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Phosphate as a limiting resource: introduction

Michael D. Cramer

Received: 5 June 2010 /Accepted: 9 July 2010 /Published online: 22 July 2010

© Springer Science+Business Media B.V. 2010

Global context

Phosphorus (P) is commonly a limiting nutrient for
both terrestrial and aquatic productivity, with the
consequence that it is considered important in
determining the biodiversity and biomass of natural
ecosystems. P-limitation of terrestrial plants is not a
recent development. Karandashov and Bucher (2005)
argued that the evolutionary transition of plants from
the aquatic to terrestrial habitats was contingent on
the presence of arbuscular mycorrhiza, which facili-
tated P acquisition. As a consequence of persistent
P-limitations, terrestrial plants have evolved a wide
range of P acquisition strategies, including mecha-
nisms that increase the range of chemical forms that
can be accessed, the range of concentrations that can
be taken up and the effective absorbing area of the
roots (Lambers et al. 2008). Likewise, plants have a
range of strategies for conserving P that enable them
to persist in P-deficient habitats, including sclero-
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phyllous leaves and serotinous cones. In order to
ensure successful recruitment in P-limited environ-
ments they also produce P-rich seeds (e.g. Groom and
Lamont 2010, this volume).

P is also often a limiting nutrient in agriculture (e.g.
Sanchez 2010), deficiency being redressed through
applications of P-fertilisers (globally ca. 20x10° kg P
annum™; Smit et al. 2009). Alarmingly, the finite
global stocks of P (2,400x10° kg P) are likely to be
depleted within 125 years (Smit et al. 2009; Vaccari
2009). Anthropogenic modification of the global P
cycle by fertiliser use as well as waste streams and
detergent use have effectively doubled global P cycling
since the mid-19th century (Filippelli 2002). A
consequence is that many natural ecosystems are
threatened by super-abundance of a formerly limiting
resource, with resulting biodiversity losses (e.g. Tilman
et al. 2001). This is likely to be especially true in
systems where P was formerly most-limiting, such as
in Mediterranean terrestrial ecosystems (Sala et al.
2000), oligotrophic lakes (Schindler et al. 2008) and
nutrient-impoverished oceans (Rabalais et al. 2008).
Apart from the direct biodiversity consequences of
P-eutrophication, release from P-limitation combined
with increased atmospheric CO, concentration and N
deposition may exacerbate the loss of biodiversity.

Regional context

The global importance of P as a limiting resource,
prompted the compilation of this Special Issue of Plant
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and Soil, following a workshop held in Stellenbosch
(South Africa) in January 2009. Stellenbosch is
situated in the Cape Floristic Region (CFR). The
CFR, located at the south-western tip of Africa, is a
Mediterranean ecosystem occupying a relatively small
area of 90 000 km®, but with some of the highest
levels of plant diversity in the world (9,000 vascular
plant species, of which 69% are endemic) (Cowling et
al. 1992). This high vy diversity of the CFR is the
product of a moderately-high «-diversity, which is
similar to that of other Mediterranean-ecosystems at
the 1,000 m® scale (ca 70 species per 1,000 m?;
Cowling et al. 1996) and a very high (3-diversity among
habitats. The component biomes are floristically
distinct and associated with equally distinct soil-
types: Afrotemperate Forest, Albany Thicket, Fynbos
and Succulent Karoo, that make up the CFR (Cowling
et al. 1992; Cowling et al. 1997; Goldblatt and
Manning 2000; Rebelo et al. 2006). The highly
species-rich Fynbos biome occupies the largest area
(56% of the CFR) and consists of three vegetation
types; fynbos, renosterveld and western strandveld, of
which fynbos is the dominant type (Cowling et al.
1997; Rebelo et al. 2006). Fynbos vegetation type is a
fire-prone heathland, containing small-leaved, ever-
green, sclerophyllous shrubs (Kruger 1983; Cowling et
al. 1992; Cowling et al. 1997; Rebelo et al. 2006) and
occurs on ancient sandstone-derived soils which are
coarse-grained, highly leached and extremely deficient
in exchangeable bases, total N (1 to 2 mgN g ') and
available P (0.4 to 3.7 pug P g ') (Kruger 1979; Stock
and Lewis 1986; Witkowski and Mitchell 1987).

The particularly high diversity of fynbos, com-
bined with low aboveground biomass prompted the
hosting of the workshop within the CFR, to stimulate
discussion of what determines the ecophysiological
and ecological characteristics of such ecosystems.
Over many decades, comparative research has been
carried out between the CFR and the South West
Botanical Province (SWBP) of Australia. This has
been based on the fact that these highly biodiverse
Mediterranean-ecosystems share several families in
common, and that many of the functional traits of the
native plants are similar (e.g. serotiny, resprouting,
sclerophyllous leaves, cluster roots). The soils of the
two regions are also both extremely P-impoverished.
Despite the similarities, there are also striking differ-
ences. For example, SWBP Proteaceae are generally
taller (personal observation), more sclerophyllous
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(Beard et al. 2000) and have more serotinous cones
with more P (Groom and Lamont 2010). This has
sparked much debate over the relative availabilities of
nutrients in the two geographic regions. This debate is
complicated by the climatic and edaphic variability of
the two regions, making comparisons highly depen-
dent on the rather sparse data. In this volume,
Lambers et al. (2010) have gathered data showing
that foliar [N], [P] and N:P ratios of fynbos and west-
Australian kwongan plants are relatively similar. In
contrast, leaf mass per unit area (LMA), a proxy for
sclerophylly, was ca. 1.7-fold higher in kwongan than
in fynbos. Also in this volume, Groom and Lamont
(2010) report that the plants native to kwongan have
seeds with 2.2-fold higher [P] and 4.7-fold greater P
contents than those of fynbos plants, and concluded
that P must be more limiting in kwongan. However,
plants in kwongan have their own challenges not
related to P and peculiar to Australia; voracious
graminivorous cockatoos (Groom and Lamont
1997). While this does not deny the importance of
P-rich seeds for successful recruitment, the occurrence
of graminivores and the extinct Australian megafauna
(Miller 2005) may have contributed to a high degree of
serotiny (measured as duration of seed retention and
extent of protection) coupled with low numbers of
P-rich seeds and high LMA.

