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Abstract
Aims Weestimate organic carbon (C): total nitrogen (N):
totalphosphorus(P) ratios insoilsunderAustralia’smajor
native vegetation groups.
Methods We use digital datasets for climate, soils, and
vegetation created for the National Land and Water
Resources Audit in 2001. Analysis-of-variance is used
to investigate differences in nutrient ratios between eco-
systems.Linear discriminant analysis and logistic regres-
sion are used to investigate the relative importance of
climaticvariablesandsoilnutrients invegetationpatterns.
Results Wefind that theN:PandC:P ratioshaveagreater
range of values than the C:N ratio, although major vege-
tation groups tend to show similar trends across all three
ratios. Some apparently homeostatic groupings emerge:
those with very low, low, medium, or high N:P and C:P.
Tussock grasslands have very low soil N, N:P, and C:P,
probably due to frequent burning. Eucalypt woodlands
have low soil N:P and C:P ratios, although their total P
level varies. Rainforests andMelaleuca forests have me-
diumsoilN:PandC:P ratios, although their total P level is
different. Heathlands, tall open eucalypt forests, and

shrublands occur on soils with low levels of total P, and
high N:P and C:P ratios that reflect foliar nutrient ratios
and recalcitrant litter.
Conclusions Certainplant communitieshave typical soil
nutrient stoichiometries but there is no single Redfield-
like ratio.Vegetation patterns largely reflect soilmoisture
but for several plant communities, eucalypt communities
in particular, soil N and P (or N:P) also play a significant
role. Soil N:P and the presence of Proteaceae appear
indicative of nutrient constraints in ecosystems.
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Introduction

Now a fundamental quantity in biogeochemistry, the
Redfield ratio refers to the atomic ratio of C:N:P found
in plankton and well-mixed seawater. Both are well
constrained and equal to molar 106:16:1 due to “the
biological control of chemical factors in the environ-
ment” (Redfield 1958). The Redfield ratio is instrumen-
tal in estimating C and nutrient fluxes in global oceanic
circulation models; it is also used to ascertain whether
and which nutrients are limiting in aquatic ecosystems
(e.g., Elser et al. 2007).

Prompted by an unprecedented rate of change in bio-
geochemical cycles, recent work has attempted to eluci-
date global patterns in plant-nutrient interactions, mainly
through syntheses of existing data (e.g.,McGroddy et al.
2004;ReichandOleksyn2004;Elseretal.2007;Lambers
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et al. 2010; Cleveland et al. 2011; Peñuelas et al. 2012).
Recentanalysesofglobaldata suggest that, like inaquatic
environments, there are parallels in C:N:P ratios in plant
communities and terrestrial ecosystems (McGroddyet al.
2004;ReichandOleksyn2004;Elseretal.2007;Yuanand
Chen2009;Lambersetal.2010;Reedetal.2012)andsoil
microorganisms (Cleveland and Liptzin 2007) and that
these follow biogeographical gradients. Fertilization
changes the natural ecological stoichiometry and creates
imbalances that will have consequences for biogeo-
chemical cycles including C-sequestration and long-
term structure and function of ecosystems (Lambers et
al. 2010; Vitousek et al. 2010; Peñuelas et al. 2012).

The C:N ratio in soil and litter has long been recog-
nized as a useful indicator of the source of organic matter,
its state of decomposition and its potential contribution to
soil fertility (e.g., Alexander 1977; Swift et al. 1979; Paul
2007). Very high C:N ratios (>25 on a mass basis)
indicate that organic matter accumulation is occurring
faster than decomposition. Such high ratios are observed
typically in peats and cold temperate forest litters. C:N
ratios between 12 and 16 suggest that organic matter is
well broken down. Cultivated soils in temperate regions
usually have a C:N ratio between 10 and 12; C:N ratios
below 10 usually occur only in the subsoil (Rayment and
Higginson 1992).

Although infrequently used, the C:P ratio in soil and
litter is also a useful indicator of the source/nature of
organic matter, its state of decomposition and its potential
contribution to soil fertility (Swift et al. 1979; Paul 2007).
Generally, a C:P<200 implies net mineralization, a
C:P>300 implies net immobilization, and a C:P between
200 and 300 means little change in soluble P concentra-
tions (Paul 2007).

