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Summary

1. The classical model of long-term ecosystem development suggests that primary productivity is
limited by nitrogen (N) on young substrates and phosphorus (P) on older substrates. Measurements
of foliar and soil nutrients along soil chronosequences support this model, but direct tests through
nutrient-addition experiments are rare.

2. We conducted a nutrient-limitation bioassay using phytometer species grown in soils from five
stages of a >2-million-year dune chronosequence in south-western Australia. This long-term
chronosequence is located within a region of exceptionally high plant species diversity and has not
been previously studied in the context of ecosystem development.

3. Growth of unfertilized phytometers, a proxy for primary productivity, peaked on young soils
(hundreds to a few thousand years) and then declined steadily on older soils. This decline was linked
to P limitation, and its rapid appearance ( < 7000 years) compared to other sequences reflects the low
P concentration in the parent material. As predicted, growth of canola was N-limited on the youngest
soil (stage 1), co-limited by multiple nutrients in stage 2 and increasingly P-limited thereafter.

4. Growth of wheat was P-limited from stage 2 onwards, yet on the youngest soil it was co-limited
by potassium (K) and micronutrients — most likely iron (Fe). Nitrogen addition also decreased the
root:shoot ratio of wheat such that shoot growth was higher than in the control. We attribute these
responses to a parent material that is very low in K and N and strongly alkaline (pH [H,O] > 9),
being of a marine origin (i.e. carbonate dunes). Fe is poorly soluble at high pH and K likely plays a
role in the secretion of Fe-mobilizing exudates from wheat roots.

5. Synthesis. Our results provide strong support for the long-term ecosystem-development model,
particularly with regard to the appearance of P limitation and associated declines in productivity.
However, our study also shows that N cannot be assumed to invariably be the most important limit-
ing nutrient in young soils, and it is unlikely to be the only limiting nutrient in calcareous soils. This
south-western Australian long-term chronosequence provides an excellent opportunity to explore
edaphic controls over plant species diversity.

Key-words: co-limitation, ecosystem decline, ecosystem progression, ecosystem retrogression,
pedogenesis, plant-soil (below-ground) interactions, productivity, soil age, stoichiometry,
succession

tem properties such as net primary productivity increase and
reach maximum values (Odum 1969). However, in the absence

Introduction

Soil and ecosystem development begin following the deposi- of major disturbances over much longer periods (thousands to
tion of a new substrate (e.g. coastal dune, lava flow, moraine). hundreds of thousands of years), this progressive phase is
Over relatively short time-scales (decades to centuries), ecosys- followed by gradual declines in many ecosystem properties —

a phenomenon termed ‘ecosystem retrogression’ (Peltzer et al.
*Correspondence author. E-mail: etienne.laliberte@uwa.edu.au 2010).
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Ecosystem progression and retrogression are causally linked
to changes in nutrient availability, particularly nitrogen (N)
and phosphorus (P), during long-term soil development
(Peltzer et al. 2010). The classical pedogenesis model (Walker
& Syers 1976) proposes that N is initially limiting, because it is
largely absent from parent material and comes from symbiotic
N, fixation or atmospheric deposition (although recent
research suggests that bedrock N input may be significant in
some systems; Morford, Houlton & Dahlgren 2011). On the
other hand, P is derived primarily from weathering of parent
material and its total amount and availability decreases with
time until it eventually becomes the limiting nutrient in
old soils (Beadle 1954; Walker & Syers 1976; Vitousek &
Farrington 1997). In intermediate-aged soils, where nutrient
supply may have equilibrated relative to plant demand, N and
P may be co-limiting (Walker & Syers 1976; Vitousek &
Farrington 1997). This may occur if, for example, P supply
limits rates of N, fixation, or if P limits productivity such that
N is increasingly lost (Vitousek ez al. 2010).

Well-studied long-term soil chronosequences around the
world have provided evidence that ecosystem progression is
followed by ecosystem retrogression (Wardle, Walker &
Bardgett 2004). In many long-term chronosequences (e.g.
Walker & Syers 1976; Thompson 1981; Crews et al. 1995;
Chadwick et al. 1999; Selmants & Hart 2010), shifts in the total
amounts or availability of soil N or P with pedogenic develop-
ment are consistent with predictions from the Walker & Syers
(1976) model. That said, because the availability of multiple
nutrients change in concert during ecosystem development
(Walker & Syers 1976; Chadwick et al. 1999), soil data alone
cannot confirm the type of nutrient limitation (e.g. N. vs. P lim-
itation). Likewise, increasing foliar N:P ratios with ecosystem
development (Richardson et al. 2004) provide only circum-
stantial evidence for shifts from N to P limitation, since these
ratios are not always reliable indicators of nutrient status
(Vitousek, Turner & Kitayama 1995; Craine, Morrow &
Stock 2008) and need to be calibrated against results from
nutrient-addition experiments. This is especially true when
foliar N:P ratios of different species are compared among
chronosequence stages (e.g. Richardson ez al. 2004).

Nutrient-addition experiments provide the only direct evi-
dence of the type and degree of nutrient limitation. However,
evaluating nutrient limitation at the community or ecosystem
scale presents significant challenges because species occupying
infertile habitats typically do not respond strongly to fertiliza-
tion (Chapin, Vitousek & Cleve 1986). As a result, the potential
productivity of infertile ecosystems following nutrient addition
will be largely realized through shifts in species composition
(Chapin, Vitousek & Cleve 1986), which can take many years
to develop. This problem can be resolved by fertilizing the
same phytometer species growing in soils from different
ecosystem-development stages, either in the field or ex situ.
Nutrient-addition field experiments have so far only been con-
ducted along the Hawaii chronosequence (Vitousek er al.
1993; Herbert & Fownes 1995; Vitousek & Farrington 1997;
Harrington, Fownes & Vitousek 2001). Therefore, despite the
central role of nutrient limitation to causal explanations of

ecosystem progression and retrogression (Peltzer ez al. 2010),
our ability to conclusively state this phenomenon is associated
with shifts from N to P limitation remains limited.