Field excursion to investigate the role of P
in determining forest-fynbos boundaries

At the workshop there was considerable discussion of
the importance of P in determining the biodiversity
(see Lambers et al. 2010, this volume) and structure
of vegetation (see Bond 2010, this volume). This was
highlighted by a field excursion to the Swartboskloof
valley (Fig. 1) where both Kogelberg Sandstone
fynbos and evergreen Southern Afrotemperate Forest
(Mucina and Rutherford 2006) occur in close proxim-
ity on soils derived from the same geology (sandstone).
This sharp (tens of metres) vegetation disjunction has
commonly been ascribed to protection from fire by
boulders (e.g. Moll et al. 1980; Manders 1990). Fire
does enter the forests, although infrequently (van
Wilgen et al. 1990), and the forest patches are often
also associated with landscape drainage lines and rock
scree (Manders 1990). The soils associated with forest
are considerably more nutrient-rich than those asso-
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Fig. 1 Swartboskloof (33°
59'45.53"S, 18°57'23.29"E,
South Africa) from low
elevation (1 130 m above
sea level) looking south and
showing sites sampled
(Table 1) in forest and
fynbos patches (image from
Google Earth, Sep 2009).
The forests are restricted to
ravines (all except leftmost
patch) or associated with Eccesty
rocky scree (leftmost forest
patch). Evidence of a recent
fire is visible at top right

ciated with fynbos (Table 1). These distinct forest and
fynbos soils have scarcely changed over the 20 years
since Manders (1990) sampled the same region.
Nevertheless, forest expansion into formerly fynbos
areas protected from fire, such as in Orange Kloof
(Luger and Moll 1993) is often cited as evidence that
soil properties are not influential. It should be noted,
however, that the Orange Kloof site is on granitic
soils (Luger and Moll 1993) which are considerably
more nutrient rich than sandstone-derived soils in the
same region (e.g. Witkowski and Mitchell 1987).
Thus the Orange Kloof case may not be appropriate
for understanding forest-fynbos dynamics on
sandstone-derived soils. The consensus amongst field
excursion participants (see acknowledgements for
participants) was that this forest-fynbos disjunction
is probably the product of ‘niche construction’
(reviewed by Day et al. 2003), in which frequent fires
in fynbos mobilise nutrients, allowing these to ‘leak’
out of the ecosystem (through volatilization, ash loss or
leaching), whereas forests may act as nutrient collec-
tors trapping dust and ash and taking up nutrients and
water from deep in the soil. Forests were probably
originally more widespread in the region before the
onset of global cooling and aridification in the
Pliocene, and were replaced (off the drainage lines/
rock scree) by fire-prone sclerophyllous vegetation and
dry woodlands, especially during the Quaternary when
seasonal Mediterranean-type climates developed
(Cowling et al. 1996). Thus the floristic composition
and structure of the closed-canopied forests may be a
consequence of greater water and nutrient availability,
which is in turn the product of long-term soil
development in the relative absence of fire. In
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contrast, the neighbouring open-canopied, highly
sclerophyllous fynbos is associated with nutrient poor
soils, particularly impoverished in P, which are the
product of long-term losses of nutrients driven by
repeated fires.

Biodiversity

Although the turnover in lineages between vegetation
types such as afrotemperate forest and fynbos

Table 1 Comparison of the soil characteristics of forest and
fynbos soils at sites (Fig. 1) sampled at Swartboskloof in
Jonkershoek, South Africa (Feb 2007). Soil was analysed as
described in Cramer et al. (2008). Means+SE are followed by
letters indicating significant differences between biome meas-
ures determined using Student’s t-tests. Results are ranked
using an “effect size” measure (Hedges’sg; Hedges and Olkin
1985), g=n(n;+n)N(nn;), where t is the value of the
Student’s ¢ test of the differences between the two groups and
n is the number of samples (n=4)

Measure  Unit Forest Fynbos g

Ca cmol kg ! 9.842.2 b 0.6+0.1 a 7.4
EC mS m™' 32227 b 6+38 a 5.7
pH (in 1 MKCl) 52+02b  37+01a 50
T-Value  cmol kg™ 1542 b 5+l a 3.4
Mg cmol kg ! 33403b  05+02a 3.3
Bray I P mgkg ' 225+86b  4.8+09a 2.7
Total N mgg ' 3.9+0.8 b 1.3£0.6 a 2.0
K mgkg ! 188+41 a 79+30 a 1.6
Na cmol kg ™! 0.12+0.02 a 0.07£0.02a 1.4
C mgg ! 39+6 a 22+1a 13
H* cmol kg ! 14+04a  32+09b -1.8