The foliar N:P ratio is thought by some to be indic-
ative of nutrient limitation at the plant community level
(Koerselman and Meuleman 1996; Aerts and Chapin
1999; Güsewell 2004). High foliar N:P is linked to
sclerophylly in Australia and southern Africa (Specht
and Rundel 1990; Lambers et al. 2010), sclerophylly
itself being a response to low soil fertility (Hill 2004).
The N:P ratio in litter is an important determinant of its
decomposability (Güsewell and Verhoeven 2006; Güsewell
and Gessner 2009) and molar N:P>16 (7.2 on mass
basis) in fresh litter may be indicative of P limitation,
as in retrogressive ecosystems (Wardle et al. 2004). Thus
by analogy, the soil N:P ratio is also potentially of
diagnostic value and it is this ratio in particular that is
changed by fertilization (Peñuelas et al. 2012).

Taking an ecological stoichiometry approach, here
we examine all three elements and their ratios in soil
with respect to the overlying vegetation. This paper is
an offshoot of our earlier work on modelling and
mapping soil organic C (SOC) and our motivation is
to understand why there is a link between vegetation
types as reflected in the bioregionalization of Australia
and SOC (Bui et al. 2009). We discuss the hypothesis
that there is a ‘Redfield ratio’ (e.g., Cleveland and
Liptzin 2007; Redfield 1958) in Australian soils associ-
ated with native vegetation. Furthermore we investigate
the relative importance of climatic and edaphic variables
as predictors of vegetation distribution, in particular in
the distribution of eucalypt communities.

Materials and methods

Data

Digital datasets for soils (the Australian Soil Resources
Information System, ASRIS) and vegetation (the
National Vegetation Information System, NVIS) that
initially were created as part of the National Land and
Water Resources Audit of Australia in 2001 are used to
investigate the macro-scale vegetation and soil nutrient
patterns in Australian ecosystems. This underscores the
multiple utility of these datasets that were produced
mainly as baselines for environmental monitoring.

The data are a collation of soil and vegetation survey
data collected from the 1950s to 1990s.While these data
havebeencollectedfordifferingpurposesandbydifferent
agencies, they represent a valuable resource for investi-
gating relationships between soil nutrients and plants at
the national scale. The 2001 ASRIS database included
12 072 geo-referenced measurements of % SOC, 4 746
measurements for % total N, and 8 403measurements%
for totalPfromtopsoil, representingsamplingfromtheA-
horizon or, rarely, depth 0–30 cm if no horizonwas spec-
ified (Johnston et al. 2003;Hendersonet al. 2001).Where
recorded, O-horizons were not included; they are uncom-
mon in the database. Their median thickness is 2 cm,
therefore major distortion of any 0–30 cm soil organic
matter estimates in this dataset from poorly decomposed
plant litter in O-horizons is unlikely.

Analyticalmethods used for assessing total SOCwere
theWalkley and Black (6A1, 6A1 UC), Heanes wet oxi-
dation (6B1) and the combustionmethods (6B2, 6B3and
6.DC) (RaymentandHigginson1992).Allmethodswere
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assumedtoestimatetotalorganicCalthoughtheWalkley-
Black method is generally known to give incomplete
recovery, historically quoted in the vicinity of 75–80 %
(Rayment and Higginson 1992). Although a correction
factor fromthe incompleteWalkleyandBlackmethods to
total organic C of 1.3 (i.e. 1/0.8) is sometimes used,
Skjemstad et al. (2000) found that, Australia-wide, the
appropriate correction factor was less than 1.3 and for a
large part of the data not needed at all. Moreover not
actually knowing whether the correction factor had al-
readybeenappliedornot to theASRISdata,nocorrection
factor was used. That this dataset was adequate to repre-
sent the spatial pattern of SOCacrossAustraliawas dem-
onstrated against independently collected data (Bui et al.
2009).

For total N, results from methods 7A1, 7A2 (semi-
micro Kjeldahl) (Rayment and Higginson 1992) and
7A5 (high frequency induction furnace, thermal con-
ductivity cell) were pooled (Henderson et al. 2001).
For total P, results from a number of analytical methods
(X-ray fluorescence, HCl, HF/HCl digests) were pooled
(Henderson et al. 2001). A total of 3 060 points had
analyses for % organic C, total N and P in the topsoil.
Because this paper is focused on ratios, not stocks, the
possible variability in thickness of A-horizons is not a
major issue. New South Wales and Victorian agencies
analysed for available, not total P, and thus are largely
not represented. Much of these states is under agricul-
ture so even if there had been better data coverage, many
points would have been excluded from the analysis as
explained below.

