significant.

Species traits Average N:P ratio Average biomass $19% of species
examined
(a) (b) () (d)
Corrected for biomass Corrected for N:P

Continuous-scale (Pearson’s and partial correlation analysis)

CH -0.217 ns +0.35™ +0.29™ 95%
SLA -0.14" ns +0.18" +0.12" 88%
LDMC +0.23™ ns -0.28™ -0.19” 84%
LM ns ns +0.21" +0.19" 84%
Seed Mass ns ns ns ns 82%
Seed Number -0.35™ -0.30™ +0.197 ns 80%
Ordinal-scale (Spearman’s correlation analysis)
Flowering Start ns ns ns +0.14° 96%
Flowering Period -0.33™ -0.33™ +0.17" ns 96%
Lateral spread -0.14 -0.14° ns ns 78%
C-score ns ns +0.24™ +0.22™ 93%
S-score +0.28™ +0.17" -0.317 -0.21™ 93%
R-score -0.27" -0.24™ +0.13" ns 93%
Categoricall-scale (ANOVA)
Dicot/Monocot Fi30=84" 3.5™ 9.7" 44 100%
D<M™%2 M<D"2  M<D®
Life span Foae=1297  103™ 0.9 0.4™ 97%
AP < PP™53 AP < PP”S3
Legumes Fi0=2.7" 2.8™ 0.0™ 2.1m™ 100%
Pollen Vector Fye=16" 0.9™ 3.0° 24" 92%
Type of Reproduction  F,,,,=2.9" 2.9 2.8™ 1.9™ 89%
S<B® S<V' s

S': out of total 212 species (herbs only) for the analysis of legumes, out of total 322 species for the rest, % D (dicots),

M (monocots), **: AP (annual plants), PP (perennial plants), **: S (mainly by seeds), B (both by seeds and vegetatively), V (mainly
vegetatively)

CH: Canopy Height, SLA: Specific Leaf Area, LDMC: Leaf Dry Matter Content, LM: Leaf Mass, C-, S-, R-score: proportional
contribution of primary elements of Grime’s CSR strategy
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Abstract

Eutrophication affects terrestrial ecosystems not only by increasing overall nutrient availability
but also by changing the balance between necessary nutrients, such as nitrogen (N) and
phosphorus (P). Plastic responses (e.g. flexible nutrient concentrations in biomass) and adaptive
traits (e.g. phosphatase activity) of plants to varying N:P availability may influence the way in
which N eutrophication affects ecosystems. With a plant competition model coupled in N and
P cycles, we examined how increased N input at different P input levels affects species growth,
competition, and ecosystem P retention. In the model, plant species flexibly adjust their nutrient
concentrations, and have different magnitudes of phosphatase activity. The model results showed
that, in N-limited conditions, species with low phosphatase activity always win, and increased N
input hardly changes ecosystem P retention. In P-limited conditions, increased N input benefits
species with high phosphatase activity, unless under eutrophic conditions (i.e. high N and P
input). Here, phosphatase activity increases P retention only slightly because of its high cost in N
which hampers biomass production. The model results also showed the possibility that, if there is
a trade-off between phosphatase activity and growth rate, increased N input can rapidly increase
ecosystem P retention via altering species composition. Our results suggest that N eutrophication
benefits species with high phosphatase activity, but only under low P input conditions. Moreover,
the changed species composition due to N eutrophication might result in increased P retention.
Explicit consideration of N:P stoichiometry is needed when predicting the eutrophication effects
on ecosystems.

Keywords
N:P ratio; plant competition model; N supply; root-surface phosphatase activity; soil phosphorus
adsorption; P retention

Introduction

Nitrogen (N) and phosphorus (P) are the nutrients that most frequently limit plant productivity
in terrestrial ecosystems (Elser ef al. 2007). Since N and P have different but mutually dependent
physiological roles in plants (Kerkhoff et al. 2006), plants should maintain a stoichiometric
balance of N and P to function properly. Experimental studies showed that plants respond
differently to N or P additions (e.g. Shaver & Melillo 1984) as well as to different relative supply of
N and P (Giisewell 2005a), supporting the idea that not only the overall nutrient level but also the
nutrient balance between N and P are important to plant growth.

Plants have various strategies to maintain stoichiometric balances under varying (relative)
availabilities of N and P (Lambers et al. 2008), which include both plastic responses to changing
nutrient availabilities (e.g. adjusting nutrient concentrations in plant biomass) and adaptive traits
developed on an evolutionary time scale. Several of such adaptive traits of plants are identified
with which plants can survive better in N or P limited conditions, such as a high resorption rate
of limiting nutrients (Aerts & Chapin 2000, Giisewell 2005b), phosphatase activity in P-limited
conditions (Johnson et al. 1999), or N fixing symbiosis in N-limited conditions (Sprent 2001).
The role of phosphatase activity in P-limited conditions is especially well studied, because of its
large contribution to plant P uptake (e.g., P uptake via hydrolyses of organic P by phosphatase
enzymes makes up as much as 65 % of the annual P intake of a plant (Kroehler & Linkins 1988))
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as well as its high sensitivity to the N and P availability in the soil (Johnson et al. 1999). Although
the positive effects of these adaptive traits on individual plant growth are well recognized,
there is little understanding about their long-term effects on plant species competition and
community composition. Fujita et al. (Chapter 3) found, in a greenhouse experiment with eight
grassland species, that typical species from P-limited grasslands tend to have a higher efficiency
in phosphatase activity than non-typical species. This indicates that an adaptive plant trait plays
a role in determining the species distribution patterns along a gradient from N to P limited
conditions. Moreover, the plant adaptive traits to nutrient imbalances may have consequences for
nutrient cycling on ecosystem level. It is expected that adaptive traits of plants which enhance
the uptake or conservation of limiting nutrients will improve the retention of these nutrients in
the ecosystem, because it will increase residence time of the nutrients in plants and thus reduce
loss by leaching. Such increased nutrient retention will feed back to bio-availability of nutrients,
which may also affect plant species competition.

Understanding the N:P stoichiometry effects on plant growth, competition and nutrient cycles
of ecosystems may provide crucial implications for ecosystem conservation. Given that N and P
processes in plants interact with each other, N eutrophication might cause not only an increase in
N availability, but also an increase in P availability in the ecosystem via plant-mediated processes
(Perring et al. 2008). This may lead to an increase in ecosystem productivity, resulting in the loss
of particular species. It is, therefore, important to expand our knowledge about whether and
how eutrophication of a single nutrient affects retention of other nutrients, as well as how the
prevailing adaptive traits of plants to stoichiometric imbalances, such as phosphatase activity,
play a role in determining community structure.

Modeling studies may help examining the effects of the plant adaptive traits on species
competition as well as nutrient retention on an ecosystem level. Perring et al (2008) showed
with a multiple nutrient cycling model that an increased N supply may promote P retention
in ecosystems by increasing plant growth, although only under particular soil conditions (i.e.
when loss of plant available P is greater than that of organic P). This model, however, might
have underestimated P retention due to increased N input, because neither the flexibility of
the nutrient concentrations in plant biomass nor the adaptive traits of the plants, which both
may results in increasing P contents in plants under P limited conditions, were considered. By
explicitly including stoichiometric dynamics of N and P in plant growth, as proposed by Rastetter
and colleagues (e.g. Rastetter & Shaver 1992, Herbert ef al. 2004), we will be able to better
examine the effects of eutrophication on plant growth and competition, as well as plant-mediated
effects on nutrient retention in the ecosystem.

In this study we present a plant competition model incorporated in N and P cycles. Our model
includes flexible nutrient concentrations in the plant biomass as well as phosphatase activity.
First, we examined how flexibility in plant nutrient concentrations affected plant growth by
comparing two models: with flexible and with fixed nutrient concentrations in plant biomass.
Second, we studied how the additional inclusion of phosphatase activity affected plant growth in
the flexible nutrient concentration model. Subsequently, we tested how N input level influenced
competition between plant species of different magnitudes of phosphatase activity, and more
specifically if increased N input favored species with high phosphatase activity at different levels
of P input. Finally, we tested if increased N input increased P retention in the ecosystem.
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Model description

Our model simulates plant growth, with plants that are able to regulate their phosphatase activity
along varying N and P input levels depending on N and P concentrations in their biomass.
The model of Perring et al. (2008) simulates plant growth coupled within N and P cycles. We
adapted this model in such a way that flexible concentrations of N and P in plant biomass as well
as P uptake from organic P compounds by means of phosphatase activity are included. We also
followed Perring et al. (2008) for the equations and parameter values of nutrient dynamics in the
soil (Appendix I). See Figure 5.1 for the model structure. The model equations of plant growth of
two species (i =1 or 2) are described as follows.