@ Springer



4

Plant Soil (2010) 334:1-10

contributes to biodiversity of the CFR, the o-diversity
the Kogelberg Sandstone fynbos is much greater than
that of the Southern Afrotemperate forest (Mucina
and Rutherford 2006). The high fynbos biodiversity
has been extensively discussed in the literature (e.g.
Linder 2003; Verboom et al. 2009). The association of
high biodiversity in the CFR and SWBP with
nutrient-limited habitats is well established (e.g.
Hopper 2009). Species diversity in such regions has
been linked to what is referred to as old, climatically
buffered, infertile landscapes (OCBILs). The OCBIL
concept of speciation does need to accommodate a
role for disturbance (e.g. fire) and also probably
applies more generally to the SWBP than to the CFR;
in the latter the diversity of soils is associated with
topographic diversity, resulting in a patchwork of
young and ancient soils (Cowling et al. 2009).
Whether the link between low fertility and biodiver-
sity is causal, or just the consequence of a climatically
stable region, combined with speciation and the
persistence of lineages (e.g. Verboom et al. 2009), is
still debatable. In this volume, Lambers et al. (2010)
provide a link between P availability in OCBILs and
biodiversity. Although the link between P and
biodiversity has been explored, it is also notable that
soil [N] and [P] are highly correlated within the
SWBP. Nevertheless, in both the CFR and SWBP,
leaf [P] is ca. one-third of the world average, while
[N] is ca. half of the world average. This is partially a
consequence of high LMA in these regions relative to
global averages. Lambers et al. (2010) argue that high
biodiversity is causally linked to low fertility through
the increased diversity of plants with specialised
nutritional adaptations, such as various forms of
mycorrhizal association, cluster roots for acquiring P
and the occurrence of parasitic and carnivorous
plants. The idea is that as nutritional availability
decreases in OCBILs, particularly with respect to P,
there is greater selection pressure for strategies to
acquire the resources, with the consequence of niche
segregation. How this niche segregation is linked to
speciation through reproductive isolation has not,
however, been expressly considered.

The importance of P to biodiversity is also suggested
by the linkage of weak legume persistence in the CFR
(Cocks and Stock 2001) to post-fire decline in P
availability (Power et al. 2010, this volume). Legumes
also do not persist through post-fire succession in other
Mediterranean-type ecosystems (e.g. chaparral of
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California, Westman 1981; Jarrah forests of South
West Australia, Bell and Koch 1980). The relative lack
of persistence of indigenous legumes (there are 761
species, 627 of which are endemic to the CFR,
Goldblatt and Manning 2000) during post-fire succes-
sion in fynbos vegetation of the CFR may partially be
a consequence of the fact that most legumes lack the
highly effective root adaptations required for acquisi-
tion of P (i.e. cluster roots of size and functional
activity of the Proteaceae) from soils with scarce
sparingly soluble P late in post-fire succession (Power
et al. 2010). However, this raises the question of how
Australian legume species, such as Acacia saligna and
A. cyclops, are able to persist successfully after fire in
the CFR where they often dominate areas previously
occupied by fynbos vegetation. Power et al. (2010)
argued that alien Acacia species possess extensive root
systems and associated mycorrhizal networks com-
pared to fynbos legumes (e.g. Hoffman and Mitchell
1986), which would allow them to access a greater
pool of P. An alternative possibility is that the deep
root systems of alien Australian legumes combined
with a high capacity for water transport (Le Maitre et
al. 1996) allows them to trade water for nutrient access
(e.g. Field et al. 1983; Wright et al. 2003) by using
transpiration-driven mass-flow to extend the foraging
range of roots away from the immediate vicinity of the
roots (Cramer et al. 2009).

Biomass

The obvious differences in vegetation biomass associ-
ated with the forest-fynbos discontinuity could be due to
the ability of forests to escape fire or to differences in
their ability to access water and/or nutrients. The link
between declining nutrients, in particular P, and
declining woody biomass has been strongly demon-
strated across several chronosequences in which P and
biomass decrease with soil age (e.g. Richardson et al.
2004; Wardle et al. 2008). In this volume, Bond (2010)
has issued a challenge to the view that nutrients,
particularly P, determine woody biomass, by estimat-
ing the available stocks of major nutrients (excluding
N) in the soil, and the nutrient stocks required to
produce woody biomass. Due to limitations of data
availability, this estimation required several assump-
tions; for example, adequate nutritional data are not
generally available for soils below 0.3 to 0.5 m, soil
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and rooting depth is seldom reported and there are
uncertainties about the actual available fraction of total
P and other cations. Nevertheless, Bond (2010)
estimated that total P (and available P) is adequate
for the formation of woody biomass, even in some of
the most impoverished soils; instead he makes a
case for K and Ca limitation. Bond (2010) cites an
example from the CFR where above-ground biomass
of fynbos shrublands is ca. 15 000 kgha™, compared
ca. 170 000 kgha™' for adjacent conifer plantations,
supporting the notion that nutrients alone are not a
constraint. It may be informative to note that in African
savannas, woody cover (a measure of canopy closure by
woody species) is strongly correlated with rainfall,
followed by fire frequency and then soil total P, with
soil N playing only a minor role (Sankaran et al. 2008).
Although woody cover is not directly related to woody
biomass, interactions of several factors may be
important in determining final woody biomass, but
further definitive work is required.