To investigate the relationship between soil nutrients
and plants, C:N and N:P by mass have been calculated
for the ASRIS data points and intersected with the map
of estimated pre-1750 major vegetation groups (MVG)
in the National Vegetation Information System (NVIS
3.0; a map of NVIS 3.0 major vegetation groups can be
viewed at: http://www.environment.gov.au/erin/nvis/
publications/major-veg-brochure.html#map). MVGs are
defined on the basis of structural (strata height and
cover), physiognomic, and floristic systems (DEWR
2007), and are used here as surrogates for ecosystems
(refer to Table 1 for a list and description of MVGs). In
NVIS 3.0, where native vegetation has been cleared, no
estimated pre-European vegetation is mapped. More than
half the available ASRIS points occur on such cleared
sites, thus only 1 183 points are useful to investigate
plant-soil nutrient relationships (Fig. 1). The ASRIS data
exhibit sampling bias towards sites with potential for

agriculture. Some extensive NVIS 3.0 major vegetation
groups, e.g., hummock grasslands (MVG 20), are not
represented but generally, the extensiveMVGs have been
sampled more than the small ones; most have >7 obser-
vations spread across different regions (Table 1). The
NVIS3.0 map is an equal area (Albers projection)
raster product with 100-m resolution and the posi-
tional accuracy of the soil data points is around ±
100 m, so any points falling on the edge of MVG
map units could be misclassified. Given sampling
bias, potential errors in measurement of soil nutrients,
positional accuracy of data points, and assignment of
vegetation group, the results of this study are indicative
only and would need to be confirmed by further re-
search. Nevertheless this is a large dataset compared to
other synthesis studies that pool data from the literature
to make global generalizations.

Statistical analyses

Analysis-of-variance followedbyTukeyHSD (Honestly
SignificantDifference) testsareusedtoexaminepotential
differences in the means of log(C:N), log(N:P), and
log(C:P) ratios for different MVGs. The role of climatic
and edaphic variables in describing the differences in the
Australianplantcommunities is investigatedbyaseriesof
linear discriminant analyses (LDA), to look for those
linear combinations of the climate and soil nutrient vari-
ables that give themaximum separation in the vegetation
groups.As theLDAfocuses on the separationor discrim-
inationbetween theMVGsthestatistical analyseswill not
be affected by the differing sampling frequencies of the
MVGs. In the first LDA, all NVIS3.0 MVGs are stud-
ied; then we focus on eucalypt MVGs where the dom-
inant genera are Eucalyptus, Corymbia, and Angophora
and where soil total N and P reportedly play a role in the
distribution of different communities (Specht 1996).

All environmental variables were standardized for
LDA. The climatic variables included as predictors of
MVGs were mean annual precipitation (MAP), mean
annual temperature (MAT), and annual mean moisture
index (AMMI). AMMI reflects interaction between pre-
cipitation, water-energy balance, and soil texture.1 Soil
organic C is not considered a limiting nutrient for plants

1 The AMMI is an indexed estimate of the average weekly soil
moisture content that mimics the effect of soil texture on the
water balance (Houlder et al. 2000). It requires input data for
rainfall, evaporation, and soil water storage/availability, all in
mm.
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and as it is highly correlated to total N (r=0.81), only N
is used as a predictor in the LDAs. The linear discrim-
inant analyses considered are summarized in Table 2.

For individual plant communities, to investigate
whether N and P play a role over and above the
climate variables, we have compared simple logistic
regression models with MAP, AMMI, and MAT and
with either log (N), log (P), or both, and tested for a
difference in predictive power. All analyses were
performed using R (R Development Core Team 2005).

Results

Soil organic C, total N, and total P ranges for NVIS3.0
MVGs are summarized as boxplots in Fig. 2.
Compared to geographic regions, MVGs show more
variation in soil nutrient chemistry. The distribution of
data points for MVGs by region is shown in Table 1.
To summarize the relationship between nutrients for

MVGs, Fig. 3 shows the median SOC, N, and P levels
for MVGs as a scatterplot matrix.

Nutrient ratios

Nutrient ratios for each MVG were strongly posi-
tively skewed thus the medians of C:N, N:P, and
C:P are reported as measures of central tendency
in Table 3. Because of the positively skewed dis-
tributions for soil nutrients, Spain et al. (1983),
who last reviewed SOC and nutrients Australia-
wide, also presented their synthesis of data as
medians and interquartile ranges. The ASRIS
dataset includes some of the points (~300) they
used for their synthesis.