We conducted a nutrient-limitation bioassay (Beadle 1954;
Van Duren & Pegtel 2000; Kohler e al. 2001) using soils from
a Quaternary dune chronosequence in Western Australia
(encompassing much of the last ca. 2.5 million years) to pro-
vide a direct test of the Walker & Syers (1976) model. We grew
three phytometer species [canola (Brassica napus), white lupin
(Lupinus albus) and wheat (Triticum aestivum)] in soils from
five chronosequence stages (ranging from very young soils to
soils >2 million years old) treated as follows: + water only,
+N, +P, +potassium (K), + other nutrients (but not N, P or
K) or +all nutrients. The three phytometer species were
selected to represent distinct nutrient-uptake strategies: canola
is non-mycorrhizal (Smith & Read 2008), wheat is mycorrhizal
(Smith & Read 2008), while white lupin makes cluster roots
(Gardner, Parbery & Barber 1981), fixes N (Layzell ez al.
1979) and is weakly mycorrhizal (Bedmar & Ocampo 1986).

Our study introduces a number of novel aspects from previ-
ous work. The dune chronosequence used here has not previ-
ously been studied in the context of ecosystem development.
Interestingly, it is located in a region with extremely high plant
diversity (Lamont, Downes & Fox 1977; Hopper & Gioia
2004). The wet-winter, dry-summer Mediterranean climate of
the study area is relevant because the generality of the Walker
& Syers (1976) model has been challenged for water-limited
ecosystems (Meixner & Singer 1985; Lajtha & Schlesinger
1988; but see Selmants & Hart 2010). The alkaline parent mate-
rial is also significant given that pH strongly determines the
availability of many nutrients, including P and iron (Fe;
Marschner 1995). Our consideration of K is important because
any rock-derived nutrient (not just P) could theoretically limit
productivity during ecosystem development, as recently shown
by strong K limitation of tree seedling and sapling growth in a
tropical forest soil (Santiago et al. 2012; Wright et al. 2011).
Finally, our experiment considers a greater range of chronose-
quence stages (here, five) than previous nutrient-limitation
studies (three; Vitousek & Farrington 1997).

We hypothesized that:

1. productivity (as estimated by the growth of control plants
in the unfertilized treatment) would increase rapidly from very
young to intermediate-aged soils, and then decline gradually
on older soils (Peltzer et al. 2010);

2. N would initially limit productivity on young soils, multiple
nutrients would be co-limiting in intermediate-aged soils and
P would be limiting in older soils (Walker & Syers 1976;
Vitousek & Farrington 1997).

Materials and methods

STUDY AREA: THE JURIEN BAY DUNE
CHRONOSEQUENCE

A long-term dune chronosequence is found in south-western Austra-
lia. The Swan Coastal Plain, a ¢. 400 km plain north and south of
Perth, comprises a series of three main pedogenic-lithostratigraphic
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associations that are generally interpreted as representing defined
morphostratigraphic marine/dune systems and whose ages increase
inland from the coast (McArthur & Bettenay 1974; Fig. 1). Soils used
in this bioassay were collected along the Jurien Bay dune chronose-
quence, ¢. 225 km north of Perth, where all three main dune systems
are present (Griffin & Burbidge 1990). The sequence covers a very
long period of ecosystem development, extending over much of the
Quaternary (the base of the Quaternary is taken as 2.59 Ma; McAr-
thur & Bettenay 1974; Kendrick, Wyrwoll & Szabo 1991; Hearty &
O’Leary 2008; Fig. 1).

Unlike the Cooloola sand dune chronosequence in eastern Austra-
lia (Queensland), where deep dunes were deposited as quartz sands
with low carbonate (CaCOj3) content (Thompson 1981), the dune sys-
tems of the Swan Coastal Plain in south-western Australia have a
more complex origin. The younger succession (Quindalup and Spear-
wood) have a primary carbonate-rich origin (McArthur & Bettenay
1974; McArthur 2004; Hearty & O’Leary 2008). In these, following
dune deposition, carbonate is progressively leached from the upper
horizons, eventually leading to a thick (i.e. many metres) siliciclastic
sand overlying a karst weathering profile (McArthur & Bettenay
1974; Bastian 1996). The older succession (Bassendean) is often char-
acterized by deep siliciclastic sands that are not associated with under-
lying carbonate lithologies, and appears to have been primarily
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deposited as quartz-rich sand lacking a significant carbonate compo-
nent (Kendrick, Wyrwoll & Szabo 1991). Still, reference soils from all
dune systems have a similar particle size distribution, with 73%
(range 52-94%) coarse sand (200-2000 pum), 23% (range 3-43%) fine
sand (20-200 pm), 2% (range 1-3%) silt (2-20 um) and 2% (range
1-3%) clay (<2 um) (McArthur 2004).

The climate of the study area is strongly Mediterranean, with hot,
dry summers and cooler, wetter winters. Mean annual rainfall (1981—
2010) is 535 mm, 80% of which falls in the winter (May—September;
Australian Bureau of Meteorology, http://www.bom.gov.au/climate/
data/). There is little, if any, change in rainfall among the different
dune systems, which are all within a short distance (¢. 10 km) from
the coast (See Fig. S1 in Supporting Information). Mean annual
maximum temperature is 25 °C; the warmest mean monthly maxi-
mum temperature is 31 °C (February), while the coldest is 19 °C
(July; Australian Bureau of Meteorology, http://www.bom.gov.au/
climate/data/). Mean annual potential evapotranspiration (1961-90)
is around 1500 mm (Australian Bureau of Meteorology, http://www.
bom.gov.au/jsp/ncc/climate_averages/evapotranspiration/index.jsp).
Fire is the main disturbance and fire intervals are typically <30 years
(Department of Conservation and Land Management 1995).