Reproductive strategies

For plants from habitats with limited P availability,
the investment of nutrients in reproduction can be
enormous. One might expect that when nutrients are
limiting, nutrient allocation to any process would be
under tight selection pressure and as low as possible. In
this volume, Groom and Lamont (2010) review the
investment of P in seeds of plants from P-impoverished
habitats. Those from South Western Australia (SWA)
allocated up to ca. 50% of above ground P to seeds,
with less allocation to seeds in more nutrient replete
areas. The high [P] in seeds relative to leaves and other
plant structures may be required because of the edaphic
constraints on germination and seedling survival. The
high concentrations translate into large amounts of P
per seed (up to 15 mg P per seed), giving the seedlings
a better chance of establishing in soils in which the P
concentration is low. Serotiny limits the nutrient losses
associated with seed dispersal by ensuring that seeds
are shed in the post-fire environment, when the chance
of germination is higher. Does serotiny, which protects
P-investment in seed result in more P-rich seeds?
Groom and Lamont (2010) show that the amount of P
in serotinous seeds is greater than in non-serotinous
seeds. This may be because serotiny is a lower-risk
seeding strategy, or alternatively because more P-rich

seeds are required in P-impoverished habitats for
successful recruitment. Recurring fires and nutrient
limitations have also resulted in a large number of
resprouting plants in P-limited regions in which
regrowth takes advantage of pre-existing roots. In
resprouters, the investment in seed is generally lower
than in plants that are reseeders, because the
resprouters only require sufficient seed to offset
parental mortalities, whereas obligate reseeders rely
entirely on seed production (Meney et al. 1994).
Indeed, Groom and Lamont (2010) found that
resprouters produced fewer, but larger seeds, with
more total seed P than co-occurring reseeders. Thus
reproductive strategies, like those of P acquisition and
P conservation, are clearly geared to the degree of P-
limitation imposed by the habitat,

N:P interactions

Although absolute soil [P] is an important determi-
nant of vegetation properties, plants do maintain N:P
ratios within certain bounds, and thus the relative N
and P availabilities are important for determining
growth (Agren 2008). Although species that dominate
areas with low N availability share similarities with
those that dominate areas with low P availability,
N- and P-limitations should not just be merely consid-
ered as ‘infertile conditions’, but rather as independent,
but interacting, specific limitations (Ostertag 2010, this
volume) that interact with each other. Plants native to
the most P-impoverished soils, such as those charac-
teristic of the CFR and SWBP, seem unlikely to show
growth responses to N supplied without added P.
Contrary to expectations, when Craine and Jackson
(2010, this volume) amended 98 North American soils
by supplying NH4sNO; and Na,HPO, either individu-
ally or in a N:P ratio of 22:1, N and P were co-limiting
for the grass Schizachyrium scoparium grown on many
low-P soils. These authors concluded that low P may
alter the N cycle to limit N availability to the plants.
Isotopic evidence suggested that this might occur
through greater gaseous N losses from low-P soils.
Thus, even on low-P soils, they needed additional N to
respond to P addition. It remains to be seen whether
this also applies to plants native to low-P soils from the
CFR and SWBP.

Unlike grasslands which are commonly co-limited
by N and P (Craine et al. 2008; Craine and Jackson
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2010) there was no evidence of co-limitation in the
classic work of Vitousek (2004), who reported on
fertilization experiments across an Hawaiian chrono-
sequence. In that work single-resource limitation (see
Craine and Jackson 2010) was evident both at
younger (0.3 ky) N-limited and at older (4,100 ky)
P-limited sites, although there was some response of
plants at the younger site to N as well (Fig. 2a). It
seems likely, however, that the lack of requirement for
additional N in the work of Vitousek (2004) com-
pared to that of Craine and Jackson (2010) stems from
either differences in the degree of N-limitation or the
life-forms used (i.e. shrubs versus grasses). In this
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Fig. 2 Fertilization responses after 2 years for two of the six
sites reported on by Vitousek (2004), and for which foliar N and
P have been reanalysed for several species by Ostertag (2010).
Diameter increment was expressed as a percentage of the
maximum (0.3 ky maximum=13.3 and 4,100 ky maximum=
2.4 mm annum ") across the four treatments for a particular site
(data from Vitousek 2004). Plots were fertilized with 100 kg
ha 'N and/or P twice annually since 1985 (N-limited site) or
1991 (P-limited site)
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volume, Ostertag (2010) examined the interesting
phenomenon that foliar [N] responds little to fertiliza-
tion (Fig. 2b) while foliar [P] is much more responsive
(Fig. 2c). Both inorganic and organic P accumulated
when plants were fertilized with P, indicating that this
was not simply a case of passive accumulation of P
(Ostertag 2010). This author concluded that the plants
may be incapable of down-regulation of P uptake. A
lack of down-regulation of P uptake capacity has been
proposed to account for the sensitivity of plants from
P-impoverished Mediterranean ecosystems to P-
toxicity (Shane and Lambers 2005; Shane et al. 2008;
Hawkins et al. 2008). Whether this lack of down-
regulation is more widespread and contributes to tissue
P-accumulation requires examination of the P-uptake
kinetics of the plants in question.