Soil nutrient ratios for the estimated pre-European
major vegetation groups for Australia (DEWR 2007)
shows that the median C:N ratio ranges from 12:1 to
31:1 (Table 3), although the 10th and 90th percentiles
of the data indicate that there is a lot of scatter within

Table 1 Soil nutrient data points for NVIS 3.0 Major Vegetation
Groups by region. ‘NQld’ refers to northern Queensland sites,
defined as longitude >140˚ and latitude >18˚S; ‘SQld’ refers to
southern Queensland sites, at longitude >150˚ and latitude >33˚S;

‘SWA’ refers to southern Western Australia sites, at longitude
<121˚ and latitude <28˚S; ‘Tas’ refers to sites in Tasmania, at
latitude <39.7˚S; ‘other’ indicates all remaining sites

MVG Description NQld SQld SWA Tas Other

1 Rainforests and vine thickets 39 0 0 0 5

2 Eucalypt tall open forests (trees>30 m) 0 0 1 11 3

3 Eucalypt open forests (trees 10 to 30 m tall) 15 55 29 65 198

5 Eucalypt woodlands 67 46 27 3 254

6 Acacia forests and woodlands 0 2 0 4 13

8 Casuarina forests and woodlands 6 1 0 4 5

9 Melaleuca forests and woodlands 13 4 0 1 19

10 Other forests and woodlands 0 2 6 1 3

11 Eucalypt open woodlands 1 0 0 2 80

14 Mallee woodlands and shrublands 0 0 18 0 3

15 Low closed forests and tall closed shrublands 0 1 2 11 0

16 Acacia shrublands 0 0 7 0 0

17 Other shrublands 0 0 13 8 1

18 Heathlands 0 2 0 8 0

19 Tussock grasslands (C4) 0 0 0 4 86

21 Other grasslands (wet) 11 0 1 6 1
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MVGs (e.g., for MVG 3 and 5). The trends in C:N
ratios between MVGs are consistent with those
reported by Snowdon et al. (2005). The median
N:P ratio by mass observed in Australian soils
ranges between 2:1 and 43:1 (Table 3). The medi-
an C:P observed exhibits the widest range, from
25:1 to 983:1 (Table 3).

Analysis-of-variance on log-transformed soil nutri-
ent ratios shows that there are significant difference
between MVGs (Table 3 and Supplementary material)
but eucalypt woodlands (MVG 3 and 5) do not show
significant differences across the three nutrient ratios;
neither do rainforest, wet grasslands, and Melaleuca
forests (MVG 1, 21, and 9); nor do eucalypt tall open
forest, tall closed shrublands, and heathlands (MVG 2,
15, and 18) (Supplementary material).

Environmental factors

LDA were used to examine whether differences in the
Australian plant communities could be described by tem-
perature (MAT), rainfall (MAP), soil moisture as captured
by theAMMI, total N and P in soil (Table 2). Results show
that soil moisture plays an important role in explaining the
spatial pattern of MVGs across Australia (Fig. 4).

Soil P and N:P only play a noticeable role in the
distribution of eucalypt communities (LDA2 and
LDA3 in Table 4). In both these LDAs, the first linear
discriminant function (LD1), in which climate vari-
ables again have the largest coefficients, explains 87 %
or more of the variation. When log (N:P) is used as a
predictor (LDA3 in Table 4), its role is similar in scale to
that of log (P) in LDA2.
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Fig. 1 Locations of 1 183 sites with analyses for topsoil %
organic C, total N, and total P used to estimate C:N:P ratios in
NVIS 3.0 major vegetation groups. For reference, the state

boundaries are shown. The Sydney Basin, location of the study
by Beadle (1954, 1962), is outlined
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Soil N and P played a highly significant role beyond
that of climatic variables for rainforests (MVG 1), tall
eucalypt forests (MVG 2), open eucalypt forests (MVG
3), low closed forests/tall closed shrublands (MVG 15),
and heathlands (MVG 18). Soil P appears more impor-
tant than N alone (Table 5).

Discussion

What explains vegetation pattern: climate or soil
fertility?

Vegetation pattern in bioregions reflects the SOC con-
tent (Bui et al. 2009) and soil nutrient stoichiometry,
with feedback between the two. Areas with high SOC
correspond to rainforests and eucalypt forests and
AMMI is a key predictor in the spatial pattern of SOC
across Australia (Bui et al. 2009). Vegetation pattern is
itself driven by climate and, to a lesser degree, by soil
fertility (Table 4). AMMI plays an important role in
explaining the distribution of all plant communities.
Those, along the wetter coastal zones, with high primary
productivity (rainforests and eucalypt forests, MVG 1,
2, and 3) are associated with high levels of SOC and N
(Fig. 2). Eucalypt open woodlands (MVG 11) and tall
open eucalypt forests (MVG 2) are found at opposite
ends of a soil moisture gradient and there is a height
progression from eucalypt open woodland (MVG 11) to
woodland (MVG 5) to open forest (MVG 3) to tall open
forest (MVG 2) along that gradient (Fig. 4b). The soil
N:P of eucalypt MVGs (Table 2) also follows this soil
moisture gradient. Specht and Specht (2010) have shown
that foliar N:P is a determinant of tree height, thus it
seems that soil nutrient ratios are reflected in plant nutri-
ent ratios and plant size at the community level for
eucalypts (i.e. there is allometric scaling). In the drier
inland, eucalypt and Acacia forests and woodlands grade
into grasslands. Proteaceae-rich MVGs (15, 18) are re-
stricted to sandy soils with low levels of total P (Figs. 2c
and 5); this association was noted also by Pate et al.
(2001) and Lambers et al. (2010).