Contrary to other well-studied long-term chronosequences that go
through forested stages (Wardle, Walker & Bardgett 2004), forest
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Fig. 1. West-east sequence of the three dune systems and subdivisions. Dune classification follows McArthur & Bettenay (1974) and Bastian
(1996). Dune age generally increases from the coast (Indian Ocean) inland. The five chronosequence stages selected for the nutrient-limitation
bioassay are shown. Around the study area, the Bassendean dunes meet the Peron Slopes, an ancient sandplain over laterite. The entire dune

sequence can be found along a 10-km distance from the coast.
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does not occur along the Jurien Bay dune sequence (Fig. 1). This is
primarily due to the low and seasonal rainfall, although nutrient-poor
sandy soils likely play a role. Plant species turnover is very high
among the different dune systems, with Fabaceae (e.g. Acacia spp.)
and Myrtaceae (e.g. Melaleuca spp.) common on younger dunes, and
Proteaceae (e.g. Banksia spp.) on older dunes (Griffin & Hopkins
1990).

Below we describe the geology and soils of the three main dune sys-
tems that are recognized along the Jurien Bay chronosequence
(Fig. 1).

Quindalup dunes

The Quindalup dunes are the youngest dunes of the sequence and
are largely associated with the Holocene transgression (<7 ka;
McArthur 2004). Although a general west—east increase in age has
been confirmed (Searle & Woods 1986), large unvegetated mobile
dunes of very recent origin also occur at various distances from the
coast (Fig. 1 and Fig. S1). McArthur (2004) sub-divided dune devel-
opment into four distinct phases (Fig. 1) based on relief and soil devel-
opment (organic matter penetration, i.e. depth of horizon A), with Q4
being the youngest (little to no organic staining) and Q1 the oldest
(depth of A horizon = 50 cm). Due to their young age, carbonate
dissolution is generally limited and the dune substrates typically lack
karst attributes. Because of their relatively high carbonate content
(c. 30-50% in horizons A—C; McArthur 2004), the sands are alkaline.

Spearwood dunes

The Spearwood dunes, inland from the younger Quindalup dunes,
were formed in the middle to late Pleistocene (Kendrick, Wyrwoll &
Szabo 1991). Bastian (1996) proposed that the Spearwood dunes can
be divided into six dune sub-systems (Fig. 1) based on relief and
associated heavy mineral assemblages. It is well known that the dune
system increases in age to the east, with electron-spin resonance and
amino-acid racemization techniques (Hewgill ef al. 1983; Murray-
Wallace & Kimber 1989) supporting Bastian’s (1996) claims and
demonstrating defined marine/dune associations extending into the
middle Pleistocene. More recently, Hearty & O’Leary (2008) used
amino-acid racemization techniques and reiterated that the
Spearwood dunes increase in age eastward, and suggested ages of
marine isotope stage (MIS) 5 e (c. 125 ka) up to MIS 13 (500 ka). In
assessing the validity of these dates, the problems inherent in amino-
acid techniques need to be borne in mind. Given the (paleo)climate
setting and age of these sequences, foremost among these problems is
the role of temperature changes in determining racemization reaction
rates (Wehmiller & Miller 2000).

The Spearwood dunes consist of a calcarenite core (the Tamala
Limestone) with calcretes and associated karst weathering profiles in
the upper parts that are overlain by a variable thickness of siliciclastic
sand (Tapsell, Newsome & Bastian 2003; McArthur 2004). The car-
bonate content of the Spearwood calcarenites ranges from 30% to
80% (60-70% on average; Bastian 1996), although some authors
report higher values (85% on average; Hearty & O’Leary 2010).

Long-distance (> 800 km) wind transport from inland deserts has
been proposed as an alternative hypothesis for the origin of the resid-
ual sand of the Spearwood dunes (Semeniuk & Glassford 1988;
Hearty & O’Leary 2008, 2010). This hypothesis has been refuted on
several grounds (Lowry 1976; Wyrwoll & King 1984; Bastian 1996,
2010; Newsome 2000; Tapsell, Newsome & Bastian 2003) and in situ
weathering (with local remobilization) remains the most likely expla-
nation. It is clear that the dissolution of a low-grade calcarenite (low

carbonate content sand) leads to large amounts of residual sand, and
vice versa (Bastian 1996). The depth of the residual sand generally
increases eastward with dune age, possibly reflecting greater leaching,
and can reach many metres (e.g. over 10-20 m) in depth (McArthur
& Bettenay 1974; Tapsell, Newsome & Bastian 2003; Bastian 2010).
However, surface erosion by rain or wind may strip the residual sand
cover, especially from higher parts of dune ridges (Bastian 2010).

Bassendean dunes

The Bassendean dunes are the dune facies of the underlying Ascot
Formation; the latter represents a series of depositional events associ-
ated with a prograding shoreline (Kendrick, Wyrwoll & Szabo 1991).
The cover of white quartz-dominant sand can attain thicknesses of
15-20 m in some places (Kendrick, Wyrwoll & Szabo 1991), although
our preliminary field observations suggest thinner accumulations of
sand around Jurien Bay. Due to their considerable age (early Pleisto-
cene to late Pliocene, i.e. >2 Ma; Kendrick, Wyrwoll & Szabo 1991),
the Bassendean dunes have lost their distinct dune topography over
most of their width, and around Perth only the westernmost (youn-
gest) dunes have a morphological expression (Bastian 1996).