Whilst low N availability may limit plant responses
to P fertilization, when the N:P ratios become very
high, plants seem to be unable to utilise P, even when
this is supplied at concentrations that are suitable for
growth at lower N:P ratios. In this volume Fujita et al.
(2010) studied the effect of increased N:P ratios (from
1.7 to 135) supplied as KNO5/Ca(NOs), and KH,PO,
in quartz sand on 5 European grass and 3 herb
species. High N:P ratios resulted in decreased overall
growth over 2 years, independent of the overall
amount of nutrient supplied. This decreased growth
was attributable to root death at the higher N:P ratios,
triggered by P-limitation and consequent P-starvation
in the root tissue. Fujita et al. (2010) suggested that
low mycorrhizal infections may play a role in this P-
limitation. However, an alternative explanation is that
the higher N:P ratios limit transpiration driven mass-
flow, and this reduces access to P. A signalling role
for NO5; in regulating transpiration through de-
creased stomatal conductances (Cramer et al. 2009)
could result in reduced mass-flow of P through the
relatively inert quartz sand used (e.g. Cramer et al.
2008), resulting in the observed P-starvation of the
plants at high N:P ratios.

One lesson from these NxP interaction experiments
in this volume (Craine and Jackson 2010; Fujita et al.
2010; Ostertag 2010) is that consideration of a single
limitation (e.g. P) in isolation is misleading. The
importance of NP interactions is also pertinent when
considering the consequences of how climate change
influences plant processes (e.g. through effects on
transpiration) and also how nutrient deposition may
influence plant communities by changing the N:P ratios.
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Resource acquisition

Apart from mechanisms that conserve P (e.g. scle-
rophylly, serotiny, efficient P remobilisation from
senescing tissue), plants native to P-limited habitats
also have several mechanisms (e.g. cluster roots,
mycorrhiza, phosphatase exudation) for ensuring P
acquisition from low concentration resources and
from forms of P that are not readily available to other
plants (reviewed by Lambers et al. 2006; Lambers et
al. 2010). Cluster roots are relatively rare outside of
Australia and South Africa. However, in this volume
Zuniga-Feest et al. (2010) have found that cluster
roots of South American Proteaceae responded to P-
deprivation, similar to Proteaceae from South Africa
and Australia (reviewed by Lambers et al. 2006). This
ubiquitous induction of cluster root formation by P-
deficiency has been used to argue that these roots
function mostly in P acquisition. Due to the mobi-
lisation of P from inorganic complexes such as Ca-P,
Mg-P, Mn-P, Zn-P and Fe-P by carboxylates, cluster
roots do also take up the associated cations (Lamont
2003). Cluster roots can also absorb '>N-glycine
(Schmidt and Stewart 1997), possibly indicating that
they have a role in N-uptake. Indeed, low levels of N
have been reported to induce cluster root formation
under P-deficiency, whereas high N levels were
inhibitory (Lamont 1972; 1973; Dinkelaker et al.
1995). In contrast, Sas et al. (2002) showed that NH,"
stimulated cluster root formation and proton excretion
under P deficiency more than did NO;3 . Although
cluster roots do take up N, the consensus today is that
cluster roots function mostly for P-acquisition and the
reasons for N linked cluster root induction may be
due to perceived P deficiency in response to N supply.
The work of Rath et al. (2010) in this volume using
2,102 white lupin ESTs to analyze gene expression of
cluster roots in white lupin in response to P, N, and Fe
deprivations may challenge the stereotyping of cluster
roots as solely a P-acquisition strategy. They identi-
fied 19 genes in cluster roots that displayed up-
regulation in response to both N and P deprivation (N
normally supplied as KNO;), six of which were
glycolytic enzymes and one was sucrose synthase.
The increased expression of sucrose synthase and
changes in glycolysis are intriguing because sugar
signalling has been shown to mediate plant responses
to N and P deprivation (e.g. Miiller et al. 2005;
Hammond and White 2008; Liu et al. 2005), and has

been demonstrated to be involved in the formation of
proteoid roots (Zhou et al. 2008). Thus the work of
Rath et al. (2010) indicates that there may be cross-
talk between signalling mechanisms reporting N and
P deficiencies, leading to cluster root induction.

In the absence of soil-resetting disturbance, soil
weathering leads to long-term reduction of P availabil-
ity. The decline in total P with soil age has been firmly
established from chronoseqeunces (e.g. Stevens and
Walker 1970). This decline of total P is also associated
with increasing contribution of a variety of organic P
forms to the total P pool (Turner et al. 2007). The
contribution of organic P may be especially important
in the most P-impoverished ecosystems. For example,
in fynbos up to 76% of the total P (total P=46 mgkg ")
was in the organic P fraction (Mitchell et al. 1984). For
this reason, direct root facilitated access to organic P,
rather than indirect access via microbial mineralisation,
is a potentially important, but relatively little studied
mechanism. Phosphatases hydrolytically remove P
from organic substrates, and are thought to play an
important role in P acquisition (e.g. Vance et al. 2003).
A microRNA (miR399) thought to target mRNAs
coding for a phosphatase transporter was originally
identified in both Arabidopsis thaliana and Oryza
sativa (Jones-Rhoades and Bartel 2004). miR399-
overexpressing Arabidopsis accumulates 4 to 6-fold
more P, with greater P-transporter mRNA abundance
(Bari et al. 2006). In this volume Gao et al. (2010)
have shown that transgenic tomato overexpressing
miR399 had higher P uptake due to increased
expression of P-transporters, combined with increased
acidification of the root medium and exudation of acid
phosphatase. Thus miR399 seems to co-ordinate a
suite of P-acquisition traits that is garnering it
considerable research attention, and work with
cluster-root forming species is an obvious next step.