Beyond climate, all MVGs are relating more dis-
tinctively to P than N. Adding log(P) as a predictor to
climatic variables in logistic regression models has
more impact than adding log(N); it explains more of
the deviance for five out of 15 MVGs at the 0.001
significance level and for seven out of 15 at the 0.05
significance level (Table 5). Six MVGs respond to
both N and P in addition to climate at the 0.05 signif-
icance level. In addition to climate, rainforests (MVG1)
respond to each nutrient alone but eucalypt forests
(MVG 2 and 3) respond to P alone or in combination
with N. The results of the LDA and logistic regressions
reinforce each other.

C:N:P stoichiometry and the role of mid-stratum
vegetation

Our results contrast sharply with those of Cleveland and
Liptzin (2007) who found that soil (total pools) nutrient
ratios did not vary significantly between forests and
grasslands. While relatively consistent stoichiometry
appears to characterize the savanna and grassland bi-
omes (N:P<10 and C:P<100 across MVGs 5, 6, 11, 16,
and 19), the stoichiometry of rainforests (MVG 1) and
tall open eucalypt forests (MVG 2) is very different
(Table 2). Some MVGs, notably heathlands (MVG
18), eucalypt tall open forests (MVG 2) and low closed
forests (MVG 15) have higher relative soil C:P (>300)
and N:P (>20) ratios than other plant communities (bot-
tom of Table 2). Their highC:P ratios suggest net immo-
bilization of nutrients. By analogy with foliar N:P (e.g.,
Koerselman and Meuleman 1996; Aerts and Chapin
1999; Güsewell 2004; Güsewell and Verhoeven 2006),
their large (>20) N:P ratios suggest P-limitation whereas
soil N:P ratios<10 suggest that many other MVGs tend
towardN-limitation.

ThedifferentstoichiometrybetweenMVGsappears to
be a function of the composition of the mid-stratum veg-
etation. Heathland and shrubland groups (MVG 15, 17,
and 18) have a much higher N:P level than the other
groups. These plant communities are rich with legumi-
nous families and other N2-fixing plants (DEWR 2007).

Table 2 Summary of linear
discrimant analyses Predictors considered MVGs

LDA1 MAP, AMMI, MAT, log(P) and log(N) All

LDA2 MAP, AMMI, MAT, log(P) and log(N) Eucalypt only

LDA3 MAP, AMMI, MAT, and log(N:P) Eucalypt only
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N2-fixing shrubs may be a source of the difference in
C:N:P between eucalypt tall open (MVG 2) and open
forests and woodlands (MVG 3, 5, and 11). In Victorian
tallopeneucalypt forests, theroleofunderstoreyAcacia is
critical in forest regeneration, especially after fire (e.g.,
Polglase and Attiwill 1992; Attiwill et al. 1996; Attiwill
andMay2001).InWA,O’ConnellandGrove(1996)have
underscored the role of N2-fixing understorey species in
nutrient cycling inkarri (Eucalyptusdiversicolor) forests.
The presence of proteaceous species in eucalypt open
forests is noted in NSW (e.g., Knox and Clarke 2006;
Keith and Bedward 1999; Beadle 1954) and WA
(Hopper et al. 1992). Heathlands and shrublands are
also rich in Proteaceae (refer to descriptions of NVIS
MVGs in DEWR (2007)). Proteaceae are a unique
southern hemisphere plant family that have multiple
adaptations for dealing with very low soil P: cluster

roots for P uptake and extremely efficient resorption of
P from senescing organs (Lambers et al. 2010) but
Acacia species growing on low-P soils also exhibit
efficient P-resorption during leaf senescence (He et al.
2011).

