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Abstract. Nutrient cycling is greatly influenced by dominant plants that contribute high amounts of leaf litter to
soils; however, less-dominant and rare species can play keystone roles in nutrient cycling if they have unique nutrient
acquisition traits and provide high-quality litter. In many parts of the world, wildfire is likely to become more frequent
and intense under a changing climate. The effect this will have on plant rarity and on species with unique nutrient
acquisition traits, and thus nutrient cycling, remains poorly understood. Working within an Australian box-ironbark
forest, we determined if a relationship existed between species rarity and the uniqueness of their leaf nutrient pro-
files, and if this relationship changed after prescribed burning. We created an index of species rarity from a data set
of woody perennial species abundance in areas before and after autumn or spring burns, or left unburnt. We created
indices of uniqueness for the leaf nutrient profiles of 42 woody perennial species occurring in the ecosystem, based
on amounts of six macronutrients and four micronutrients found in fresh and senesced leaves of each species. Five
nutrient acquisition strategies (mycorrhizal, N-fixing, carnivorous, hemiparasitic and proteoid roots) were represented
in the data set. There was no community-wide relationship between rarity and uniqueness of leaf nutrient profiles,
and this did not change as a result of fire. However, two hemiparasitic species were relatively rare in the ecosystem
studied, and differed greatly from other species due to high K and P in senesced leaves. Thus, some of the rarest spe-
cies, such as hemiparasites, can be functionally unique. Understanding the functional characteristics of rare species
is important so that unique functional contributors can be identified and conserved to prevent local extinction.

Keywords: Disturbance; functional rarity and uniqueness; hemiparasite; hyper-accumulator; mistletoe; nutrient cycling
and resorption.

Introduction (Aerts 1996; Wright et al. 2004), particularly for spe-
cies in ecosystems with depauperate soils (Wright and
Westoby 2003; Hayes et al. 2013). The movement of
nutrients from deeper soil layers through plant roots,
to above-ground plant parts and, ultimately, to surface

The internal resorption and redeployment of nutrients
from senescing leaves into newly developing organs are
an important adaptation of plants to conserve nutrients
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soils through the decomposition of senesced leaves,
influences the availability of nutrients along soil hori-
zons (Jobbdgy and Jackson 2001; Jobbagy and Jackson
2004), affecting community species richness (Shirima
et al. 2016) and productivity (Aerts and Chapin 1999).
Nutrient profiles of senesced leaves can be species-
specific (Hattenschwiler et al. 2008); thus, the rate and
volume that nutrients are returned to the soil in a com-
munity through litterfall are dependent on its constitu-
ent species (Cornwell et al. 2008; Hobbie 2015).

Generally, the most dominant species, in terms of
biomass, have the greatest influence on ecosystem pro-
cesses (Gaston 2011), and contribute most to soil nutri-
ent returns through sheer volume of litterfall; however,
less-dominant and even rare species have been found
to play keystone roles in nutrient cycling in some nutri-
ent-poor environments (Marsh et al. 2000; March and
Watson 2010). In such cases, the less-dominant species
have relatively unique nutrient acquisition strategies
compared to other members of their community, ena-
bling better access to nutrients, and a lesser requirement
for resorption (Marsh et al. 2000; March and Watson
2010). The nutrient-rich litter they provide to otherwise
nutrient-poor soils has a bottom-up effect on other eco-
system properties (Quested et al. 2005; Watson and
Herring 2012; Fisher et al. 2013). Disturbance leading to
the loss of such species can have profound ecological
consequences.

Fire directly influences nutrient cycling in ecosystems
by changing the availability and distribution of nutri-
ents (Certini 2005), and indirectly influences nutrient
cycling by shaping plant community composition (Bond
and Keeley 2005). Fire is a disturbance process affect-
ing many parts of the world (Krawchuk et al. 2009) but,
as far as we know, the effect of fire on the presence of
less-common species and their post-fire role in nutri-
ent cycling has not been explored. The initial effect of
fire on species abundance can result in four extreme
outcomes along a continuum: (i) less-common species
are promoted and dominant species are reduced; (ii)
dominant species are promoted and less-common spe-
cies are reduced; (iii) both dominant and less-common
species are promoted; or (iv) both dominant and less-
common species are reduced. Within these outcomes,
less-common species could play similar functional roles
to the dominant species and facilitate ecosystem recov-
ery through provision of functional insurance (Yachi and
Loreau 1999; Jain et al. 2014), or be functionally unique
and play novel functional roles. Important functions
could be lost should disturbance negatively impact the
presence of rare or less-common species with unique
traits (Violle et al. 2017). Of course, a likely impact of
any disturbance is a combination of these outcomes.