Nutrient concentrations in plant biomass fluctuate depending on nutrient availability in the
soil, yet within constraints of homeostasis regulation (Sterner & Elser 2002). It is also known
that in plants P concentrations are more variable than N concentrations (de Groot ef al. 2003,
Giisewell 2004). To include nutrient-specific flexibility in nutrient concentrations, we calculated
the biomass production rate of species i (dB/dt) dually from N and P uptake rate (dB,,/dt and
dB,,/dt) with a larger influence from N uptake (i.e. w, < 1; also see Figure 5.A1a in Appendix I):

dBN’% dBP’/
di w, dr
qp,i

@ = IN.i > (eq.1)
dt 1+Wi

where w; is the plasticity parameter of P concentration of species i, g,, is the optimum
concentration of the nutrient n (n = N or P) in biomass for plant growth of species i.
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Figure 5.1 Model of two plant species incorporated in nitrogen and phosphorus cycles. The model comprises
two nitrogen pools (bio-available dissolved N, E,, and organic N, E,,) and three phosphorus pools (bio-available
dissolved P, E,, organic P, E,, and reactive inorganic P, E,,) in soil. Each species i (i=1 or 2) has N and P pools

in biomass (By; and B, respectively), which determine the plant biomass (B,). Plant P uptake from organic P is
controlled by phosphatase activity, which depends on the N:P ratio of plant biomass. Filled arrows represent
material flows (flows between pools as well as inputs to and leaching from the system), while dotted arrows

represent information flows. See Table 1 for description of each parameter.
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The plant uptake of nutrient # from dissolved forms in the soil depends on its concentrations:

Un[=an[E7” B; (eq. 2)
’ T E,+k,
where a, ; is the uptake rate of nutrient n per biomass for species i, E, is the dissolved nutrient # in
the soil, k, is the half saturation parameter of nutrient .

Furthermore, we assume that plants take up P from the organic P pool in soil via phosphatase
activity. The extracellular phosphatase enzyme is assumed to be excreted from plant roots only,
although in reality soil microbial communities also contribute to phosphatase activity in the
rhizosphere (Vance ef al. 2003). Phosphatase activity is stimulated as biomass N:P ratio increases
(Chapter 2). Furthermore, we assumed that a low concentration of organic P in the soil hampers
the reaction of the enzyme with a half saturation concentration of 3.3 gP m™ (calculated with the
median Km value of Duff et al. (1994), 0.22 mmol 1", with an assumption of socm depth root
zone). The P uptake from organic P pool of species i is then modeled as:

By
exp (u y )
Bp, Ep,

Op; =ap,; B, eq.
P,i Po,i BN,- i EPO +km ( q 3)
I+exp|lu+v B :

P

where a,,; is the maximum phosphatase activity per biomass for species i, u and v are the
parameters for phosphatase activity regulation depending on biomass N:P ratio (Figure 5.A1b in
Appendix I), E,, is the organic P in soil, k,, is the half saturation parameter of organic P.

To reflect that the growth rate is reduced when nutrient concentrations are below an optimum
level for growth (Sterner & Elser 2002), we assumed that the growth rate is maximum when the
nutrient concentrations are optimum, and their growth rate reduced to zero when one of the
nutrient concentrations is less than half of the optimum concentration. The growth limitation
due to low nutrient concentrations for species i is formulated as:

ap,i

qN
- ! 2= (eq. 4)
N.i P.i

B, B,

Here G, = 1 when both N and P concentration equals to their optimum concentrations, while G, =
o when either N or P concentration reaches at half of their optimum concentration. G,is reflected
in the nutrient uptake rate (see eq. 7).

Species competition for light was also explicitly included, so that the total biomass of two
species does not exceed the carrying capacity. We assumed that the species do not differ in
competition strength for light. The competition for light of species i is formulated as:

G, = MIN [2—

B.+a..B.
! g

c

¢ =1- (eq. 5)
where a;is the competition strength of species j on species i, ¢ is the carrying capacity of plant
biomass. C,is reflected in the nutrient uptake rate (see eq. 7).

Plants are assumed to lose nutrients with a constant rate. In addition, we assumed cost of 15 mg
N needed for excretion of an amount of phosphatase enzyme which hydrolyzes 1mg P (Treseder
& Vitousek 2001), because phosphatase enzyme is rich in N (ca. 16% N). The loss of nutrient » for
species i is formulated as:
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B
exp(u+vN)
Br)

LNJ:dN,iBN,i-'—SaPOJ 7 ;
1+exp u+v =2
B

P

(eq. 6)

Lpi=dp;Bp;
where d,; is the loss rate of nutrient n for species i, and s is the cost parameter in N for
phosphatase activity. Note that the reduction of P uptake from organic P due to low organic
P concentration, E,, /(E,,+k,) in eq. 3, is not reflected in the N cost, so that the phosphatase
excretion in conditions poor in organic P results in high cost but poor P uptake.

Finally, the rate of change of nutrient content of n for species i is given as:

daB

n,i

o =U,;+0,;,)G; C; —-L,; (eq.7)

Analysis

The model equations were analyzed using an ODE solver in Matlab (ode45). First we compared
our model with the model in which nutrient concentrations in plant biomass were fixed. In the
model with fixed nutrient concentrations, N dynamics in plants were formulated in the same way
as in the model with flexible nutrient concentrations (see Model Description), while P dynamics
in plants were formulated as depending on the N dynamics:

dBP’i _4r dBN’i (eq. 8)
dt qy dt

Here the rate of change in P content in biomass is simply proportional to that of N content (thus
not explicitly modeled), so that N and P concentrations in biomass are always optimal for growth.
For the fixed concentration model, the phosphatase activity is turned off by putting the parameter
ap,; to zero.

Next, we compared the results of the flexible concentration model with and without
phosphatase activity, i.e. a,,; = 0.0001 or a,,; = 0, respectively.

Furthermore, with the flexible concentration model, we let two species with different
magnitudes of phosphatase activity, a,, , compete. The two species were simulated with either the
same growth rates or different growth rates (i.e. the species with higher phosphatase activity has a
lower growth rate). Finally, P retention of the ecosystem was compared for different competition
simulations along increasing N input levels. P retention was expressed in two ways: as soil P (i.e.
dissolved P plus organic P) and as total P (i.e. soil P plus P in plants).

All the simulations were executed under varying N and P input levels for 2000 time steps.

Results

Effects of introducing flexible nutrient concentrations in plant biomass

We first checked, without inclusion of phosphatase activity, how plants which can adjust
nutrient concentrations in their biomass (flexible concentration model) grow along a gradient
of increasing N input in the ecosystem. Here we show the result for an intermediate P level only,
since the model behaved qualitatively the same for the other P levels (results not shown).
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Along a gradient of increasing N input, if the nutrient concentrations are fixed in the plant
biomass (fixed concentration model), growth is first N-limited at low N input and then P-limited
after a threshold value of N input is reached. As a consequence, plant growth first increases
with N-increase and then saturates (dashed line in Figure 5.2a). When flexibility in nutrient
concentrations in biomass is introduced (flexible concentration model), plant growth is higher as
soon as the system is not N-limited anymore and saturates at a higher value (filled line in Figure
5.2a).

This happens because the flexible plants take up more N when more N is available in the
environment, as reflected in the amount of N in their biomass (Figure 5.2c). Note that the
concentration of N in plant biomass hardly changes along the N input gradient (Figure s5.2d)
reflecting that N intake and growth simultaneously increase along the gradient, cancelling out
each other. However, the amount of P input remains constant along the gradient, so plants cannot
take up more P (figure 5.2e, amount of P in biomass). Thus, the increase in growth and N uptake
along the N input gradient results in a decreasing P concentration in plant biomass (figure 5.2f).
These variations of N and P in plant biomass along the N input gradient explain the pattern in
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Figure 5.2 Difference between models with fixed (dashed lines) and flexible (filled lines) nutrient concentrations

in biomass. Model responses to increasing N input levels at an intermediate P input level (0.15 mg m™ year™) are
shown for plant growth (a), N:P ratio in plants (b), N content in plants (c), N concentration in plants (d), P content
in plants (e), and P concentrations in plants (f). The simulation results after 2000 time steps are used.
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the N:P ratio in the plant biomass (Figure 5.2b), which increases with increasing N input in the
flexible plants.

Note also that, with the flexible concentration model, the amount of P in plant biomass slightly
decreases when the N input level becomes very high (Figure s5.2¢). This is because a too low P
concentration in plant biomass causes a growth limitation (eq. 4), resulting in a smaller net P
uptake rate per unit biomass.

Effects of introducing phosphatase activity on plant growth
When phosphatase activity is introduced, in addition to flexibility in nutrient concentrations in
biomass, growth is slightly lower than without phosphatase activity (Figure 5.3a).

Because of the phosphatase activity, which is controlled by the N:P ratio in biomass (eq. 3),
the plants have access to an additional P pool (i.e. organic P) especially when P content in their
biomass is relatively low compared to N content. This enables plants to store more P in their
biomass when N input increases (Figure 5.3c). However, because the phosphatase activity occurs
at the cost of N, the N content in plant biomass decreases (Figure 5.3b). The decrease in N content
in biomass results in a decrease in plant growth, since biomass production is more strongly
determined by N than by P content in biomass (eq. 1).

Effect of flexible nutrient concentrations and phosphatase activity on plant competition

We now look at two competing species with different magnitudes of phosphatase activity. We first
assume that the two species have the same growth rate. The outcome of the competition between
the two species depends not only on the N input to the ecosystem, but also on the P input (Figure
5.4a).

The species with low phosphatase activity always wins from the one with high phosphatase
activity under N-limited input conditions (i.e. when the ratio of N input to P input is lower
than 15, which equals to the optimum N:P ratio in biomass for plant growth (g /g,,); top left
region of Figure 5.4a). On the other hand, the species with high phosphatase activity wins under
P-limited input conditions (bottom right region of Figure 5.4a) except when both P and N are
simultaneously high (i.e. N and P inputs exceed ca. 3.0 and 0.2 g/m?, respectively; top right region
of Figure 5.4a). The mechanism responsible for the uncompetitiveness of the species with higher
phosphatase activity under P-limited but eutrophic conditions (i.e. both N and P are higher
than a certain level) is the competition for light. In other words, species with high phosphatase
activity could win under P-limited, eutrophic conditions if no light competition was included
in the model (results not shown). Due to intensive light competition caused by high biomass
production under eutrophic conditions (see Figure 5.4b), not all released P by phosphatase is
used to produce biomass, despite of the cost in N to excrete phosphatase.