Soil and foliar N:P in southwest Australia are well
correlated (Lambers et al. 2010) and there is a direct
relationship between soil, litter, and foliar C:N ratios
in Australian ecosystems (Tables 16–18 in Snowdon et
al. (2005)). Foliar C:N:P that can be re-calculated from
the data in Specht and Rundel (1990) show that many
plant species found in eucalypt open forests and heath-
lands have a very high foliarC:N:P ratio (Supplementary
Table S2), of magnitude similar to the soil C:N:P ratios
under these vegetation groups. Frequently they are
Proteaceae, with high cellulose and lignin in their foliar
tissues, that produce recalcitrant litter. Lambers et al.
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(2010) argue that low leaf P in Proteaceae is indicative of
low ribosomal RNA and thus low protein and slow
growth, which also would account for their recalcitrant
litter.

That the soil C:N:P results are consistent with foliar
nutrient ratios in plants present in MVGs suggests that
they are credible. The relationship between the soil
nutrients and plant communities shows that there is
positive feedback between the two and thus support
statements by Hobbie (1992): “most likely, distribu-
tion of plant species are both a cause and an effect of
patterns of nutrient cycling in natural ecosystems…
those that grow on nutrient–poor soils produce recal-
citrant litter that decomposes slowly, whereas those
that grow on fertile soils produce easily degraded
litter.” Plants in communities with high soil N:P ratios,
such as heathlands and tall open eucalypt forests, are
those adapted to low soil fertility that produce

recalcitrant litter, whereas plants in tussock grasslands
represent the opposite end of the relationship (Table 2
and Fig. 3).

Fire and soil N

Smoke from burning native vegetation is required by
some Australian plants that are normally hard to ger-
minate (Dixon et al. 1995; Flematti et al. 2004). Many
proteaceous species also require fire to propagate
(Handreck 1997; Knox and Clarke 2006). The growth
of understorey shrubs that often belong to leguminous
families is promoted by regular fires in eucalypt open
forests (Florence 1996; Raison et al. 2009). In
Eucalyptus regnans forests (MVG 2), which rely on
fire for their regeneration, growth of understorey
Acacia ensures the forest stands never become N-
deficient (Polglase and Attiwill 1992).

Table 3 Estimated soil C:N:P ratios for NVIS 3.0 major vege-
tation groups using ASRIS point data. MVGs are ranked by
median N:P to aid in the discussion of soil nutrient relationships
with plant communities. q10 and q90 are the 10th and 90th
percentiles respectively. One-way ANOVAs for testing of dif-
ference between MVGs were conducted on the log of the ratio

scale for C:N, N:P, and C:P. All were significant at P-val-
ue<0.001. The shading shows MVGs that were not significantly
different in pairwise tests of differences in mean log C:N, N:P,
and C:P across all three ratios. See Supplementary material for
all pairwise tests of MVG differences in mean of the log of
ratios by Tukey Honest Significant Difference

MVG
code

No. of sites
w soil
C:N:P

NVIS 3.0 major vegetation groups C:N N:P C:P

median q10 q90 median q10 q90 median q10 q90

19 90 Tussock grasslands (C4) 12 8 17 2 1 6 25 9 86

6 19 Acacia forests and woodlands 17 10 33 2 1 10 70 16 169

5 399 Eucalypt woodlands 16 11 29 3 1 11 56 20 172

11 84 Eucalypt open woodlands 17 10 32 4 1 9 60 22 131

21 19 Other grasslands (wet) 16 10 28 5 3 33 84 38 588

9 37 Melaleuca forests and woodlands 16 10 30 6 3 22 105 35 428

1 44 Rainforests and vine thickets 14 10 27 7 2 16 102 23 245

16 7 Acacia shrublands 14 11 18 7 2 10 92 25 175

3 365 Eucalypt open forests
(trees 10 to 30 m tall)

23 14 34 7 2 28 146 35 617

10 12 Other forests and woodlands 16 11 28 11 1 32 117 26 455

8 16 Casuarina forests and woodlands 14 12 19 13 3 18 174 52 277

14 21 Mallee woodlands and shrublands 24 12 32 13 5 29 253 64 786

17 22 Other shrublands 22 11 41 17 6 43 332 76 984

4 7 Eucalypt low open forests
(trees <10 m)

16 11 36 18 13 78 230 157 2762

15 14 Low closed forests and tall closed
shrublands

22 16 29 20 9 93 479 158 1690

2 15 Eucalypt tall open forests
(trees >30 m)

31 14 45 22 6 50 675 78 1670

18 10 Heathlands 31 21 43 43 4 115 983 181 3588

Plant Soil (2013) 373:553–568 561



However fire, which results in the production of
stable, recalcitrant char (Krull et al. 2003), does not
appear to contribute to the relatively high SOC and
C:N:P ratio for eucalypt open forests given that fires
are more frequent in tussock grasslands and wood-
lands than open forests (Craig et al. 2002; Bradstock
2010). In fact SOC (Fig. 2a) and C:N:P ratios for these
plant communities (Table 2) are inversely related to
expected fire frequency.