Understanding contributions to nutrient cycling at both
the species and community level, and how these contri-
butions change following disturbance, is important for
understanding ecosystem dynamics, especially given
recent work highlighting the disproportionately large
contributions made by rare species towards functional
richness in ecosystems around the world (Mouillot et al.
2013; Leitdo et al. 2016; Umana et al. 2017).

Patterns of nutrient content, nutrient acquisition
strategy and changes in species frequency of occurrence
following disturbance were explored using a temperate,
evergreen, box-ironbark forest in southeastern Australia
as a case study. Concentrations of six macro- and four
micronutrients in fresh and senesced leaves (and thus
proportional resorption) were measured for each of 42
box-ironbark species representing five nutrient acquisi-
tion strategy groups (one carnivorous, two hemipara-
sitic, two proteaceous, 12 N-fixing and 25 mycorrhizal
species). Plant frequency of occurrence was quantified
before and 3 years after experimental landscape-scale
prescribed burning in autumn and spring. Based on
recent evidence (Mouillot et al. 2013; Leitdo et al. 2016),
it was expected that a positive relationship would exist
between species rarity and uniqueness of leaf nutrient
profiles. We also expected that this relationship would
change if fire promoted the abundance of rarer species,
and reduced the abundance of common species, indicat-
ing novel post-fire roles for some species that were rare
and functionally unique, and functional insurance roles
for species that were rare and functionally redundant.
Finally, we asked if species with similar nutrient acqui-
sition strategies would be similar in their senesced leaf
nutrient profiles, and in their proportional withdrawal of
different nutrients from fresh leaves, compared with spe-
cies employing different nutrient acquisition strategies.
We compared nutrient concentrations in the upper and
lower soil horizons of the study area to indicate which
nutrients were most limiting in the system (Jobbdgy and
Jackson 2004), and thus which species are capable of
making important contributions to soil nutrient pools
through the quality of their litter.

Methods

Study area

Data were collected from within the Heathcote-
Graytown-Rushworth forest, the largest patch of con-
tiguous box-ironbark forest in Victoria, southeastern
Australia (ECC 2001). Soils are nutrient-poor and typ-
ically shallow, stony and skeletal clay loams forming
undulating hills and peneplains, 150-300 m in eleva-
tion (Douglas and Ferguson 1988). The climate of the
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region is temperate; mean daily maximum tempera-
tures are warmest in January (29 °C) and coolest in July
(12 °C) (Redesdale weather station ID # 088051; Bureau
of Meteorology 2016). The wettest month is August
(69 mm) and the driest month is February (31 mm);
mean annual rainfall is 594 mm (Heathcote weather
station ID # 088029; Bureau of Meteorology 2016).

The vegetation is sclerophyllous and characterized
by an open canopy of Eucalyptus species to 20 m tall,
and a sparse to well-developed understorey of small
trees and shrubs. Most species in this forest exhibit
adaptation to fire including strong resprouting ability
and fire-cued seed germination (Tolsma et al. 2007).
A variety of nutrient acquisition strategies exist,
including symbiotic associations with mycorrhizal
fungi and N-fixing bacteria, hemiparasitism, carnivory
and proteaceous rooting; a typical phenomenon in
low-nutrient areas (Lambers et al. 2010). The forests
themselves are increasingly subject to small-scale
patchy fire, historically from lightning strike and, more
recently, from fuel reduction burning and deliberately
lit fires (DSE 2003).

1447 144.8
| 1

Species frequency data

Pre- and post-fire species frequency data were collected
as part of a broader study examining the effect of pre-
scribed burns on ecological attributes within this forest
(see Bennett et al. (2012) and Holland et al. (2017) for
rationale and detailed methodology). Eight permanent
20x 20 m plots were surveyed during spring (September-
October) of 2010 for frequency of plant species, within
each of 15 study areas within the Heathcote-Graytown-
Rushworth forest (Fig. 1). All study areas were dominated
by box-ironbark vegetation, and had similar underlying
soils and geology (Douglas and Ferguson 1988). Each
study area was a landscape ~70-120 ha in size and
separated by a distance >500 m. Within each plot, five
permanent 1 X 1 m quadrats were established at fixed
locations. Species received a frequency score for each
plot based on the number of 1 X 1 m quadrats that they
occurred within, and were considered present if they
were either growing within, or had foliage overhanging
the boundary of the quadrat. Species received a score of
0.2 for each quadrat they occupied, to a maximum fre-
quency score of 1. Species present in the 20 X 20 m plot
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Figure 1. Location of study plots within the Heathcote-Graytown-Rushworth forest, southeastern Australia.
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but not in any of the five smaller quadrats received a fre-
quency score of 0.2. Prescribed burns were conducted in
the following autumn and spring of 2011, within six study
areas per season; three study areas were left as unburnt,
control areas. Burns in autumn were patchier than those
in spring, when a greater extent of each survey plot was
burnt (Holland et al. 2017), and it was expected that this
would affect floristic composition differently. Each plot in
each study area was then resurveyed in spring of 2013,
2 years after applying burn treatments, to understand
how the vegetation responded to prescribed burns in
autumn and prescribed burns in spring. Using the vege-
tation survey data, each species received a pre- and
post-fire rarity score by multiplying the number of plots
they occurred in by their mean abundance within the
plots they occupied, divided by the maximum possible
frequency score to place species on a rarity scale of 0-1,
with zero representing absence.