Some authors have suggested that the Bassendean dunes may have
originated as calcarenites (similarly to the Quindalup and Spearwood
dunes), but that these have been leached for so long that carbonate
has been entirely dissolved, leaving behind thick accumulations of
quartz-dominant sand (McArthur & Bettenay 1974; Playford,
Cockbain & Low 1976; Bettenay 1984; Bastian 1996). However,
Kendrick, Wyrwoll & Szabo (1991) point to a clear distinction
between the early Pleistocene (Ascot Formation), where sediments
show higher quartz content, and the strong carbonate environment of
the middle Pleistocene (Tamala Limestone), presumably reflecting
higher carbonate productivity in the shelf environment from where
the sand was sourced. Therefore, the Bassendean sands probably had
much lower initial carbonate content than the Quindalup and Spear-
wood dunes.

As outlined above, the Bassendean dunes are considerably older
than the Spearwood dunes (Kendrick, Wyrwoll & Szabo 1991; Bas-
tian 1996; Tapsell, Newsome & Bastian 2003), although the details of
the age structure of the three marine/dune successions remain to be
firmly established. Over most of the Swan Coastal Plain, the Bassen-
dean dunes have a width of ¢. 6-8 km (McArthur & Bettenay 1974),
but near Jurien Bay they abruptly narrow to about 2 km at their
widest (Griffin & Burbidge 1990).

SITE SELECTION

We selected four replicate sites in each of five distinct dune systems of
increasing age [stage 1: mobile dunes (very young soils); stage 2:
young Quindalup dunes; stage 3: older Quindalup dunes; stage 4:
Spearwood dunes; stage 5: Bassendean dunes; Fig. 1], for a total of
20 sites (Fig. S1). Although accurate soil age data for the different
stages are not available, we used previous soil classifications (Griffin
& Burbidge 1990) in conjunction with our own field observations (i.e.
soil characteristics, landscape features) to guide individual site
selection.

Quindalup dunes (stages 1-3) can be easily distinguished from
Spearwood dunes (stage 4), because the latter occur east of a distinct
beach ridge that marks the transition between the Holocene and
Pleistocene dunes (Fig. S1). Moreover, the Spearwood sands have a
distinct yellow colour, which comes from the release of iron due to
weathering of, for instance, ilmenite, garnet or amphibole (Bastian
2010). Similarly, the Bassendean dunes (stage 5) can be distinguished
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from the Spearwood dunes (stage 4) by their landscape position (i.e.
inland from the Spearwood dunes), lower relief and the colour of their
sands, which are grey and never yellow (McArthur 2004).

Within the Quindalup dunes, mobile dunes (stage 1) were easily
identified in that they are not yet vegetated (Fig. 1 and Fig. S1) and
show no obvious soil development. Young Quindalup dunes (stage 2)
were located near mobile dunes (stage 1), but were heavily vegetated
and their soils were clearly more developed than those of stage 1.
Older Quindalup dunes (stage 3) were selected on the basis of land-
scape position, i.e. just west of the Holocene—Pleistocene transition
(Fig. S1). Although we are confident that the different stages can be
ranked on the basis of relative age (Fig. 1), the current lack of high
resolution numerical age control implies that a relatively large range
of soil ages may exist with a given stage.

SOIL COLLECTION AND POTTING

Soil samples were collected in June 2011. In each of the 20 sites
(Fig. S1), we laid down three 10-m transects (each spaced by 2-3 m)
and collected ten 1.2-L soil samples per transect (one every metre), for
a total of 30 soil samples per site. For each sample, the 0-30 cm layer
was collected. Soil samples were bulked per site, oven-dried for 72 h,
sieved (<2 mm) and mixed thoroughly. Soil from each site was then
potted into 18 (= 3 phytometer species X 6 treatments) 1.2-L sealed
pots lined with plastic bags, each filled with 1.3 kg of dry soil per pot.

SOIL ANALYSES

Soil pH was determined in a 1:2 soil to solution ratio in both water
and 10 mm CaCl, using a glass electrode. Total C and N were deter-
mined by automated combustion and thermal conductivity detection
on a Flash EA112 analyser (CE Elantech, Lakewood, NJ, USA).
Total P was determined by ignition (550 °C, 1 h) and acid extraction
(1 M H,SOy, 16 h), with detection by automated molybdate colouri-
metry on a Lachat Quickchem 8500 (Hach Ltd, Loveland, CO,
USA). Readily exchangeable phosphate (resin P) was determined by
extraction with anion-exchange membranes (Turner & Romero
2009), while exchangeable cations were determined by extraction in
0.1 m BaCl, with detection by inductively coupled plasma optical-
emission spectrometry (Optima 7300DV; Perkin Elmer, Shelton, CT,
USA; Hendershot, Lalande & Duquette 2008). Carbonate was esti-
mated by mass loss following HCI treatment (Loeppert & Suarez
1996).

PHYTOMETER SPECIES

We used three phytometer species with contrasting nutrient-acquisi-
tion strategies: canola (Brassica napus L. var. Tribune), white lupin
(Lupinus albus L. var. Kiev mutant) and wheat (Triticum aestivum L.
var. Wyalkatchem). Seeds of all species were sown on 22 June 2011.
Prior to sowing, all soils were watered with deionized water up to
90% field capacity. Four, two and four seeds per pot were used for
canola, white lupin and wheat, respectively, and subsequently thinned
to three, one and three seedlings per pot.