Concluding remark

Phosphate as a limiting resource is an important and
specific constraint that plants have co-evolved with
ever since making the transition to the terrestrial
environment. There has been substantial progress in
identifying how plants meet the challenge of acquir-
ing and conserving this resource. However, the
responses of plant species richness and plant produc-
tion to P-limitation can only be understood when the
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interactions of this limitation with multiple other
abiotic resources (e.g. N, water, light) and biotic
interactions (e.g. competition, fire, herbivoury) are
taken into consideration.

Acknowledgements Tony Verboom and the reviewers are
thanked for providing useful comments. Participants in the field
excursion were (no particular order): Pauw A, Hodges T, Ostertag
R, Lambers H, Cambridge M, Pearse S, Cramer M, Balkwill K,
Cruz Campos M. The organisers of the South African Association
of Botanists conference (University Stellenbosch 2009) are
thanked for facilitating the workshop.

References

Agren GI (2008) Stoichiometry and nutrition of plant growth in
natural communities. Annu Rev Ecol Evol Syst 39:153-170

Bari R, Pant BD, Stitt M, Scheible WR (2006) PHO2,
microRNA399, and PHR1 define a phosphate-signalling
pathway in plants. Plant Physiol 141:988-999

Beard JS, Chapman AR, Gioia P (2000) Species richness and
endemism in the Western Australian flora. J Biogeogr
27:1257-1268

Bell DT, Koch JM (1980) Post-fire succession in the northern
Jarrah forest of Western Australia. Aust J Ecol 5:9-14

Bond WJ (2010) Do nutrient-poor soils inhibit development of
forests? A nutrient stock analysis. Plant Soil, in press

Cocks MP, Stock WD (2001) Field patterns of nodulation in
fifteen Aspalathus species and their ecological role in the
fynbos vegetation of southern Africa. Basic Appl Ecol
2:115-125

Cowling RM, Holmes PM, Rebelo AG (1992) Plant diversity
and endemism. In: Cowling RM (ed) The ecology of
fynbos, nutrients, fire and diversity. Oxford University
Press, Cape Town, pp 62—-112

Cowling RM, Rundel PW, Lamont BB, Arroyo MK, Arianoutsou
M (1996) Plant diversity in mediterranean-climate regions.
Trends Ecol Evol 11:362-366

Cowling RM, Richardson DM, Mustart PJ (1997) Fynbos. In:
Cowling RM, Richardson DM, Pierce SM (eds) Vegeta-
tion of Southern Africa. Cambridge University Press,
Cambridge, UK, pp 99-130

Cowling RM, Proches S, Partridge TC (2009) Explaining the
uniqueness of the Cape flora: Incorporating geomorphic
evolution as a factor for explaining its diversification. Mol
Phylogenet Evol 51:64-74

Craine JM, Jackson RD (2010) Plant nitrogen and phosphorus
limitation in 98 North American grassland soils. Plant
Soil, in press

Craine JM, Morrow C, Stock WD (2008) Nutrient concentra-
tion ratios and co-limitation in South African grasslands.
New Phytol 179:829-836

Cramer MD, Hoffmann V, Verboom GA (2008) Nutrient
availability moderates transpiration in Ehrharta calycina.
New Phytol 179:1048-1057

Cramer MD, Hawkins HJ, Verboom GA (2009) The importance of
nutritional regulation of plant water flux. Oecologia 161:15-24

@ Springer

Day RL, Laland KN, Odling-Smee J (2003) Rethinking
adaptation: the niche-construction perspective. Perspect
Biol Med 46:80-95

Dinkelaker B, Hengeler C, Marschner H (1995) Distribution
and function of proteoid roots and other root clusters. Bot
Acta 108:183-200

Field C, Merino J, Mooney HA (1983) Compromises between
water-use efficiency and nitrogen-use efficiency in five
species of California evergreens. Oecologia 60:384-389

Filippelli GM (2002) The global phosphorus cycle. Rev
Mineral Geochem 48:391-425

Fujita Y, de Ruiter PC, Wassen MJ, Heil GW (2010) Time-
dependent, species-specific effects of N:P stoichiometry
on grassland plant growth. Plant Soil, in press

Gao N, Su Y, Min J, Shen W, Shi W (2010) Transgenic tomato
overexpressing ath-miR399d has enhanced phosphorus
accumulation through increased acid phosphatase and
proton secretion as well as phosphate transporters. Plant
Soil, in press

Goldblatt P, Manning JC (2000) Cape plants: a conspectus of
the cape flora of South Africa. Strelizia 9. National
Botanical Institute of South Africa, Pretoria, South Africa

Groom PK, Lamont BB (1997) Fruit-seed relations in Hakea:
serotinous species invest more dry matter in predispersal
seed protection. Aust J Ecol 22:352-355

Groom PK, Lamont BB (2010) Phosphorus accumulation in
Proteaceae seeds: a synthesis. Plant Soil, in press

Hammond J, White P (2008) Sucrose transport in the phloem:
integrating root responses to phosphorus starvation. J Exp
Bot 59:93-109

Hawkins H-J, Hettasch H, Mesjasz-Przybylowicz J, Przybylowicz
W, Cramer MD (2008) Phosphorus toxicity in the Proteaceae:
a problem in post-agricultural lands. Sci Hortic 117:357-365

Hedges LV, Olkin I (1985) Statistical methods for meta-
analysis. Academic, San Diego, USA