We now consider that there is a trade-off between phosphatase activity and growth rate. So we
look at two plant species, one with high phosphatase activity and slow growth and conversely for
the other.

In this case, the results are similar to when no trade-off was considered, but the range of survival
of the species with high phosphatase activity is restricted to severely P-limited input conditions (i.e.
the ratio of N input to P input is higher than ca. 30; Figure 5.4e). Moreover, coexistence of the two
species is possible under moderately P-limited input conditions (i.e. the ratio of N input to P input
is between ca. 15 and 30; Figure 5.4¢). Under eutrophic conditions where biomass production is high
(i.e. N and P inputs exceed ca. 2.5 and 0.15 g/m’, respectively; see also Figure s5.4f), the species with
the lower phosphatase activity and the faster growth rate wins (Figure 5.4e).
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The initial biomass of the two species does not change the competition outputs (results not
shown).

Effects of phosphatase activity on ecosystem P retention

We now investigate the consequences of increasing N input on P retention in the ecosystem
where two species with different magnitudes of phosphatase activity compete. P retention was
assessed in terms of “soil P” (dissolved and organic P in soil) as well as ecosystem “total P” (soil P
plus P in biomass). Reactive P is not considered here because it is not available for plant uptake.
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Table 5.1 Description of state variables and parameters in the model. Parameter values for soil nutrient dynamics

are from Perring ef al. (2008). For other parameters, biologically reasonable values are chosen.

Description Dimension Value

State Variable

B, Biomass of species i biomass-g m?

B, Content of nutrient n of species i n-gm?

E, Concentration of nutrient n in dissolved, bio-available ~ n-g m?
inorganic forms in soil

E. Concentration of nutrient n in organic forms in soil n-gm?

E,, Concentration of P in reactive forms in soil n-gm?

Parameters

U, Uptake rate of nutrient n (dissolved form) of species i n-gm?2yr’

0, Uptake rate of nutrient n (organic form) of species i n-gm?yr’

G; growth limitation due to low nutrient concentrations (fraction)
in biomass for species i

@ Competition for light for species i (fraction)

L, Loss rate of nutrient n of species i n-gm?2yr'

' Optimum concentration of nutrient n in biomass for n-g biomass-g' m?*  g,,=0.0233,
plant growth of species i G,=0.0016

. Plasticity parameter of P concentration of species i (fraction) 0.1
a, Uptake rate of nutrient n per biomass for species i n-g biomass-g ' yr" a,;=0.025 or 0.01,
ap=ay,/15

gy, Maximum phosphatase activity (in unit of P released) P-g biomass-g "' yr'  0.0001 or 0.00002
per biomass for species i

uv Parameters for phosphatase activity regulation (fraction) u=-3,v=0.2
depending on biomass N:P ratio

k, Half-saturation parameter of nutrient n n-gm? ky=1.5, k;=0.1

Kk, Half-saturation parameter of organic P n-gm? 33

a; Competition strength of species i on species j (fraction) 1

c Carrying capacity of biomass biomass-g m? 2000

s Cost parameter in N for phosphatase activity N-g P-g” 15

d,; Death rate of nutrient n of species i yr! 5ay,

i, Input rate of nutrient n n-g m2yr’ variable

1, Leaching rate of nutrient n yr' Iy=1,1=0.1

!y Leaching rate of nutrient n in organic form yr' Ivo =0.1,1,,=0.1

m, Mineralization rate of nutrient n yr' m,, =0.2, m,=0.04

r Density of adsorption sites in soil P-gm? 2

Ko Adsorption rate m?P-g"yr’ 1

Ko Desorption rate yr' 0.01

We found that soil P remains constant along a gradient in N input for each P input level
(Figure 5.4c). Similarly, ecosystem total P hardly changes along the N gradient except when P
input is extremely low (Figure 5.4d), because P in plant biomass hardly changes with increasing
N input due to the flexible nutrient concentrations in biomass (see Results chapter 1, Figure 5.2¢).
Although increased N input makes species with high phosphatase activity to replace those with
low phosphatase activity (see Results chapter 3), this replacement of dominant species hardly
affected the ecosystem total P. This is because high phosphatase activity increases P content in
plant biomass only slightly (see Results chapter 2, Figure 5.3c).

80 Chapter 5



Same growth

g
(9]
=
o
2
=3
>

) Soil P d) Total P
2000 8

)
)

Plant growth (g/m?)

<)
o
o

Soil P (g/m?)
N

Total P (g/m?)
»

P input 2 :
a) Competition output 0.25 0 9 E
: 0 2 % 0 2 4 © 2 4
03
2000 8 8
% s £° g
=) < S s
- s ~ =
5 S1000 & =
= 3 8
£ z 32 g2
£ .
5 2

o
o
N
IS
o
o
N
EN
o
o
N
IS

2 3 4 \
N input (g/m?) 0.05 2000

= 8 8
£
> =6 T 6
& = E
< > )
£1000 24 4
= = el
2 g2 52
i prmmm e
S o 0 0
2 4 0 2 4 0 2 4
N input (g/m?) N input (g/m?) N input (g/m?)
Contrasting growth f) Growth g) Soil P h) Total P
2000 8
=] -~
gmoo 24 a4 /
5 = o
. 2 82 Q2
Pinput s
o>
e) Competition output 0.25 00 2 7 00 b 7 00 % 7
0.3
2000 8 8
E ~
] > =6 T6
£0.2 = ?Em B prm ]
4 0.15 %1000 = 24
3 —_— g = = p e
£ = &2 S 2
0.1 2 ‘
0 5 n 05 ) 2 % 2 4
2 3 4 \
N input (g/m?) 0.05 EZOOO g S
S =~ 6 T 6
s £ £
£~ o ~
E 1000 s 4 a4
= T
2 28 Q2
o -
S 0 0 0
0 2 4 0 2 4 0 2 4
N input (g/m?) N input (g/m?) N input (g/m?)

Figure 5.4 Simulation outputs of competition between species 1 (with high phosphatase activity: a,,, = 0.0001) and

species 2 (with low phosphatase activity: a,, , = 0.00002) when growth rates are the same for two species (ay, = a

N1 N,2

= 0.25) (a-d), and when species with high phosphatase activity has a slower growth rate (a,, = 0.01) than that with
low phosphatase activity (a,, = 0.025) (e-h). Competition output after 2000 years are presented as species 1 only
(filled black squares), species 1 more than species 2 (open black squares), species 2 more than species 1 (open gray
squares), or species 2 only (filled gray squares) (a & d). For three levels of P input (0.0, 0.15, 0.25 mg m™ year™),
growth of species 1 (black) and species 2 (gray) (b & f), soil P (¢ & g: dissolved and organic P), and ecosystem total
P (d & h: all P pools except reactive P) are shown along increasing N input level. For ¢, d, g, and h, outputs of single
species simulation are also shown with dashed lines (dashed black: species 1 only, dashed gray: species 2 only).
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When a trade-off between phosphatase activity and growth rate was considered, soil P did
not change along a gradient of N input (Figure 5.4g). We, however, observed an abrupt increase
in ecosystem total P with increasing N input at a low P supply level (Figure 5.4h). This abrupt
increase coincides with the species replacements from those with low phosphatase activity (and
with fast growth rate) to those with high phosphatase activity (and with slow growth rate).
Since slower growing species can better conserve nutrients in their biomass at the equilibrium
stage (see sensitivity analysis: Appendix II Figure 5.A2e), a dominance of the species with lower
phosphatase activity and slow growth rate, promoted by increased N input, eventually results in
an increased plant P content.

Discussion

Increased N inputs may influence terrestrial ecosystems by promoting dominance of nitrophilic
species (Bobbink ef al. 1998), as well as by altering P dynamics of ecosystems via plant growth
that couple dynamics of multiple nutrients (Perring et al. 2008). Here we propose additional
mechanisms of N effects on ecosystem properties, by explicitly including flexible responses of
plants to varying N:P stoichiometry in a model. With plasticity in plant nutrient concentrations
as well as an adaptive trait (i.e. phosphatase activity), our model showed that increased N input
may change species composition as well as ecosystem P retention.

Our model predicts that species with a high phosphatase activity wins from those with low
phosphatase activity in P-limited conditions, even if the former is a slower growing species,
unless under very eutrophic conditions. The advantage of species with efficient phosphatase
activity in P-limited conditions is indicated by a short-term experiment (Chapter 2). However,
whether the advantage remains for the longer term is in question, because competitive
hierarchies can change due to nutrient dynamics in the soil as well as feedbacks of plants to the
nutrient cycles (Clark et al. 2005, Daufresne & Hedin 2005). By use of our model, we showed
that the dominance of species with high phosphatase activity in extremely P-limited conditions is
robust at any combination of soil parameters, although the threshold of N:P input ratio where the
species shift occurs is subject to subtle changes in soil parameter values (see Appendix III for the
extra analyses on the effects of several soil parameters on species competition).

Another finding from our model simulations is that, when the system is N-limited, ecosystem
P retention is rather constant along a gradient of N input level. This contrasts with the results
of Perring’s model, which, with fixed nutrient concentrations in plants, predicts that N addition
to N-limited ecosystems can conserve P in ecosystems. This difference can be explained by the
flexible nutrient concentrations in our model, which enabled luxury consumption of the excessive
nutrients by the plants. In that way the amounts of P in plants is stabilized even when the N
input level fluctuates. When the system becomes P-limited, our model showed that phosphatase
activity does, though only slightly, increase P retention. Furthermore, our model predicted that
under a very high N input level, P retention even decreases due to a lowered growth rate caused
by too low P concentration in plants. Increased plant death rate under extreme P-limitation, but
not under N-limitation, is observed in greenhouse (Giisewell 2005a) and field (El-Kahloun et
al. 2003) experiments. In this regard, phosphatase activity may have an extra positive effect in
adjusting plant N:P ratio to prevent N toxic effects by N eutrophication.