NUTRIENT-ADDITION TREATMENTS

For each site/species combination, we used six treatments (Table S1):
(i) deionized water only, (ii) + N, (iii) + P, (iv) + K, (v) other macro-
and micronutrients, but not N, P and K (+ Others) or (vi) complete
nutrient solution (+ All). Nutrients used for the different treatments
are shown in Table S1. Calcium (Ca)-based nutrients were used for
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the + N and +P treatments, because we judged that Ca limitation
was highly unlikely given the nature of the parent material (carbonate
dunes) for most stages and the relatively high concentrations of Ca
found in all soils, compared to that of other cations (McArthur 2004;
see also Fig. 2f). Similarly, potassium chloride (KCl) was used as a K
source in the +K treatment because Cl only becomes limiting in
high-rainfall areas far from the sea (Xu et al. 1999), and all of our
sites were located within 15 km from the Indian Ocean (Fig. S1).
Consequently, Ca and Cl were omitted from the + Others treatment,
such that combining the +N, +P, +K and + Others treatments
would equate the + All treatment (Tables S1 and S2). We considered
Cl toxicity to be unlikely since our addition of 175 mg Cl kg™" soil in
the + K and + All (Table S2) treatment was well below the critical
toxic concentration of 600 mg kg™' for wheat (Xu er al. 1999).
Although initial soil Cl concentrations were not measured, we
assumed that these were very low given the sandy nature of the soils.

Nutrient treatments started 1 week after sowing. Plants were fertil-
ized and watered to 75% field capacity weekly for 6 consecutive
weeks. Table S2 shows the total amount of nutrients supplied after
6 weeks of fertilization. Total amounts of nutrients are similar to
those from a previous experiment involving white lupin and wheat
(Pearse et al. 2006).

We estimated a ‘leaf greenness index’ on all lupin plants 5 weeks
after the sowing date because white lupin showed signs of severe chlo-
rosis in the high-pH soils of chronosequence stages 1-3. This green-
ness index was estimated by a Konica Minolta SPADS02+
chlorophyll meter on three fully developed leaves per lupin plant. This
index is only used for comparative purposes, since meter readings
were not calibrated against actual chlorophyll measurements.

Plants were harvested 8 weeks after sowing. Roots were washed
over a 2-mm sieve and plants were partitioned into roots and shoots.
Roots and shoots were oven-dried and then weighed separately.

STATISTICAL ANALYSES

We used log response ratios (LRR; Hedges, Gurevitch & Curtis 1999)
as effect sizes for statistical analyses

LRR = 10g10 (Xtreatmem)

X control

where Xireatment 18 the total (shoot + root) growth or root:shoot
ratio of a plant receiving a particular nutrient-addition treatment
(i.e. +N, +P, +K, +Others or +All) and X onyor 18 the total
growth or root:shoot ratio of the control plant (i.e. deionized water
only). Log response ratios are commonly used in nutrient-addition
experiments (Elser et al. 2007; Harpole et al. 2011). They tend to
be normally distributed (Hedges, Gurevitch & Curtis 1999) and are
easy to interpret: with a log base of 10 (as used here), a one-unit
increase in LRR means that the growth (or root:shoot ratio) of a
fertilized plant is ten times greater than the control; a LRR of 0
means no treatment response relative to the control.

Our design was a randomized block design (with blocks =
individual sites). Therefore we used linear mixed-effects models
(Pinheiro & Bates 2000) to test for effects of species, nutrient treat-
ments, chronosequence stages and their interactions on LRRs, with
random intercepts for sites. Models were fitted without intercept
terms and ‘treatment’ contrasts were used to compare terms with the
control (Pinheiro & Bates 2000). Whenever the variance clearly
increased with the mean, LRR data were log-transformed or square-
root transformed prior to analyses. Residuals were inspected visually
to check model assumptions. When required, appropriate variance
structures were specified in a second model, and both models were
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compared using the Akaike Information Criterion (AIC) and likeli-
hood-ratio tests (Zuur ez al. 2009). When a main term was significant,
post hoc Tukey tests were performed (Hothorn, Bretz & Westfall
2008). For analyses of soil data, no subsamples were taken and thus
no site blocking factor was required; therefore, we used generalized
least squares models (Zuur et al. 2009) and 95% confidence intervals
(CI) of the LRRs for post hoc multiple comparisons. All analyses were
conducted in the R environment (R Development Core Team 2011)
using the nlme (Pinheiro, Bates & DebRoy 2010) and multcomp
(Hothorn, Bretz & Westfall 2008) packages.

Results

SOIL CHEMICAL PROPERTIES

Very young soils (mobile dunes; stage 1) were almost devoid of
total N, with values for three of four samples below detection
level. As a result, total N in stage 1 was significantly (P < 0.05)
lower than that in all other stages, except stage 4 (Fig. 2a).
Total N peaked in stage 2 and then decreased in later stages
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(Fig. 2a). Total N was much lower in stages 4 and 5 than in
stages 2 and 3 (Fig. 2a).

Total P was highest in stages 1-3, and then strongly
decreased in stages 4 and 5 (Fig. 2b). Stage 2 had higher total P
than stage 1, while stage 4 had significantly higher total P than
stage 5 (Fig. 2b). Total P in stages 4 and 5 was extremely low,
particularly in stage 5 (9.5 mg kg~ soil).

Resin P (i.e. ‘readily available’ P) reflected total P, with some
differences (Fig. 2b, c). A notable exception was stage 3, in
which resin P was very low (0.62 mg kg™ soil) despite moder-
ately high total P (213 mg kg™ soil). Resin P in stage 3 was sig-
nificantly lower than that of stage 1, while resin P values in
stages 4 and 5 were significantly lower than those of stages 1-2.

Total C was very high in stages 1-2, lower but highly vari-
able in stage 3 and lowest in stages 4-5 (Fig. 2d). However,
total C in stage 3 was not significantly different than that of
stage 5. Most of the total C in stages 1-3 was inorganic C from
carbonate (Fig. 2d). Organic C, on the other hand, was invari-
ably low and not significantly different among chronosequence
stages (P = 0.07).