Hoffman MT, Mitchell DT (1986) The root morphology of
some legume spp. in the south-western Cape and the
relationship of vesicular-arbuscular mycorrhizas with dry
mass and phosphorus content of Acacia saligna seedlings.
S Afr J Bot 52:316-320

Hopper SD (2009) OCBIL theory: towards an integrated
understanding of the evolution, ecology and conservation
of biodiversity on old, climatically buffered, infertile
landscapes. Plant Soil 322:49-86

Jones-Rhoades MW, Bartel DP (2004) Computational Identifi-
cation of plant microRNAs and their targets, including a
stress-induced miRNA. Mol Cell 14:787-799

Karandashov V, Bucher M (2005) Symbiotic phosphate
transport in arbuscular mycorrhizas. Trends Plant Sci
10:22-29

Kruger FJ (1979) South African heathlands. In: Specht RL (ed)
Heathland and related shrublands. Ecosystems of the
world 9A. Elsevier, Amsterdam, Netherlands, pp 19-80

Kruger FJ (1983) Plant community diversity and dynamics in
relation to fire. In: Kruger FJ, Mitchell DT, Jarvis JUM
(eds) Mediterranean-type ecosystems: the role of nutrients.
Ecological studies 43. Springer-Verlag, Berlin, pp 446472

Lambers H, Shane MW, Cramer MD, Pearce SJ, Veneklaas EJ
(2006) Root structure and functioning for efficient
acquisition of phosphorus: matching morphological and
physiological traits. Ann Bot 98:693-713



Plant Soil (2010) 334:1-10

Lambers H, Raven JA, Shaver GR, Smith SE (2008) Plant
nutrient-acquisition strategies change with soil age. Trends
Ecol Evol 23:95-103

Lambers H, Brundrett MC, Raven JA, Hopper SD (2010) Plant
mineral nutrition in ancient landscapes: high plant species
diversity on infertile soils is linked to functional diversity
for nutritional strategies (Marschner Review). Plant Soil,
in press

Lamont B (1972) The effect of soil nutrients on the production
of proteoid roots by Hakea species. Aust J Bot 20:27-40

Lamont B (1973) Factors affecting the distribution of proteoid
roots within the root systems of two Hakea species. Aust J
Bot 21:165-187

Lamont B (2003) Structure, ecology and physiology of root
clusters—a review. Plant Soil 248:1-19

Le Maitre DC, Van Wilgen BW, Chapman RA, McKelly DH
(1996) Invasive plants and water resources in the Western
Cape Province, South Africa: Modelling the consequences
of a lack of management. J Appl Ecol 33:161-172

Linder HP (2003) The radiation of the Cape flora, southern
Africa. Biol Rev 78:597-638

Liu J, Samac D, Bucciarelli B, Allan D, Vance C (2005)
Signaling of phosphorus deficiency-induced gene expres-
sion in white lupin requires sugar and phloem transport.
Plant J 41:257-268

Luger AD, Moll EJ (1993) Fire protection and afromontane
forest expansion in Cape fynbos. Biol Conserv 64:51-56

Manders PT (1990) Fire and other variables as determinants of
forest/fynbos boundaries in the Cape Province. J Veg Sci
1:483-490

Meney KA, Nielssen GM, Dixon KW (1994) Seed bank
patterns in Restionaceae and Epacridaceae after wildfire
in kwongan in southwestern Australia. J Veg Sci 5:5-12

Miller GH (2005) Ecosystem collapse in Pleistocene Australia
and a human role in megafaunal extinction. Science
309:287-290

Mitchell DT, Brown G, Jongens-Roberts SM (1984) Variation
of forms of phosphorus in sandy soils of coastal fynbos,
south western Cape. J Ecol 72:575-584

Moll EJ, McKenzie B, McLachlan D (1980) A possible
explanation for the lack of trees in the fynbos, Cape
Province, South Africa. Biol Conserv 17:221-228

Mucina L, Rutherford MC (eds) (2006) The vegetation of
South Africa. Lesotho and Swaziland, SANBI, Pretoria,
South Africa

Miiller R, Nilsson L, Nielsen LK, Nielsen TH (2005)
Interaction between phosphate starvation signalling and
hexokinase-independent sugar sensing in Arabidopsis
leaves. Physiol Plant 124:81-90

Ostertag R (2010) Foliar nitrogen and phosphorus accumulation
responses after fertilization: an example from nutrient-
limited Hawaiian forests. Plant Soil, in press

Power SC, Cramer MD, Verboom GA, Chimphango SBM
(2010) Does phosphate acquisition constrain legume
persistence in the fynbos of the Cape Florsitic Region?
Plant Soil, in press

Rabalais NN, Turner RE, Diaz RJ, Justi¢ D (2008) Global
change and eutrophication of coastal waters. ICES J Mar
Sci 66:1528-1537

Rath M, Salas J, Parhy B, Norton R, Menakuru H, Sommerhalter
M, Hatlstad G, Kwon J, Allan DL, Vance CP, Uhde-Stone

C. (2010) Identification of genes induced in proteoid roots
of white lupin under nitrogen and phosphorus deprivation,
with functional characterization of a formamidase. Plant
Soil, in press

Rebelo AG, Boucher C, Helme N, Mucina L, Rutherford MC
(2006) Fynbos biome. In: Mucina L, Rutherford MC (eds)
The vegetation of South Africa, Lesotho and Swaziland.
Srelitiza 19. National Botanical Institute of South Africa,
Pretoria, pp 53-212