Although the single effect of phosphatase activity on P retention was relatively small, we
showed a possibility that increased N input may rapidly increase P retention of the ecosystem via
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shifting species composition toward the domination of species with a high phosphatase activity,
if there is a trade-off between phosphatase activity and growth rate. The trade-off is indeed likely,
since the maintenance for a trait to acquire a specific fraction of P needs investment (Turner
2008). This provides an example of a potential mechanism by which the functional composition
of plant communities drives a change in ecosystem properties such as nutrient retention (Hooper
et al. 2005). To improve our understanding on the N effects on P retention, further validation by
long-term field measurements is necessary.

There are several unexplored traits which may affect species composition under varying N:P
availability. Optimum biomass N:P ratio for growth can be different among species with
different functional strategies (Giisewell 2004), such as lower N:P ratios for annual species
(Mcjannet et al. 1995), species typically from fertile habitats (Glisewell et al. 2003), or species
with high dependency in seed reproduction (Chapter 4). As the resource ratio theory predicts
(Tilman 1982), a species with lower optimum N:P ratio may have advantage when N:P input
ratio is low. Resorption efficiency from senescing leaves is another trait which may play an
important role under a varying availability of N and P (Aerts & Chapin 2000). Indeed, species
adapted to P-limited conditions tend to have a high P resorption efficiency (Giisewell 2005b).
Plastic adjustments of resorption rates to nutrient concentrations in plants, although not
always observed (Aerts 1996), would lead to similar effects of resorption to that of phosphatase
activity on species competition under varying N:P availability. N fixation by plant symbioses, an
important mechanism for plants to gain N from the environment (Sprent 2001), may also affect
species competition under varying N:P availability. Houlton et al. (2008) showed with their
model that N-fixing plants survive in P-limited conditions by investing N into P acquisition
by phosphatase activity. Inclusion of N-fixation in our model, thus, will even accelerate the
advantage of species with high phosphatase activity under P-limited conditions and may increase
P retention of the ecosystem.

Our model results may have implications for ecosystem conservation. The effects of N
eutrophication on terrestrial ecosystems regard not only the loss of species richness (Clark
& Tilman 2008), but also shifts in the (functional) composition of species (Suding et al. 2005,
Xia & Wan 2008). Our model results supported the latter effect on species composition, by
showing that N eutrophication favors species with a better adaptive trait to N:P stoichiometry.
Most of the conservation measures common in European grasslands (e.g., harvesting, rewetting,
and increasing groundwater seepage) primarily aim at decreasing nutrient availability. These
measures, however, have different pathways to influence N and P dynamics and thus affect
N:P stoichiometry differently. The prediction of effects would be more reliable when the
stoichiometric effects are explicitly considered.

This study provided a simple but stoichiometrically explicit framework to examine the effects of
increased N input on the (functional) composition of species and on the P retention of terrestrial
ecosystems. This model enabled us to disentangle the mutually affecting roles of plant growth, a
species adaptive trait, and nutrient cycles in soil, which are not easily examined by a short term
experiment or a field observation alone. Based on our results we conclude that N eutrophication
will benefit species with high phosphatase activity, but only under low P input conditions.
Moreover, the changed species composition due to N eutrophication might result in increased
P retention, although this result still needs verification from field studies. Further theoretical
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and experimental studies may clarify how N eutrophication affect community structure of plant
communities, as well as associated changes in ecosystem properties such as nutrient retention.
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Appendix I. Model specifications

Model equations of nutrient dynamics in soil

In soil, we consider two pools of nitrogen and three pools of phosphorus, following Perring
et al. (2008). For both nitrogen and phosphorus, those bound to soil organic matter (E, ) and
those dissolved in solution (i.e. readily available for plants to uptake: E,) are included. Organic
and dissolved nutrients are lost from the system via leaching with a constant rate. Nutrients are
assumed to enter the system via atmospheric deposition or inflow from surrounding systems as
dissolved forms. For phosphorus, we also included reactive P, i.e., adsorbed P to soil particles via
chemical processes. This pool exchanges P with dissolved P pool via adsorption and desorption
kinetics. The rates of change for each pool of N and P are:

dEN ' 2

— =iy Iy Ey _ingN’i G, C)+my Ey

dEd% = i%gLN’i)_lNo Eno~mNnEng

d]jitp =ip-IpEp ‘léSUP,i G, Ci)+ mpEp, — kg Ep(r—Ep, )+ k gy Ep,
dEdfr = Ko EP(r_EPr)_kad2 Ep,

where i, is the input rate of n, [ is the leaching rate of n, m, is the mineralization rate of n, E,,_is
the inorganic reactive P in soil, k,, is the adsorption rate of P, 7 is the density of P adsorption sites
in soil, and k,, is the desorption rate of P.
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Figure 5.A1 (a) Modeled biomass production as a function of N and P uptake by plants. (b) Modeled phosphatase
activity in the rhizosphere as a function of N:P ratio in biomass.
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Appendix ll. Sensitivity analysis for soil and plant parameters

We examined the model sensitivity to several key parameters (soil adsorption capacity, leaching
rate of dissolved P, and leaching rate of organic P, P mineralization rate, plant growth rate,
maximum phosphatase activity rate) for the fixed and flexible concentration models (Figure
5.A2). The model output was assessed in terms of ecosystem total P (amount of P in all P pools
excluding reactive P) along increasing N input level. Note that sensitivity to the maximum
phosphatase activity rate could not be examined for the model with fixed nutrient concentrations,
because P uptake was not explicitly modeled in this model. In the figures the simulation results
after 2000 time steps are compared.
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Figure 5.A2 Sensitivity analysis of several parameters on ecosystem total P. Parameters assessed were P adsorption

capacity of soil (a), leaching rate of dissolved P (b) and organic P (c), P mineralization rate (d), growth rate

(e), and phosphatase activity (f). Results are shown for the model with fixed (left) and flexible (right) nutrient
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simulation results with the base line value of the parameters.
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Appendix lll. Effects of soil parameters on competition outputs

We tested if soil parameters affect the competition between species with different magnitude of
phosphatase activity. It is expected that species with high phosphatase activity get less advantage
if a change in a soil parameter makes P more available for plants. Therefore, we selected four
soil parameters which may increase P availability for plants (i.e. lower leaching rate of organic
P, lower leaching rate of dissolved P, higher P mineralization rate, and higher P adsorption rate),
and compared their competition outputs with those simulated with the default parameter values
(as in Figure 5.4a).

We found that a low leaching rate of organic P counteracts the advantage of species
with higher phosphatase activity under P limited conditions (Figure 5.A3a), because both
dissolved and organic P in soil increased which made the condition easier for the species with
lower phosphatase activity. In contrast, low leaching rate of dissolved P does not change the
competition outputs (Figure 5.A3b). This is because the leaching rate of dissolved P hardly change
the size of P pools in soil under the condition that plants flexibly adjust P concentration in their
biomass (see sensitivity analysis: Figure 5.A2b right). High mineralization rate of P has negative
impacts on species with higher phosphatase activity under P limited conditions (Figure 5.A3c).
This is because higher turnover of organic P decreases advantage of these species to take up more
P from organic P than the other species. A high P adsorption capacity of soil benefit species with
a higher phosphatase activity on the short term, because dissolved P in soil decreases in the first
years which has more negative effects on species with lower phosphatase activity. On the long
term (i.e. at the equilibrium states) however, the low P adsorption capacity does not affect the
competition outputs (Figure 5.A3d).
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Introduction

Anthropogenic eutrophication is threatening the biodiversity of ecosystems worldwide (Vitousek
et al. 1997, Rockstrom et al. 2009). To conserve ecosystems, it is necessary to properly assess and
predict the impacts of eutrophication. For that, we need to understand, not only the patterns
of the impacts, but also the underlying mechanisms which cause the patterns in response to
eutrophication.

Unraveling the relationships between nutrient availability and biodiversity in ecosystems has
been a central focus of ecologists for many decades (e.g. Rosenzweig 1971, Grime 1973). Besides,
there is a growing interest in how balance between nutrients affects functioning and biodiversity
of ecosystems (Sterner & Elser 2002). In terrestrial ecosystems, it is especially the availability of
nitrogen (N) and phosphorus (P) that affects plant communities (Aerts & Chapin 2000, Giisewell
2004).

In this thesis, I study the mechanisms by which eutrophication affects grassland plant
communities with special attention to the effects via N:P stoichiometry (i.e. the balance between
N and P in terms of availability and requirement in ecological processes). Regarding the effects, I
look at the responses of plants on different organization levels, such as: species functional traits,
individual growth, species interactions (i.e. interspecific competition), and plant community
structure (i.e. species composition and diversity) (see Figure 6.1). With the greenhouse
experiments with eight grassland species I examine the effects of N:P stoichiometry on species
traits and individual growth for the time scale of one to two years (chapter 2 and 3). With the field
data analyses I look at the effects of N:P stoichiometry on plant community structure (chapter
4) which I see as an outcome of species interaction at the time scale of decades. A modeling
study connects these distinct time scales by using the trait-level responses of plant individuals to
predict the effects on the plant community structure (chapter 5).