Very young soils (stage 1) were strongly alkaline (pH
[H,O] = 9.13; Fig. 2e) because of their high carbonate con-
tent (Fig. 2d). Soil pH decreased gradually with soil age and
became acidic in stage 5 (pH [H,O] = 5.8; Fig. 2e). As
expected, soil pH measured in a CaCl, solution was consis-
tently lower than pH measured in water by around one unit
(Fig. 2e).

Cation exchange capacity (CEC) was high in stage 1, moder-
ate in stages 2 and 3 and lowest in stages 4 and 5 (Fig. 2f). In
all five chronosequence stages, Ca dominated CEC, while Mg
was of secondary importance (Fig. 2f). Other exchangeable
cations (i.e. Al, Fe, K, Mn, Na) were present in very low
amounts (Fig. 2f). In particular, exchangeable K was extre-
mely low across all stages, but was lower in stages 1 and 5 than
in stages 2-4 (Fig. 2g). Exchangeable Na was the third most
important cation; it was present in low amounts throughout,
but was lower in older stages (4 and 5) than in very young soils
(stage 1; Fig. 2h). Exchangeable Al, Fe and Mn were generally
below detection levels.

GROWTH OF CONTROL PLANTS

Total biomass of control canola and wheat plants strongly
increased from very young soils (stage 1) to stage 2 and then
showed a gradual decline (Fig. 3). White lupin was not consid-
ered since it did not tolerate the high soil pH of the young
Holocene dunes (stages 1-3), making it unsuitable for compar-
isons of soil fertility.

Wheat showed significantly greater total biomass than
canola (P £ 0.0001), and this effect was consistent among the
different chronosequence stages (stage X species interaction;
P = 0.231). Total biomass in stage 2 was significantly greater
than that in all other stages (Fig. 3). Total biomass in the very
young soils (stage 1) was not significantly different from that in
the oldest stage (stage 5), but significantly lower than that in
stages 3 and 4. Finally, biomass in stage 3 was significantly
greater than that in stage 5 (Fig. 3).

Species

. Canola
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. Wheat
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Fig. 3. Total biomass of control plants across the five chronose-
quence stages. Means + standard errors are shown. Different letters
indicate significant (P < 0.05) differences among chronosequence
stages based on post hoc Tukey tests. Smoothed curves are general-
ized additive models (GAMs) for each species; grey bands around the
curves are standard errors.

TYPE AND DEGREE OF NUTRIENT LIMITATION

Growth and root:shoot ratios of the three phytometer species
responded differently to different nutrients in soils from differ-
ent chronosequence stages (species X treatment X stage;
P <£0.0001 for growth, P < 0.05 for root:shoot ratio). There-
fore, separate analyses were conducted for each species/stage
combination (Fig. 4; Figs S2 and S3).

Canola

Growth of canola was strongly N-limited in very young soils
(stage 1), as shown by significantly (P < 0.05) higher total bio-
mass with N addition (Fig. 4). Total biomass in the + N treat-
ment was twice that observed in the control (Fig. 4).

In young and intermediate-aged soils (stages 2 and 3),
growth of canola was limited by multiple nutrients. Indeed, no
single nutrient-addition treatment increased growth relative to
the control, and the + P treatment even had negative effects in
soils from stage 2 (P < 0.01; Fig. 4). On the other hand, plants
receiving all nutrients (+ All treatment) had much greater total
biomass than control plants (P < 0.001; Fig. 4), confirming
the occurence of co-limitation.

In the two oldest stages (4 and 5), growth of canola was
strongly limited by P. Total biomass of plants receiving addi-
tional P in soils from stage 4 and 5 was 1.9 and 4.3 times greater
than that in the control (P < 0.001; Fig. 4), respectively.

Wheat

In very young soils (stage 1), growth of wheat appeared to be
co-limited by K (P < 0.05) and nutrients other than K, N or P
(+Others, P <0.001; Fig. 4). Moreover, N addition also
decreased the root:shoot ratio of wheat (P < 0.001; Fig. S2),
such that shoot growth was higher than that of the control
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Fig. 4. Growth (shoot + root) responses (log response ratio) of canola and wheat to nutrient-addition treatments across all chronosequence
stages. Means + standard errors are shown. A one-unit increase in log response ratio represents a tenfold increase in biomass relative to the con-
trol. Stars indicate whether a treatment is significantly different from the control: #0.1 < P < 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Differ-
ent letters indicate significant differences (P < 0.05) between the treatments based on post hoc Tukey tests.

(P £0.01). In all other stages (stages 2-5), growth of wheat
was P-limited, although this was marginally non-significant for
stage S (P = 0.076; Fig. 4).

White lupin

White lupin did not tolerate the high-pH soils of stages 1-3,
and showed signs of severe choloris in across all treatments in
these younger soils. This is evidenced by the fact that even
plants receiving the complete nutrient solution did not grow
more than the control plants did (Fig. S3). Analyses of our
‘leaf’ greenness index’ showed a highly significant effect of
chronosequence stage (P < 0.001), but no effect of nutrient
treatment (P = 0.644) and no stage X nutrient treatment
interaction (P = 0.337). The greenness index was much lower
for stages 1-3 than for stages 4-5 (P < 0001; Fig. S4).

In soils from stage 4, growth of white lupin was P-limited
(P <0.05), yet surprisingly, plants receiving the complete
nutrient solution did not grow more than control plants
(Fig. S3). Even more surprisingly, P addition had negative
effects” growth in soils from stage 5, whereas growth appeared
to be limited by K (P < 0.05; Fig. S3).