Richardson SJ, Peltzer DA, Allen RB, McGlone MS, Parfitt RL
(2004) Rapid development of phosphorus limitation in
temperate rainforest along the Franz Josef soil chronose-
quence. Oecologia 139:267-276

Sala OE, Chapin FS II, Armesto JJ, Berlow E, Bloomfield J,
Dirzo R, Huber-Sanwald E, Huenneke LF, Jackson RB,
Kinzig A, Leemans R, Lodge DM, Mooney HA, Oesterheld
M, Poff NL, Sykes MT, Walker BH, Walker M, Wall DH
(2000) Global biodiversity scenarios for the year 2100.
Science 287:1770-1774

Sanchez PA (2010) Tripling crop yields in tropical Africa. Nat
Geosci 3:299-300

Sankaran M, Ratnam J, Hanan N (2008) Woody cover in
African savannas: the role of resources, fire and herbivory.
Glob Ecol Biogeogr 17:236-245

Sas L, Rengel Z, Tang C (2002) The effect of nitrogen nutrition
on cluster root formation and proton extrusion by Lupinus
albus. Ann Bot 89:435-442

Schindler DW, Hecky RE, Findlay DL, Stainton MP, Parker
BR, Paterson MJ, Beaty KG, Lyng M, Kasian SEM (2008)
Eutrophication of lakes cannot be controlled by reducing
nitrogen input: Results of a 37-Year whole-ecosystem
experiment. Proc Natl Acad Sci USA 105:11254-11258

Schmidt S, Stewart GR (1997) Waterlogging and fire impacts
on nitrogen availability and utilization in a subtropical wet
heathland (wallum). Plant Cell Environ 20:1231-1241

Shane MW, Lambers H (2005) Cluster roots: a curiosity in
context. Plant Soil 274:101-125

Shane MW, Cramer MD, Lambers H (2008) Root of edaphi-
cally controlled Proteaceae turnover on the Agulhas Plain,
South Africa: phosphate uptake regulation and growth.
Plant Cell Environ 31:1825-1833

Smit AL, Bindraban P, Schroder JJ, Conijn JG, v.d. Meer HG
(2009) Phosphorus in agriculture: global trends and
developments. Plant Research International (Report 282)

Stevens PR, Walker TW (1970) The chronosequence concept
and soil formation. Q Rev Biol 45:333-350

Stock WD, Lewis OAM (1986) Soil nitrogen and the role of
fire as a mineralizing agent in a South African coastal
fynbos ecosystem. J Ecol 74:317-328

Tilman D, Fargione J, Wolff B, DOAntonio C, Dobson A,
Howarth R, Schindler D, Schlesinger WH, Simberloff
D, Swackhamer D (2001) Forecasting agriculturally
driven global environmental change. Science 292:281—
294

Turner BL, Condron LM, Richardson SJ, Peltzer DA, Allison
VJ (2007) Soil organic phosphorus transformations during
pedogenesis. Ecosystems 10:1166—1181

Vaccari DA (2009, June) Phosphorus: a looming crisis. Sci Am
54-59

van Wilgen BW, Higgins KB, Bellstedt DU (1990) The role of
vegetation structure and fuel chemistry in excluding fire

@ Springer



10

Plant Soil (2010) 334:1-10

from forest patches in the fire-prone fynbos shrublands of
SA. J Ecol 78:210-222

Vance CP, Uhde-Stone C, Allan D (2003) Phosphorus
acquisition and use: critical adaptations by plants for
securing a nonrenewable resource. New Phytol 16
(157):423-447

Verboom GA, Archibald JK, Bakker FT, Bellstedt DU, Conrad
F, Dreyer LL, Forest F, Galley C, Goldblatt P, Henning JF,
Mummenhoff K, Linder HP, Muasya AM, Oberlander KC,
Savolainen V, Snijman DA, van der Niet T, Nowell TL
(2009) Origin and diversification of the Greater Cape
flora: Ancient species repository, hot-bed of recent
radiation, or both? Mol Phylogenet Evol 51:44-53

Vitousek PM (2004) Nutrient cycling and limitation: Hawaii as a
model system. Princeton University Press, Princeton, USA

Wardle DA, Bardgett RD, Walker LR, Peltzer DA, Lagerstrom
A (2008) The response of plant diversity to ecosystem

@ Springer

retrogression: evidence from contrasting long-term chro-
nosequences. Oikos 117:93-103

Westman WE (1981) Diversity relation and succession in
California sage scrub. Ecology 62:170—184

Witkowski ETF, Mitchell DT (1987) Variations in soil
phosphorus in the fynbos biome, South Africa. J Ecol
75:1159-1171

Wright 1J, Reich PB, Westoby M (2003) Least-cost input mixtures
of water and nitrogen for photosynthesis. Am Nat 161:98-111

Zhou K, Yamagishi M, Osaki M, Masuda K (2008) Sugar
signalling mediates cluster root formation and phosphorus
starvation-induced gene expression in white lupin. J Exp
Bot 59:2749-2756

Zuiiiga-Feest A, Delgado M, Alberdi M (2010) The effect of
phosphorus on growth and cluster-root formation in the
Chilean Proteaceae: Embothrium coccineum (R. et J. Forst.).
Plant Soil, in press



	Phosphate as a limiting resource: introduction
	Global context
	Regional context
	Field excursion to investigate the role of P in determining forest-fynbos boundaries
	Biodiversity
	Biomass
	Reproductive strategies
	N:P interactions
	Resource acquisition
	Concluding remark
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