In this chapter, I integrate the results engaged on different organization levels and time scales
in order to gain a comprehensive understanding on the N:P stoichiometric effects on grassland
ecosystems. I start with outlining the key findings from our greenhouse experiments about
the N:P stoichiometric effects on individual plant traits and growth (chapter 2 and 3). Next, I
discuss about several trait-based mechanisms which potentially explain species composition of
plant communities in a gradient from N- to P-limited grasslands. This is done by relating the
inter-specific differences in plant traits observed in the greenhouse experiments to the field
distribution patterns of these species (chapter 2 and 3), as well as by discussing the implication
from the metadata analysis (chapter 4). Here the mechanisms indicated by the modeling study
(chapter 5) help to connect the two organization levels on different time scales. Subsequently, the
impact of N:P stoichiometry on species diversity is discussed with an emphasis on threatened
species. Additionally, the potential impact of N:P stoichiometry on ecosystem nutrient retention
is discussed. Finally, based on the preceding discussion, I provide implications for ecosystem
conservation and perspectives for future research.

N:P stoichiometric effects on individual plant species: key

findings from the greenhouse experiments

Our greenhouse experiments advance our knowledge on individual-level plant responses to
N:P stoichiometry in several points. We found that P concentration in plant biomass rapidly
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Figure 6.1 The main coverage of each chapter of this thesis depicted in a domain of time scale and organization

level.

decreases with increasing N:P supply ratio, whereas N concentration increases only moderately
with increasing N:P supply ratio (chapter 3). This is consistent with results from another
fertilization experiment that high N supply (i.e. high N:P ratio) promotes biomass production
immediately, leading to a decrease in P concentration in biomass, whereas high P supply (i.e. low
N:P ratio) does not rapidly promote biomass production and therefore N concentration remains
rather stable (Giisewell et al. 2003). The physiological mechanism behind these contrasting
responses is that cytokinin, which stimulates plant growth, is regulated more strongly by N than
P concentrations in biomass (de Groot et al. 2003). As a consequence, P concentration in biomass
is determined by the relative availability of N to P and not by single P availability. The lowered
P concentration caused by high N:P supply ratios triggers high death rates in the second year
(chapter 3, Fisher et al. 2002). This explains why high root death in the second year under P
limited conditions was dominantly influenced by N:P supply ratio, rather than by overall nutrient
level (chapter 3).

Furthermore, we observed that root-surface phosphatase activity was related to high N:P
supply ratio rather than to the availability of single nutrients. In contrast, other uptake traits
(root mass ratio and specific root length) were not dominantly influenced by N:P supply ratios
(chapter 2). This reflects that regulation mechanisms are trait specific. For example, phosphatase
is stimulated by P starvation in plant cells (Duff et al. 1994) and thus related to N:P stoichiometry,
while allocation to the roots is thought to be regulated by cytokinin (e.g. van der Werf & Nagel
1996) that is influenced by N availability rather than N:P stoichiometry.

Our greenhouse experiments also showed inter-specific differences of plants in response to N-
and P-limitation. In short, the plant responses in trait plasticity and growth to N:P stoichiometry
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were similar in patterns but different in magnitudes among species. The level of phosphatase
activity differs significantly among species (chapter 2, Rejmankova & Macek 2008), which
partly explained interspecific differences in their use of P in not readily bio-available forms
(chapter 2, Perez-Corona et al. 1996, Hayes et al. 2000). Species variation is also evident in
resorption efficiency (chapter 3, Killingbeck 1996, Giisewell 2005b) and in plasticity of nutrient
concentrations in biomass in response to increasing nutrient input (chapter 2, Garnier 1998),
which may influence the magnitude of negative impacts of nutrient limitation. The potential
consequences of these species variations in plant traits and individual growth on plant
community structure are discussed in the following paragraphs.

N:P stoichiometry and species composition: trait-based mechanisms

explain the field distribution patterns of plant species

Trade-offs between species traits are important in shaping community structure under different
environmental conditions (Suding et al. 2003). The trade-off between traits may explain the
different species composition in N- and P-limited environments, because having an adaptive trait
to a particular type of nutrient limitation, such as P uptake traits in P limitation, might be too
costly to be successful under another type of nutrient limitation. The role of species functional
traits in shaping community structure has been intensively tested for a gradient from low- to
high-productive environments (e.g. Campbell & Grime 1992, Fynn et al. 2005), but never, to my
knowledge, explored for a gradient of N:P. Below I discuss about three trait-based mechanisms
which potentially explain the shift in species composition along a N:P gradient.

Trade-off between immediate growth and long-term nutrient retention

An important factor of plant survival in nutrient limiting environments is their nutrient use
efficiency, which is a function of nutrient productivity (i.e. biomass growth per unit nutrient)
and nutrient conservation (i.e. mean residence time of the nutrient in biomass, which is
a reciprocal of the nutrient loss rate) (Aerts & Chapin 2000). Results of previous studies with

= Figure 6.2 Testing trade-offs between first-year P productivity (as a proxy of immediate growth) and the
reciprocal of second-year P loss (as a proxy of long-term nutrient retention) between treatments of each species
(a) and between species (b) by use of the experimental results from chapter 3. Here only the treatments with N:P
ratio 15 and 135 were used, because plant responses to P limitation are of our concern. The immediate growth was
approximated by the biomass productivity of P in 2007 (i.e. biomass production per unit P, g mg"', during 15 weeks
of fertilization period) because P was the limiting nutrient in all these treatments, judged from their biomass N:P
ratios larger than 15. The long-term nutrient retention was approximated by the reciprocal of P loss in 2008 (i.e.
fraction of lost P from biomass over total P content in biomass during 14 weeks of fertilization period plus the
preceding winter). For the within-species comparison (a), the means and SE of each treatment are shown. The
treatments which had less than two regenerated pots in 2008 were excluded. Treatment abbreviations are; His:
high supply level and N:P supply ratio 15, H135: high and N:P 135, L15: low and N:P 15, L135: low and N:P 135. For
the between-species comparison (b), I show the relative changes of the two variable, first-year P productivity

and reciprocal of the second-year P loss, from N:P supply ratio 15 to 135 for each species. The relative change was
calculated as the difference between the natural logarithms of these variables at N:P supply ratio 135 and that at 15.
Thus, the positive values on the x-axis mean that the species have a better immediate growth at N:P ratio 135 than at
15, and on the y-axis a better long-term nutrient retention at N:P ratio 135 than at 15. High and low nutrient supply
levels are combined. Species abbreviations are; Ac: A. capillaris, Ap: A. pratensis, Fo: F. ovina, Fr: . rubra, Le: L.
europaeus, Mc: M. caerulea, Sp: S. pratensis.
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similar greenhouse experiments (Giisewell et al. 2003, Giisewell 2005a) suggested that there is
a trade-off between immediate growth and long-term (i.e. after second year) nutrient retention
under P-limited conditions. Such a trade-off can also be observed in our experiments. In our
case, increased N supply, or high N:P supply ratio, promoted plant growth in the first year and
decreased P concentration in their biomass (i.e. high immediate growth), which in turn resulted
in severe root death and associated nutrient loss in the second year (i.e. poor long-term nutrient
retention) (chapter 3). Inversely, if the first-year growth is stimulated less (i.e. poor immediate
growth), the second-year nutrient loss may be smaller (i.e. high long-term nutrient retention).
The hypothesized trade-off could be just a temporal consequence of plastic responses of
species to a changing environment, or alternatively could be an evolutionary consequence of
species adaptation to a particular environment (West-Eberhard 2003) which may explain the
distribution pattern of species along a N:P gradient. If the former is the case, it is expected that
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the trade-off is observed among treatments within each species. If the latter is the case, the trade-
off is expected between species. More specifically, species typical from P-limited grasslands are
expected to have a lower immediate growth but also a higher long-term nutrient retention under
P limitation. To test these two hypotheses, I compare the relations between the immediate growth
(approximated by first-year productivity) and the long-term nutrient retention (approximated by
the reciprocal of second-year nutrient loss) on both within-species and between-species levels
by use of the experimental results of chapter 3 (Figure 6.2; see figure caption for the method of
the analysis). The within-species comparison provides a hint that the trade-off seems to prevail
(Figure 6.2a): for more than half of the species a negative relation between immediate growth
(x-axis) and long-term retention (y-axis) is observed. In the between-species level, however, the
expected relation is not observed (Figure 6.2b): species which drastically increased immediate
growth upon P limitation do not necessarily reduce long-term nutrient retention. Furthermore,
the species which typically occur in P-limited grasslands in the field (M. caerulea and S. pratensis)
do not show the expected trade-offs (i.e. poor immediate growth but high long-term nutrient
retention) neither. It seems, therefore, that no particular species have evolved to adapt to
P-limited conditions in terms of their nutrient use efficiency. Rather, high nutrient loss in the
second year seems to be a consequence of the forced plasticity in nutrient concentration under
extreme P limitation.