In soils both from stages 4 and 5, white lupin plants receiving
the complete nutrient solution showed much smaller growth
responses, relative to the control, than canola or wheat. In
those soils, total biomass of lupin plants in the + All treatment
was only 1.1 and 1.5 times greater than that of the control
plants, respectively (Fig. S3).

Discussion

ECOSYSTEM PROGRESSION AND RETROGRESSION

Our results provide strong support for the progression/retro-
gression model of ecosystem development (Peltzer et al. 2010),
as well as associated changes in soil chemical properties and

type/degree of nutrient limitation (Walker & Syers 1976).
Assuming that the growth of phytometers without fertilizer
addition (i.e. control plants) in soils from different chronose-
quence stages can be used as a proxy for potential primary pro-
ductivity, our study shows that productivity peaks within a few
hundred to a few thousand years and then declines steadily
towards a ‘terminal’ state (stage 5; early Quaternary, >2 Ma).
As predicted, the onset of this decline was clearly associated
with increasing P limitation (Walker & Syers 1976).

MECHANISMS UNDERLYING PHOSPHORUS LIMITATION

Vitousek et al. (2010) proposed six mechanisms that can drive
P limitation in terrestrial ecosystems: (i) depletion due to pro-
longed weathering, (ii) formation of soil barriers that physi-
cally prevent roots from accessing deeper P pools, (iii) low P
availability relative to that of other nutrients, (iv) low-P parent
material, (v) P sinks, either biological (i.e. accumulation of bio-
mass) or inorganic (i.e. sorption) and (vi) human-driven
increases in other resources, particularly N. The strong reduc-
tion in total P with increasing soil age in our system points to a
key role for weathering-driven P depletion, since total P in the
oldest soils from our sequence was extremely low
(9.5 mg kg™"). The formation of root barriers obviously can-
not explain our results because our bioassay approached used
soil from the 0 to 30 cm layer. That said, a potential role of soil
barriers during the early stages of ecosystem development in
this system is likely, since weathering of carbonate dunes has
led to the formation of secondary carbonate segregations, i.e.
calcretes (McArthur & Bettenay 1974; Bastian 1996).

Low P availability relative to that of other nutrients may
explain the apparent P limitation in intermediate-aged soils
(i.e. stage 3), where resin P (representing ‘readily available’ P)
was very low despite moderately high total P levels. Possible
explanations for this result include conversion of more soluble
Ca-P minerals to less soluble ones, or microbial immobiliza-
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tion of available P. The low-P parent material certainly plays
an important role in driving P limitation in this system. Indeed,
very young soils contained less than half of the global average
of 700 mg kg™ for continental crust (Taylor & McClennan
1985). Overall, we suggest that the rapid appearance of ecosys-
tem retrogression and associated P limitation in this system is
best explained by the prolonged weathering of a low-P parent
material, reinforced by conversion to less soluble P forms in
intermediate-aged soils and occlusion of P in secondary miner-
als in the oldest, more acidic soils.

SOIL CHEMICAL PROPERTIES

Soil chemical properties measured in the surface (0-30 cm)
horizon matched expectations from long-term ecosystem
development well. As predicted (Walker & Syers 1976; Peltzer
et al. 2010), total N strongly increased from stage 1 to stage 2
and then showed a gradual decline. Moreover, total P gener-
ally decreased with soil age, except for an increase of
64 mg kg™' from very young (stage 1) to young soils (stage 2).
This increase most likely reflects concentration of organic P in
the surface (0-30 cm) from the activity of plants, given that
organic C increased by 10 g kg™! from stage 1 to stage 2. This
would imply a soil organic C:organic P ratio of 154, which is
well within the range found in soils in Australia and world-
wide (Kirkby er al. 2011). The availability of P (as measured
by resin P) also decreased with increasing soil age, most likely
because of occlusion, sorption and conversion to less soluble P
forms (Walker & Syers 1976). Cation exchange capacity
(CEC) decreased with greater soil age, presumably reflecting
leaching of Ca and downward movement of finer soil particles.
The surface soil layer was gradually depleted in CaCOj3 during
the first few thousand years of soil development, as it dissolves
and precipitates lower down the soil profile (evidenced by the
formation of secondary calcite; McArthur 2004). This was
associated with a decrease in soil pH, due to the prolonged
effects of rainfall and plant activity. Overall, these changes in
soil properties are broadly consistent with those of other long-
term chronosequences from around the world (Peltzer et al.
2010).

TYPE AND DEGREE OF NUTRIENT LIMITATION

As predicted by the Walker & Syers (1976) model, growth of
canola was strongly N-limited in very young soils, co-limited
by multiple nutrients in intermediate-age soils (stages 2, and
stage 3 to a lesser extent) and strongly P-limited in old soils
(stages 4 and 5). These results are consistent with those from
previous field-fertilization studies of the tree Metrosideros
polymorpha in the long-term Hawaii chronosequence
(Vitousek & Farrington 1997) whose growth was N-limited in
young soils (0.3 ka), co-limited by N and P in intermediate-
aged soils (20 ka) and P-limited in old soils (4100 ka). The sim-
ilarity in these results is remarkable given the vast differences
in parent material and climate between the two study systems,
and suggests that shifts from N to P limitation with soil age
may be a general phenomenon.
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Although our use of phytometers is a more direct way of
assessing nutrient limitation than interpreting results from soil
or foliar chemical analyses (Wheeler, Shaw & Cook 1992), this
approach can still suffer from some limitations (Van Duren &
Pegtel 2000). For example, nutrients differ greatly in their
mobility (Marschner 1995), and low root occupancy of the soil
volume by a phytometer plant could make it more responsive
to the addition of a less mobile nutrient, such as P or Fe. Nev-
ertheless, we believe that the clear shift from N to P limitation
with soil age observed in canola, and the extremely low levels
of soil N and P found in the youngest and oldest soils, respec-
tively, provide strong support for the Walker & Syers (1976)
model of soil development.