Leaf collections

Forty-two species were selected for leaf nutrient ana-
lysis, chosen to represent a range of rarity and nutrient
acquisition strategies present in the community. We used
published data and literature to assign species to their
broad nutrient acquisition strategy group: carnivorous,
hemiparasitic, mycorrhizal, N-fixing and proteaceous-
root species [see Supporting Information—Table S1].
A minimum of 10 fresh leaves were collected from each
of 20 plants per species. For widely distributed, common
species we collected leaves from five plants within each
of two unburnt study areas, and one autumn-burnt and
one spring-burnt study area. For sparsely distributed
and rarer species, leaf collection was opportunistic and
occurred throughout the study areas where they were
known to be present. Aerial hemiparasites were collected
from the same species of host, and where more than one
individual was parasitizing a host, samples from only
one plant were collected. As nutrient concentrations
are highly dependent on leaf age (Wright and Westoby
2003), we collected fully mature and fully expanded sun
leaves from the most recent year’s growth. Collections of
fresh leaves were made between August and September
(late winter to early spring) of 2014. Senesced leaves
were collected in early summer of 2014 and were con-
sidered those with a fully formed abscission layer pre-
venting further nutrient withdrawal. These were readily
identifiable as the leaves were often yellow-brown in col-
our and easily detached from the plant. Leaves already
in the litter layer were not collected. Senesced leaves
were often scarce, so a minimum of 50 senesced leaves
were collected in total, from a minimum of 20 plants,
per species. This ensured a representative sample of the
population could be obtained and sufficient material was

available for nutrient analysis. All leaves were collected
in the field wearing nitrile gloves, and were gently wiped
with damp paper towel to remove potential surface con-
taminants such as dust. Following collection, leaves were
dried at 60 °C in a fan-forced oven for 72 h, until dry. An
equal amount of leaf material was weighed from each
plant collected for a species. This was finely ground into a
homogenized powder using a coffee grinder, to produce
a representative sample of fresh and senesced material
per species.

Soil sampling

Soil samples were collected from three plots within each
of 15 study areas to assess soil nutrient concentra-
tions and determine limiting nutrients. Collections were
undertaken in November of 2014, ~3 years after the
application of burn treatments. Samples of the topsoil
(0-20 cm depth) and of deeper soil (50-60 cm depth)
were collected to capture potential change in nutrient
status between soil horizons (Wigley et al. 2013). Top-
and subsoil samples were collected at each of three
random locations per plot. Each replicate was dried in
a fan-forced oven at 60 °C for 72 h, until dry. Each sam-
ple was sieved to remove debris and rock, and ground to
a fine powder using a coffee grinder. An equal amount
of soil was then weighed from each sample and bulked
to give a representative sample of the top- and subsoil
within each plot.

Nutrient concentration

Soil and leaf samples were analysed for six macronu-
trients (nitrogen [N], potassium [K], calcium [Ca], mag-
nesium [Mg], phosphorus [P] and sulphur [S]) and four
micronutrients (copper [Cu], manganese [Mn], boron
[B] and zinc [Zn]) by Environmental and Analytical
Laboratories (EAL; Charles Sturt University, Wagga
Wagga, NSW, Australia, eal@cus.edu.au). Inductively
coupled plasma mass spectrometry was used to meas-
ure the concentration of all nutrients except total N,
using standard American Public Health Association
methods (APHA 3030 E and 3120 B; http://standard-
methods.org/). For total N, the Dumas method of high
temperature combustion (Method 7A5) was used
(Rayment and Lyons 2011). Proportional resorption of
each nutrient was calculated on a mass basis for each
species by dividing the nutrient content of senesced
leaves by the nutrient content of fresh leaves.