Variations in P uptake traits

Well established and diverse mechanisms of many species to promote P uptake, such as
mychorrizal association, cluster roots and root exudates (Vance et al. 2003, Raghothama &
Karthikeyan 2005, Lambers ef al. 2006) imply that species adaptation to P-limited conditions
mainly owe to their P uptake ability (Lambers et al. 2008). A competition experiment under
different N:P supply ratio showed that competition strength of species under N limitation could
be explained by their root length and pre-emption of nutrients, but not under P limitation (Olde
Venterink & Gtisewell 2010). This also indicates that not just root size, but other specialized traits
for P uptake, would play an important role in species interactions under P limited conditions.
Our greenhouse experiments indeed show that species that have higher efficiency in phosphatase
activity occur typically in P-limited grasslands in the field (chapter 2). The dominant effects
of N:P supply ratio on phosphatase activity, rather than solo availability of N or P, further
support the importance of this trait in adaptation to P-limited conditions. Furthermore, the
modeling study (chapter s5) also agrees with the better survival of species associated with higher
phosphatase activity in P-limited conditions. The model results, however, indicated that high
productivity, which leads to intensive light competition, diminishes the advantage of these species
because the benefit of phosphatase activity (i.e. P uptake) is not large enough to pay off its cost
(i.e. N loss) in such conditions. Although not examined in this thesis, other P uptake traits, which
also involve costs, will probably have similar consequences. Thus, adaptive traits for P uptake are
expected to play a role in determining species composition in P-limited conditions as far as the
ecosystem remains low productive.

Different types of reproduction strategy

Reproduction strategy of plant species, such as dispersal traits, is another factor to assemble
plant community structure under varying environmental conditions (e.g. Ozinga et al. 2005).
Our database analysis showed that species with less investment in reproduction by seeds occur
more often in P-limited grasslands (chapter 4), suggesting that reproductive strategy also matters
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for the species distribution patterns along a N:P gradient. Additionally, negative impacts of P
limitation or high N supply on seed reproduction were reported by other experiments (Brouwer
et al. 2001, Vergeer et al. 2003). These patterns can be explained by the fact that reproductive
organs, such as seeds, contain relatively much P compared to other organs because P-rich rRNA
constitutes a high proportion of reproductive organs (Kerkhoff et al. 2006). Species which have
a large investment in the P-demanding seed production, therefore, may be less competitive in
P-limited conditions.

N:P stoichiometry and species diversity

Whether biodiversity is related to the type of nutrient limitation is of particular concern
for ecosystem conservation (Bobbink et al. 1998, Aerts et al. 2003, Giisewell et al. 2005). In
accordance with previous studies (Olde Venterink ef al. 2003, Glisewell ef al. 2005, Wassen et al.
2005), I found a weak hump-shaped relationship between plant species diversity and N:P ratio
in the above-ground plant material, although the contribution of the N:P ratio to the species
diversity is much smaller than that of productivity (chapter 4). Richness of threatened species,
on the other hand, is much more strongly related to high N:P ratio, rather than to productivity
(chapter 4). Understanding why threatened species are associated with P limitation is important
for biodiversity conservation, because the decline of species diversity is expected to be initiated by
the disappearance of threatened species. Moreover, threatened species are assumed to have some
functional characteristics in common which make them fragile (Kunin & Gaston 1993, Kleijn et
al. 2008). Thus, unraveling why those species persist in a particular type of nutrient limitation
will help us understand the mechanism of N:P stoichiometric effects on plant communities.

Two possible explanations go along with the higher frequency of threatened species
in P-limited than in N-limited grasslands. First, P limitation is often associated with low
productivity (chapter 4, Mcjannet ef al. 1995, Olde Venterink ef al. 2003). Adaptive traits in P
limited conditions are costly, because P uptake traits often involve a large quantity of root
exudates (e.g. Lambers ef al. 2006). The high costs may limit the above-ground biomass
production and thus diminishes the ability of such species to compete for light. Threatened
species tend to have a lower SLA and, though not statistically significant, be a stress-tolerator
type rather than a competitor type (chapter 4). These species, therefore, are more likely to survive
in P-limited conditions because competitive species do even less well in such stressful conditions.
Thus, it is misleading to say that threatened species survive better in P-limited conditions. Rather,
it is more proper to say that only in P-limited and low-productive conditions threatened species
are not outcompeted by other (more competitive) species.

Another mechanism to explain the association between threatened species and P limitation
could be their reproduction strategy which tends to depend less on seed reproduction (chapter
4). As explained in the previous paragraph, this type of reproduction requires less P, making
them less affected by P scarcity. Such a reproduction strategy with less dependency on seed
reproduction, however, may have the disadvantages of poor dispersal ability on a regional scale.
If that is the case, the threatened species are under a higher risk of local extinction and more
vulnerable in fragmented landscapes.

Effects of N:P stoichiometry on ecosystem nutrient retention

Nitrogen eutrophication has interactive effects on other major biogeochemical cycles (Gruber &
Galloway 2008) such as P (Hedin ef al. 2003). Its effects on ecosystem nutrient retention (i.e. how
much nutrient is kept in the ecosystem) is of particular concern (Perring et al. 2008), because
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the enhanced retention will increase site productivity and thus affect other ecosystem functions.
Our 2-year greenhouse experiment shows that severe P limitation promotes nutrient loss from
dead roots of plants in the second year (chapter 3), indicating reduced nutrient retention after
N eutrophication. Similar results were obtained by a field experiment where N fertilization
resulted in much higher root death rate than P fertilization seven years after the fertilization
treatment (El-Kahloun et al. 2003). The modeling study (chapter 5), however, indicated that P
retention remains rather stable under increasing N input on a much longer time scale (more
than decades). Also, increasing N input may benefit species with adaptive traits to P limitation,
such as high phosphatase activity, which can lead to an increase in ecosystem P retention
(chapter 5). Furthermore, our database analysis indicates that high atmospheric N deposition
does not necessarily shift ecosystems to be P-limited, but rather to be N-limited (chapter 4,
Figure 4.1). This can be explained by a mechanism that high N input on the long term promotes
P foraging of plants and subsequently results in increased productivity, which is also indicated
by a decades-long field measurement (Malmer & Wallen 2005). The increased productivity may
lead to dominance of fast-growing species that have inherited low N:P ratios, further enhancing
plant P forage. I suspect, however, that such plant-mediated positive feedback of high N input
on P retention occurs only when (potential) P availability of the ecosystem is abundant, because
otherwise the high cost associated with P uptake may counteract the feedback effects since the
gain of extra P obtained is too little (see an earlier discussion in this chapter).

Implication for ecosystem conservation

The higher frequency of threatened species in P-limited grasslands raises the question whether
atmospheric N deposition stimulates P limitation of ecosystems and therefore has a positive
impact on biodiversity conservation. As the database analysis (chapter 4) indicated, however,
the positive feedback of N eutrophication on P availability will remain N limited ecosystems
N limited, but shift previously P-limited ecosystem to be high productive and not P limited
anymore. Indeed, low productive wetlands with low P availability are disappearing (Wassen et al.
1996). Disappearances of P-limited and low-productive ecosystems will cause a loss of threatened
species (see the paragraph on species diversity). Therefore, it is not advisable to expect positive
effects of eutrophication on species diversity as well as conservation of threatened species (this
study; Guisewell et al. 2005).

Conservation measures can interfere N:P stoichiometry of ecosystems. It is evident that
changes in abiotic habitat conditions caused by anthropogenic activities lead to degradation of
ecosystems (e.g. van Loon ef al. 2009). Therefore, major conservation measures in moist to wet
grasslands in Europe (e.g. mowing, re-wetting, or sod cutting) aim at conserving suitable habitat
conditions of ecosystems, in particular low nutrient availability. Each of these measures, however,
has its own effects on biogeochemical processes (Lamers et al. 2002). For example, re-wetting
generally results in lowering N availability via increased denitrification but increasing P release
from compounds (Olde Venterink et al. 2002). Mowing removes both N and P from above-
ground plant biomass (Koerselman et al. 1990b), which may shift the ecosystems under high
N eutrophication to be P-limited in the long term (Verhoeven et al. 1996). These asymmetric
impacts of conservation measures on N and P cycles highlight the necessity to consider their
effects not only on the availability of each nutrient but also on the kind of nutrient limitation
(Olde Venterink 2000) and associated stoichiometric effects on ecosystem functioning (this
thesis).
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Figure 6.3 Hypothesized short-term (a) and long-term (b) effects of increased N input on plant communities. In
the short term (< a few years), increased N input affects several traits of plant species, such as decreasing RMR
(root mass ratio) or, though not clearly shown in our study, decreasing SRL (specific root length). Increased N
input also decreases P concentration in biomass, although this happens only when N input is relatively higher
than P input. The decreased P concentration in biomass leads to increased phosphatase activity, resulting in
higher P uptake. The increase in P uptake can be mitigated by decreased RMR or SRL. The stimulated P uptake
and P resorption from senescing biomass may eventually compensate for the decrease in P concentration. If the

P concentration remains very low, it will lead to an increased death rate, especially of roots, in the following years.
In the long term (> decades), increased N input may lead to species replacement, but the direction of the species
shift depends on potential P availability. If increased N leads to enhanced P forage of plants and thus increased
productivity, the community will be dominated by fast growing species. This may even result in a decreased N:P
ratio of the community because of an inherited low N:P ratio of fast growing species. When P availability is low
and thus productivity does not increase by increased N input, the enhanced P limitation may lead to dominance of

species which have advantageous characteristics in P-limited conditions.
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Perspectives

The balance between nutrients has consequences for ecological interactions and processes
(Sterner & Elser 2002). This thesis showed that the relative availability of N and P affects
ecosystems on several organization levels of plants and on different time scales. In the short
term (< a few years; Figure 6.3a), high N supply relative to P supply causes a decrease in P
concentration in plant biomass, that results in high root death in the following years. The lowered
P concentration in biomass can be mediated by other plant traits, such as phosphatase activity or
nutrient resorption, yet in a species-specific manner. In the longer term (> decades; Figure 6.3b),
plant composition can change to adjust to the stoichiometric status of the environment (Danger
et al. 2008). Species which have advantageous characteristics under P limited conditions, such
as higher phosphatase activity or less P-requiring reproduction strategies, may benefit after N
eutrophication. The direction of the species replacement upon N eutrophication, however, will
depend on P availability. The species replacement may even lead to higher P retention of the
system via the positive feedback of plants to nutrient availability.