Fires burn extensively across Australia’s northern
savannas every year (http://www.savanna.org.au/all/
fire.html). C4 (tropical) grasslands have a high N use
efficiency and rapid growth rate that leads to accumu-
lation of plant biomass relatively high in lignin and
low in N which serves as fuel for fire (Dubeux et al.
2007). Frequent fire burns off up to 90 % of N in
biomass therefore tussock grasslands (MVG 19) have

a very low soil N (Figs. 2 and 3). Fire does not impact
soil P level as much; P remains in the ash (Raison et al.
2009). Thus the soils under tussock grasslands are not
particularly low in P relative to other MVGs and their
low N:P ratio is typical of other tropical grasslands
(Dubeux et al. 2007). We infer then that low soil N:P
appears indicative of N-limitation in tussock grass-
lands due to frequent fire.

Variations in fire frequency and intensity are pri-
marily related to fluctuations in available moisture and
dominance by either woody or herbaceous plant cover.
Fire in forests (wet climates) is limited by fuel mois-
ture (availability to burn) and propitious fire weather
whereas in woodland communities (dry climates) lim-
itation is by growth of herbaceous fuels (biomass)
(Bradstock 2010). Fires in forests occur less frequently
(on the order of decades to centuries) but are more
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Fig. 4 a Results for LDA1, LD2 versus LD1. See Table 4 for
LDA results. b Eucalypt plant communities follow a soil moisture
gradient, i.e. they lie along LD1 which has a large contribution
from the mean annual soil moisture index (AMMI), with the tall
open forests at the wet end and the open woodlands at the dry end
of the gradient. Their soil N:P ratios (Table 2) also follows this
gradient. c Shrublands, heathlands, and grasslands. d Acacia and

other forests. Rainforests (MVG 1) and Melaleuca forests (MVG
9) respond strongly to mean annual temperature, i.e. they lie along
LD2 which has a large contribution fromMAT. Ellipses show one
s.d. from the centroid of each MVG in multivariate space. e
Results for LDA2 (on eucalypt communities only), LD2 versus
LD1. See Table 4 for LDA2 results
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intense than fires in savanna (Bradstock 2010). Fire is
thus an important control on the annual to decadal flux
of N from soil and biomass to the atmosphere.

Vigorous regrowth of leguminous and proteaceous
understorey shrubs after fires in eucalypt forests (Keith
et al. 2009; Raison et al. 2009) is an indication of ecosys-
tem return to stoichiometric homeostasis. Immediately
after a fire the soil C:N:P ratio will be low but after a few
years of regrowth it will increase. With fires of decadal
frequency as recorded in eucalypt open forests, the C:N:P
ratio should tend back toward a median value around
146:7:1. Whereas with regrowth after partial stand-
replacing fires of centennial frequency as in old-growth
tall eucalypt open forests (e.g., Polglase and Attiwill
1992; Keith et al. 2009), the C:N:P ratio should rise
toward a median value of 675:22:1. We surmise that this
is why SOC and C:N:P ratios for plant communities are
inversely related to expected fire frequency.

Is P limiting?

The role of soil P in the distribution of native vegetation in
Australia is a question that has long been controversial
(Beadle 1954; 1962; Adams 1996; Handreck 1997).
According to many (e.g., Florence 1996), Beadle was the
first topropose that the levelof soil nutrients,particularlyP,
was the critical factor delimiting plant communities in
eastern Australia. By using the word ‘delimitation’,
Beadle was saying that soil P controls the spatial

distribution of plant communities but in the subsequent
controversyanimplicitequivalencebetweenPdelimitation
andP ‘limitation’arises.Thenotion thatNandP limitplant
growth has widespread acceptance throughout the world;
however the idea of nutrient limitations to plant growth in
nativeecosystems,especiallyP-limitation,isquestioned,in
Australia in particular (Adams 1996; Adams et al. 2004).
Using sclerophylly, nutrient resorption, cluster roots, my-
corrhizal symbioses and associations with various N2-fix-
ing and P-scavenging organisms, Australian native plants
are well adapted to their soils’ nutrient status (Handreck
1997;Adamsetal.2004;Lambersetal.2006;Lambersetal.
2008). Sclerophylly is now shown to have arisen as an
adaptation to low soil fertility through the fossil record of
Proteaceae (Hill 2004), an adaptation that also confers
resistance to drought. Sclerophylly, as characterized by
high lignin and cellulose content, responds more strongly
to soil fertility than to low rainfall (Specht and Rundel
1990).