RESPONSES OF INDIVIDUAL PHYTOMETER SPECIES

Despite similar patterns of P limitation in old soils, wheat
responded differently from canola to nutrient addition in very
young soils (stage 1). Indeed, wheat responded strongly to K
and micronutrients (and N to a lesser extent, as it reduced its
root:shoot ratio and thus increased shoot growth), whereas
canola only responded to N. The response of an individual
plant species to multiple nutrients can occur via two distinct
processes: ‘multi-nutrient co-limitation’, whereby multiple
nutrients are present at very low levels, and ‘biochemical
co-limitation’, whereby increases in one non-limiting nutrient
improve the acquisition of a growth-limiting one (Arrigo
2005). As such, responses of wheat in very young soils (stage
1) to K, and N to a lesser extent, can be explained by the
extremely low amounts of both nutrients, which were gener-
ally below detection levels. On the other hand, the response to
other nutrients (+ Oth) is likely to reflect the low availability
of Fe at high pH (Marschner 1995). Biochemical co-limitation
involving K and Fe may also be possible, since (i) K plays a
key role in the release of Fe-mobilizing root exudates (i.e.
phytosiderophores) by barley under Fe deficiency (Sakaguchi
et al. 1999) and (i) wheat, like all grasses, releases similar
Fe-mobilizing exudates (Lambers, Chapin & Pons 2008). This
shows that N cannot be assumed to invariably be the most
important limiting nutrient in young soils and that it is unli-
kely to be the only limiting nutrient when the parent material
is calcareous.

Different responses were also observed between canola and
wheat in young soils (stage 2). Surprisingly, canola responded
negatively to P addition in those soils, whereas wheat
responded positively, despite high total soil P. The negative
effect on canola suggests a signalling role of P beyond its role
as nutrient (Raghothama 2000), whereby canola may adjust its
growth based on internal P concentration, potentially leading
to deficiencies in other nutrients. In addition, canola can read-
ily access sparingly soluble Ca-P forms due to localized acidifi-
cation behind the root tip coupled with malate exudation
(Hoffland, Findenegg & Nelemans 1989; Hoffland 1992).
However, wheat is far less effective than canola at acquiring P
from sparingly soluble Ca-P forms (Pearse et al. 2007), which
may explain why wheat but not canola was P-limited in those
young, calcareous soils.
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Contrary to wheat and canola, white lupin grew poorly in
most soils, relative to control plants, even in the presence of
a complete nutrient solution (+ All). This was particularly
obvious in the younger alkaline soils (stages 1-3), where all
white lupin plants showed severe leaf chlorosis in all treat-
ments. Previous studies identified white lupin as a calcifuge
species (Tang et al. 1995; Liu & Tang 1999); however, Tang
et al. (1995) found that chlorosis symptoms on new leaves
disappeared after a few weeks, which did not occur in our
study. The relatively poor growth of white lupin plants in
acidic soils (stages 4 and 5), even those receiving the com-
plete nutrient solution (+ All), is difficult to explain, given
our limited data. White lupin was selected as a phytometer
species in this study due to its cluster roots (Gardner, Par-
bery & Barber 1981), a nutrient-uptake strategy shared by
many native plants in our study system (Lambers er al.
2010). However, white lupin was obviously not well-suited to
our bioassay approach and we therefore do not discuss
results for this species any further.

Conclusions

Nutrient limitation is central to causal explanations of
ecosystem progression and retrogression (Peltzer ez al. 2010).
Moreover, identifying the type of nutrient limitation is
required to predict ecosystem responses to nutrient additions
(e.g. atmospheric N deposition). However, direct evidence
from nutrient-addition experiments for shifts from N to P
limitation with long-term ecosystem development had been
so far only available for the Hawaii long-term chronose-
quence (Vitousek ez al. 1993; Herbert & Fownes 1995; Vito-
usek & Farrington 1997). In this study, we used another
chronosequence with different parent material, climate and
plant species composition and also found strong support for
a general shift from N to P limitation during long-term eco-
system development, although our results also show that Fe
and other micronutrients may be limiting in young calcare-
ous substrates due to their poor availability (Marschner
1995).

Very few well-studied long-term chronosequences are
known, restricting our ability to generalize causal links
between nutrient limitation and long-term ecosystem develop-
ment (Peltzer et al. 2010). The long-term dune sequence used
here has never been previously studied in the context of ecosys-
tem development and is therefore a valuable addition to the
existing literature. Features that distinguish it from other
sequences include a strong Mediterranean climate (Hopper &
Gioia 2004) and exceptionally high levels of plant diversity at
all spatial scales (Lamont, Downes & Fox 1977; Hopper &
Gioia 2004). The type of nutrient limitation (e.g. N vs. P) influ-
ences competitive interactions between plants (Olde Venterink
& Giisewell 2010) and may have implications for plant species
coexistence through partitioning of different sources of N
(McKane et al. 2002) or P (Turner 2008). How community-
level properties such as species richness vary with long-term
ecosystem development is an important gap in our knowledge
(Peltzer et al. 2010; but see Wardle et al. 2008). As such, the

long-term Jurien Bay chronosequence provides a strong
opportunity to explore edaphic controls over plant species
diversity.
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Graphical Abstract
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Our results provide strong support for the long-term ecosystem-development model, particularly with regard to the appearance
of P limitation and associated declines in productivity. However, our study also shows that N cannot be assumed to invariably
be the most important limiting nutrient in young soils, and it is unlikely to be the only limiting nutrient in calcareous soils. This
south-western Australian long-term chronosequence provides an excellent opportunity to explore edaphic controls over plant
species diversity.
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