Thus, balance matters. When P availability is relatively low, N eutrophication may have an extra
impact on grassland ecosystems by increasing root death and nutrient loss from the rhizosphere
in the relatively short term. N eutrophication may, in the longer term, alter species composition
of plant communities, but the direction of the species shift may depend on the relative availability
of P.

This brings up suggestions for future research to advance our knowledge on eutrophication

effects on grassland ecosystems. We have suggested that inter-specific variations in functional

traits play a role in determining plant community structure from P- to N-limited ecosystems.

Here the question arises how the selection pressure on an evolutionary time scale has caused the

observed variations in species traits. More specific questions include:

o Have trade-offs between functional traits resulted in a certain strategy of species adapted to
different types of nutrient limitation?

o Is the direction of the trade-offs different between regions with relatively young, post-glacial
soil (where P limitation is prevailing, e.g. temperate Europe) and those with older soil (e.g.
tropics)?

o How do reproductive strategy and growth strategy, which are likely in a trade-off relationship,
shapes community structure in spatially heterogeneous environment in terms of N:P
stoichiometry?

Linking the evolutionary mechanisms to the observed ecological patterns and processes will
help us to better understand the N:P stoichiometric effects on ecosystems.
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Summary

Human interference in Nitrogen (N) and Phosphorus (P) cycles is a major impact on the Earth’s
environment. In Europe it is well recognized that increased atmospheric N deposition causes
deterioration of grassland biodiversity. Increased P availability is also assumed to impose negative
impacts on grasslands, especially on the presence of threatened species.

A well known effect of eutrophication on grassland ecosystems is an increase of above-ground
productivity, which intensifies the competition for light and thus benefits only a few competitive
species, resulting in loss of species diversity. Besides, eutrophication may also have additional
impacts on grassland ecosystems by changing the balance between the availability of multiple
nutrients, such as N and P. It is known that plant individuals grow differently in response to a
changing balance between N and P. Furthermore, there are a number of field observations which
indicate different effects of N- and P-limitation on plant community structure and biodiversity.
However, our knowledge is still too incomplete to link the individual- and community-level
responses of plants to N:P stoichiometry.

This thesis aims at unraveling the effects of N:P stoichiometry (i.e. the balance between N
and P in terms of availability and requirement) on the functioning of grassland plants at the
individual plant species level as well as at the plant community level. How do different plant
species respond to a changing N:P stoichiometry? Which functional traits influence the N:P
stoichiometric effects on plant growth? Do inter-specific differences in these traits play a role
in shaping the species distribution patterns along a gradient from N- to P-limited grasslands?
How does N:P stoichiometry influence community- and ecosystem-level properties, such as plant
species competition, species composition, species diversity, and ecosystem nutrient retention?
Answering these questions will help us understand the mechanisms with which N eutrophication
affects functioning of grassland ecosystems via N:P stoichiometry effects, which provide
necessary information for ecosystem conservation.

First, the individual-level responses of plants to changing N:P stoichiometry were studied
(chapter 2 and 3). For this, eight grassland species (five grasses and three herbs), including those
common in N- and P-limited grasslands, were grown in greenhouse fertilization experiments.
In chapter 2, I examined interspecific differences in plant P uptake from not readily available P
sources (bound-P) under different levels of N supply. Only a few species could take up a similar
amount of P from bound-P to that from the readily available P source (orthophosphate). These
species had higher relative phosphatase activity (i.e. amount of phosphatase activity relative to
biomass size) than other species, and tend to occur in P-limited grasslands. This indicated that
phosphatase activity plays a role in shaping species occurrence patterns from N- to P-limited
grasslands. Additionally, I found that increased N supply stimulated phosphatase activity due to
the N:P stoichiometric effect, rather than due to the effect of single N availability. The stimulated
phosphatase activity by high N supply, however, did not lead to increased P uptake of plants,
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possibly because of decreased root mass ratio and decreased specific root length triggered by high
N supply.

Furthermore, in chapter 3, the physiological and growth responses of plant species to changing
N:P stoichiometry were examined for two years. Here the same eight plants were grown with
readily available forms of N and P, with three N:P supply ratios under two overall nutrient supply
levels. In the first year plant growth was similarly reduced at high and low N:P supply ratios,
whereas in the second year the growth was reduced especially at high N:P supply ratio. The low
growth of the second year was due to increased death rate of below-ground biomass, which was
influenced by high N:P ratio rather than overall nutrient supply level. Inter-specific differences
were evident especially in the nutrient loss and P uptake under high N:P supply ratio. The species
common in P-limited grasslands, however, had neither less P loss nor higher P uptake under high
N:P supply ratio.

Subsequently, in chapter 4, the associations between N:P stoichiometry and plant community
structure were explored, by analyzing a large field dataset of plant species distribution and
functional traits of these species for Eurasian herbaceous ecosystems. Species richness had a weak
hump-shaped relationship with N:P ratios of above-ground plant biomass, whereas the number
and percentage of threatened species was strongly and positively related to the N:P ratios.
Furthermore, species occurrence along a N:P gradient was associated with their reproduction
strategies: i.e. species with less dependency on seed reproduction (i.e. small seed number, short
flowering period, perennials) occurred more often in P-limited grasslands. The richness of
threatened species in P limited grasslands was partly explained by their common reproduction
strategy which depends less on seed reproduction.

To link the individual- and community-level responses of plants to N:P stoichiometry, a
modeling study was conducted (chapter 5). The model assumes that species have an adaptive
trait to P-limitation (i.e. phosphatase activity) as well as plastic responses to changing nutrient
availability (i.e. flexible nutrient concentrations in biomass). With the model I examined how
interspecific differences in the adaptive trait affect species competition as well as ecosystem P
retention under increasing N input at different P input levels. It was found that, in N-limited
conditions species with low phosphatase activity always win, whereas in P-limited conditions
species with high phosphatase activity win unless under very eutrophic conditions (i.e. inputs
of both N and P are above a certain level). Moreover, a possibility was shown that increased N
input may increase ecosystem P retention via altering species composition, if there is a trade-off
between their phosphatase activity and growth rate.

This thesis provides several implications for ecosystem conservation. Threatened species are
observed to occur more frequently in P-limited than in N-limited grasslands. This indicates
that maintaining (relatively) low availability of P is important for biodiversity conservation.
Does this also mean that N eutrophication can benefit grassland biodiversity via stimulating P
limitation? This possibility was not supported by our analysis on current and historical frequency
distributions of herbaceous ecosystems along a gradient of N:P ratio (chapter 4). The analysis
suggests that in regions with high atmospheric N deposition ecosystems did not shift to be more
P-limited than before, but rather be more N-limited and productive. Thus, it is not advisable to
expect a positive effect of N eutrophication on richness of threatening species.
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Conservation measures for grassland ecosystems often have asymmetric effects on
biogeochemical cycles of N and P. The N:P stoichiometric effects on plants, therefore, should be
explicitly considered when the effectiveness of these measures is assessed.

This thesis shows the effects of changed N:P stoichiometry on grassland ecosystems in terms of
plant responses at several organization levels as well as on different time scales. In the short term
(< a few years), plants show contrasting responses to P-limitation and N-limitation, which can
be attributed to higher plasticity of P in plant biomass than that of N. More specifically, high
N:P ratio in supply induces a drastic decrease in P concentrations in plant biomass, which
leads to severe nutrient loss from dead roots. Note that feedback of plants to enhance P uptake
under P limited conditions, such as that via phosphatase activity, may mitigate those negative
effects of strong P limitation. In the longer term (> decades), the changed balance between N
and P availability may influence the competitive hierarchy among species which have different
functional traits, and therefore alter species composition. For example, relatively high N
availability may benefit species with advantageous characteristics under P -limitation, such as
efficient P uptake traits or reproductive strategies with low P requirements. The shift in species
composition caused by relatively high N availability may eventually lead to an increase in P
retention of the ecosystems.

In conclusion: balance matters. When P availability is relatively low, N eutrophication may
have an extra impact on grassland ecosystems by increasing nutrient loss from the rhizosphere
in the short term. N eutrophication may, in the long term, alter species composition of plant
communities, but the direction of the species shift may depend on the relative availability of P.
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Samenvatting

Menselijk ingrijpen in stikstof- (N) en fosforcycli (P) heeft grote gevolgen voor het milieu
van de aarde. Zo leidt verhoogde atmosferische N-depositie in Europa tot een afname van de
diversiteit aan plantesoorten in graslanden. Er zijn ook sterke aanwijzingen dat verhoogde
P-beschikbaarheid een negatieve invloed heeft op graslanden, met name op de aanwezigheid van
bedreigde plantesoorten.

Een bekend effect van eutrofiéring van grasland ecosystemen is een verhoging van de
bovengrondse plantengroei (primaire productie). Dat versterkt de concurrentie om zonlicht,
wat vervolgens resulteert in een afname van het aantal soorten. Daarnaast kan eutrofiéring
gevolgen hebben voor de soortsamenstelling in grasland ecosystemen doordat de balans
tussen de beschikbaarheid van verschillende nutriénten, zoals stikstof en fosfor, verandert.
Plantengroei hangt namelijk niet alleen af van de totale beschikbaarheid van nutriénten, maar
ook van de balans tussen N en P. Bovendien is in het veld waargenomen dat schaarstes in N en
P verschillende effecten hebben op de structuur en biodiversiteit van plantengemeenschappen.
Onze kennis is echter nog onvolledig om de reacties van individuele planten of
plantengemeenschappen ten opzichte van deze zogenaamde N:P stoichiometrie goed te kunnen
begrijpen.