The ASRIS results (which as evident from Fig. 1 are
mostlyfromQueenslandandTasmaniaintheeastandthus
are independent of Beadle’s who was working in the
Sydney Basin) support the conclusion that soil P is an
important variable associated with the delimitation be-
tween rainforest, tall open and open eucalypt forests
(Figs. 2c and 3). But in fact, it is the level of P relative to
N or the N:P ratio that is the key. Eucalypts are found on
soils with a wide range of P but open forest formations
occur on soils with relatively higher N content than
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woodlands; tall open forests (MVG 2) are restricted to
soilswithhighNrelativetoP(Fig.3).ThesoilN:Pratiofor
tall open eucalypt forests ismuch larger than that of other
eucalypt vegetation classes (Table 2). By analogy with
foliar N:P ratios, large soil N:P ratios, >20 as inMVG 2,
suggest P-limitation.

That Acacia communities (MVG 6 and 16) occur on
soil with moderate levels of P (Fig. 2) is consistent with
the theory that a P threshold exists before rhizobial N2-
fixation can occur (Beadle 1962).

The data for Australia belie some widely held views,
namely, that soil P and N:P decrease with latitude,
reaching a low at the Equator (e.g., Hedin 2004). North
Queensland tropical rainforest soils are not particularly
low in total P or N:P; in Tasmania and in southwest WA,
both at higher latitudes, soil P is very low (Fig. 2c). The
widelyheldview that old soils are thosedepleted inPalso
needstobetempered.Soilageisnot thesolecauseoflowP
(Vitousek et al. 2010). Mineralogy of the soil is key
here (Fig. 5b): Over the extensive Tertiary or older
landscapes in Australia, soils are not all low in total P
but all of the low-P soils have a quartz-dominated
mineralogy (e.g., southwest WA (McArthur 1991);
Hawkesbury sandstone in Sydney Basin, NSW, studied
by Beadle (1962); and coastal dunes in southern
Queensland (Skjemstad et al. 1992)).

Conclusions and implications

Although there is no single Redfield-like ratio in soils
across all plant communities in Australia, the notion of
“the biological control of chemical factors in the en-
vironment” seems to hold within terrestrial ecosystems
as Redfield (1958) posited for the ocean; moreover “P
is the master element” that regulates the cycling of the
others. Total soil P ultimately controls the amount of P
available in various forms for plant growth, and thus
total P is linked to total N and C in soil.

The stoichiometric relationships follow biogeo-
graphical gradients insofar as vegetation patterns are
a function of climatic and edaphic factors. Soil mois-
ture is the single largest predictor of native vegetation
patterns but for eucalypt plant communities soil N and
P (or N:P) also play a role (Table 4). Interestingly the
stoichiometry of rainforests (MVG 1) and tall open
eucalypt forests (MVG 2) is very different (Table 2)
but is consistent with Beadle’s thesis on the role of P
in delimiting these two plant communities. Low soil P

and consequently P-limited plant communities (MVG 2,
15, and 18) have high soil N:P ratios and are character-
istic of quartzitic, sandy parent material.

Fire and mid-stratum vegetation play critical roles in
nutrient cycling in Australian ecosystems. Fire resets an
ecosystem’s N level to ‘very low’ and it promotes the
growth of understorey shrubs that often belong to legu-
minous and proteaceous families. Plant communities on
infertile soils, that rely on the nutrient cycling adapta-
tions (nutrient resorption, symbiosis with N2-fixing
rhizobia,mycorrhizas, or cluster root structures) of their
mid-stratum vegetation, are characterized by more re-
calcitrant litter and soil organic matter with high C:N:P
ratios. This then implies that plant litter decomposability
is correlated with plant nutritional strategies and under-
scores the link between above-ground and below-
ground ecology.

The findings broaden our understanding of the bio-
geochemical cycling of C, N, and P between plants and
soils across Australia and of the fundamental constraints
on across a wide range of environmental factors. They
also provide a data synthesis that should enable better
parameterization of multi-element biogeochemical
models such as that of Wang et al. (2010). Given the data
presented here and in Lambers et al. (2010), it is clear that
the range of values used to estimate N:P (bymass) of new
organic matter in Wang et al. (2010) is too narrow. Work
in progress will report further on ecosystem stoichiometry
and biogeochemical cycling of C, N, and P between
vegetation and soils across Australia.
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