Dit proefschrift richt zich op het ontrafelen van de effecten van N:P stoichiometrie (dwz de
balans tussen N en P in relatie tot hun beschikbaarheid en behoefte) op het functioneren van
graslandplanten op zowel soorts- als gemeenschapsniveau. Vragen die aan de orde komen zijn:
Hoe reageren verschillende plantesoorten op een veranderende N:P stoichiometrie? Welke
eigenschappen van planten worden beinvloed door N:P stoichiometrische effecten? Welke
verschillen tussen plantesoorten bepalen de soortensamenstelling langs een gradiént van N-
naar P-gelimiteerde graslanden? Hoe beinvloedt N:P stoichiometrie de concurrentie tussen
plantesoorten, soortensamenstelling, soortendiversiteit en nutriéntenretentie in een ecosysteem?
Door het zoeken naar antwoorden op deze vragen heb ik geprobeerd de mechanismen te
begrijpen waarmee N-eutrofiéring de soortenrijkdom in graslanden beinvloedt. Dit begrip is
nodig om grasland -ecosystemen beter te kunnen beschermen en de biodiversiteit te behouden.

In de eerste hoofdstukken heb ik de reacties van planten op individuniveau op een veranderende
N:P stoichiometrie bestudeerd (hoofdstuk 2 en 3). Hiervoor zijn acht graslandsoorten
(vijf grassen en drie kruiden), inclusief veel voorkomende soorten in N- en P-gelimiteerde
graslanden, bestudeerd door middel van bemestingsexperimenten in de kas. In hoofstuk 2 heb
ik de interspecifieke verschillen bestudeerd in P-opname van planten uit niet direct beschikbare
P bronnen (gebonden -P) met verschillende niveaus van N-toevoer. Slechts enkele soorten
konden eenzelfde hoeveelheid P uit gebonden-P opnemen in vergelijking met de opname uit
een direct beschikbare P-bron (orthofosfaat). Deze soorten hadden een hoge fosfatase activiteit
en komen gewoonlijk voor in P-gelimiteerde graslanden. Dat wijst op de belangrijke rol die het
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enzym fosfatase speelt in het aanboren van moeilijk beschikbare P-bronnen en de veranderingen
in soortensamenstelling in de overgang van N- naar P-limitatie in graslanden die daarmee
gepaard gaat. Daarnaast vond ik dat een verhoging van de N-toevoer de fosfatase activiteit
stimuleert via een verhoging van de N:P verhouding, en niet door het enkelvoudige effect van
N-beschikbaarheid. De door hoge N-toevoer gestimuleerde fosfatase activiteit leidde echter niet
tot een verhoging in P-opname door planten. Dat is het gevolg van een verlaagde wortel:massa
ratio en een verlaagde specifieke wortellengte. In hoofdstuk 3 beschrijf ik mijn studie naar de
effecten van een veranderende N:P stoichiometrie gedurende twee jaar op de fysiologie en de
groei van plantesoorten. Hiervoor gebruikte ik dezelfde acht plantesoorten en varieerde ik het
aanbod van direct beschikbare vormen van N en P, met drie N:P toevoer ratios en twee totale
nutriéntenniveaus. In het eerste jaar nam de groei af bij zowel een verhoging als verlaging van
de N:P toevoer ratio, terwijl in het tweede jaar de groei met name gereduceerd werd bij een
hoge N:P toevoer ratio. De lage groei in het tweede jaar kwam door een verhoogde sterfte van
ondergrondse biomassa. Deze ondergrondse biomassa wordt sterker beinvloed door een hoge
N:P ratio dan door het absolute niveau van de nutriéntentoevoer. Interspecifieke verschillen
tussen de plantesoorten kwamen met name naar voren bij nutriéntverlies en P-opname onder een
hoge N:P toevoer ratio. De algemeen voorkomende soorten in P-gelimiteerde graslanden hadden
echter noch minder P-verlies noch hogere P-opname onder een hogere N:P toevoer ratio.

In hoofdstuk 4 beschrijf ik de relaties tussen N:P stoichiometrie en de structuur van
plantengemeenschappen op basis van een analyse van een groot veldgegevensbestand van
soortenverspreiding en functionele eigenschappen van deze soorten in Euraziatische planten
ecosystemen. Soortenrijkdom vertoont een zwakke, hump-vormige relatie met N:P ratios
van bovengrondse plant biomassa, terwijl het aantal en het percentage bedreigde soorten
sterk toenam met N:P ratios. Bovendien bleek dat het voorkomen van soorten langs een N:P
gradiént athankelijk is van hun reproductiestrategieén: dwz soorten die minder athankelijk zijn
van zaadreproductie (laag aantal zaden, korte bloeiperiode, meerjarig) komen vaker voor in
P-gelimiteerde graslanden dan soorten die meer athankelijk zijn van zaadproductie. De rijkdom
van bedreigde soorten in P-gelimiteerde graslanden kan verklaard worden uit hun vergelijkbare
reproductiestrategie, d.w.z. deze is minder athankelijk van reproductie dmv zaden. Dat deze
strategie in P-gelimiteerde ecosystemen voordelig is, zou samen kunnen hangen met de relatief
grote hoeveelheden P die nodig zijn voor de vorming van reproductieve plantenorganen zoals
bloemen en zaden.

Om de respons op individueel en gemeenschapniveau te koppelen aan N:P stoichiometrie, heb
ik een modelstudie uitgevoerd (hoofstuk 5). In de modelformulering is aangenomen dat soorten
een adaptieve eigenschap hebben ten opzichte van P-limitatie (dwz fosfatase activiteit) en ook
een plastische respons ten opzichte van veranderende nutriéntenbeschikbaarheid via flexibele
nutriéntenconcentraties in hun biomassa. Met het model onderzocht ik hoe interspecifieke
verschillen in deze eigenschappen de concurrentie tussen soorten beinvloeden als ook de mate
van ecosysteem P-retentie onder verhoogde N-input en verschillende niveaus van P-input. De
modelresulaten laten zien dat, onder N-gelimiteerde condities, soorten met een lage fosfatase
activiteit altijd winnen, terwijl in P-gelimiteerde condities soorten met een hoge fosfatase
activiteit winnen mits onder zeer eutrofe condities (zowel N als P boven een bepaald niveau).
Bovendien gaf het model aan dat een verhoogde N-input de P-retentie in het ecosysteem zou
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kunnen verhogen door een veranderde soortensamenstelling. Dat laatste gebeurt alleen als er een
trade-off is tussen fosfatase activiteit en groei.

De resultaten van mijn studie hebben een aantal implicaties voor het behoud van soortenrijke
graslanden. Dat bedreigde soorten vaker voorkwamen in P-gelimiteerde dan in N-gelimiteerde
graslanden, betekent niet dat N-eutrofiéring (wat immers in principe kan leiden tot P-limitatie)
een positief effect op de biodiversiteit van graslanden zal hebben. De analyse van de huidige
soortensamenstelling langs een N:P gradiént, in combinatie met de geschatte grootte van de
soortenpool langs dezelfde gradiént, suggereert namelijk dat een hoge atmosferische N-depositie
deze ecosystemen niet heeft verschoven naar P-limitatie (hoofdstuk 4). Dat laatste wijst er op dat
de positieve terugkoppeling van een verhoogde N-input op P-beschikbaarheid via gestimuleerde
P-opname door planten, resulteert in een verhoogde productiviteit, wat er vervolgens weer toe
kan leiden dat snelgroeiende soorten minder competitieve soorten, zoals bedreigde soorten,
kunnen wegconcurreren.

Beheersmaatregelen voor grasland ecosystemen hebben vaak asymmetrische effecten op
biogeochemische cycli van N en P. De N:P stoichiometrische effecten op planten moeten daarom
expliciet meegenomen worden wanneer de effectiviteit van zulke maatregelen wordt beoordeeld.

Dit proefschrift laat de effecten van een veranderde N:P stoichiometrie zien van grasland
ecosystemen in termen van plantrespons op verschillende organisatieniveaus als ook op
verschillende tijdschalen. Op de korte termijn (dwz < een paar jaar) zal een hoge N-beschik-
baarheid ten opzichte van P-beschikbaarheid een snelle verlaging in P-concentraties in plant
biomassa veroorzaken, wat vervolgens leidt tot ernstig nutrientverlies uit dode wortels. Op de
lange termijn (> tientallen jaren) zou de veranderde balans tussen N- en P-beschikbaarheid de
soortensamenstelling kunnen beinvloeden. Bijvoorbeeld, een relatief hoge N-beschikbaarheid
zou soorten met gunstige eigenschappen onder P-limitatie, zoals eigenschappen voor efliciénte
P-opname of reproductieve strategieén met een lage P-behoefte, kunnen bevoordelen. De
verschuiving in soortensamenstelling veroorzaakt door een relatief hoge N-beschikbaarheid kan
uiteindelijk leiden tot een verhoging van de P-retentie in ecosystemen.

Samenvattend: evenwicht doet er toe (balance matters). Als P-beschikbaarheid relatief laag
is, kan N-eutrofiéring een extra effect hebben op grasland ecosystemen door een verhoogd
nutriéntenverlies uit de rhizosfeer op de korte termijn. N-eutrofiéring kan op de lange termijn
de soortensamenstelling van plantgemeenschappen veranderen. Maar de richting van de
soortenverschuiving hangt af van de relatieve beschikbaarheid van P.
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