Data analysis

To determine the uniqueness of species nutrient profiles,
we created a similarity matrix by scaling nutrient vari-
ables (subtracting the mean and dividing by the stand-
ard deviation) and using PRIMER version 7 (PRIMER-E Ltd,
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Plymouth, UK) to calculate Euclidean distances between
species pairs. We then ranked species from most to least
similar, such that each species pair received a rank. The
mean rank of each species was then calculated and
divided by the maximum possible mean rank (the max-
imum mean rank representing a species least similar to
the rest of the community) to place species on a scale from
0to 1 (most to least similar to the rest of the community).

The relationship between the uniqueness of species’
senesced leaf nutrient profiles and species’ rarity scores
was analysed using linear models in R version 3.3.1
(R Core Team 2016). Models were produced for senesced
leaf nutrient profiles, and for proportional resorption, as
functions of species pre- and post-fire rarity throughout
all study areas, as well as separately within the unburnt,
autumn, and spring-burn study areas.

Principal component analysis (PCA) was conducted in
PRIMER on standardized senesced leaf nutrient values,
and also proportional resorption values, to determine
which nutrients were important in separating and clus-
tering species based on their similarity, and to identify
emerging patterns based on species nutrient acquisition
strategies.

1.0

0.8 (o]

o6 £

Differences in nutrient concentrations between soil
depths, among burn treatments, and interactive effects
of soil depth and burn treatment on soil nutrient con-
centrations, were tested using analysis of variance in R.

Results

Uniqueness of leaf nutrient profiles and rarity

There was no relationship between species frequency
score (either before or after fire) and the overall nutrient
profile in senesced leaves, or in the proportional resorp-
tion of nutrients (P > 0.05; see Supporting Information—
Table S2). A number of rarer species were functionally
similar to dominant members of the community; how-
ever, some less-common species possessed leaf nutri-
ent profiles with a high level of uniqueness, and these
species may individually or collectively be important for
their nutrient contributions to soils (Fig. 2). Most species
became more frequent throughout the study areas fol-
lowing prescribed burn treatments; those that decreased
in frequency were functionally similar in leaf nutrient char-
acteristics to species that increased in frequency (Fig. 3).

R#=-0.02
P=0.87

Uniqueness of senesced leaf nutrient profile
+

0.0 0.1 0.2

T
0.3 0.4 0.5 0.6

Frequency score

Figure 2. Relationship between species pre-fire frequency and uniqueness of their senesced leaf nutrient profile. Letters represent species
identified as important contributors of sampled nutrients (outlier species) in PCA. A= Amyema miquelii; B = Brunonia australis; C = Bursaria spi-
nosa; D = Cassinia arcuata; E = Exocarpos cupressiformis; F = Ozothamnus obcordatus; G = Prostanthera denticulata. Symbols represent species’
nutrient acquisition strategy (filled square = carnivorous; filled triangle = proteaceous roots; open circle = mycorrhizal; + = N-fixing rhizobium

bacteria; black asterisk = hemiparasitic).
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Figure 3. Uniqueness of leaf nutrient profile and percent change in species frequency score in the landscape following disturbance. Dashed
line represents zero change in frequency score before and after prescribed burning as a disturbance. Symbols represent species’ nutrient
acquisition strategy (filled square = carnivorous; filled triangle = proteaceous roots; open circle = mycorrhizal; + = N-fixing rhizobium bacteria;

black asterisk = hemiparasitic).

Nutrient acquisition strategies and leaf nutrient
profiles

Two hemiparasitic species—Amyema miquelii  and
Exocarpos cupressiformis—separated from all other spe-
cies in the PCA plot comparing senesced leaf nutrient
content (Fig. 4), with the first two principal components
(PCs) explaining 53.1 % of variation among species [see
Supporting Information—Table S3]. Concentrations of P, K
and Cu were substantially higher in the senesced leaves of
these hemiparasites than the community average for these
nutrient concentrations (Table 1), and were the most influ-
ential nutrients in causing separation of these species in the
PCA plot (Fig. 4). Five mycorrhizal species also separated out
from the main group, predominantly due to their high con-
centrations of Mn, Zn and Cu (Table 1). Clustering of N-fixing
species occurred when plotting PC3 and PC4 (explaining
23 % of the variation among species; Fig. 4). Concentrations
of N in the senesced leaves of N-fixing species were gen-
erally higher than concentrations found for species with
other nutrient acquisition strategies [see Supporting
Information—Table S1], and this nutrient, along with Mg,
was greatly responsible for the clustering observed in Fig. 4.

When comparing proportional withdrawal of nutri-
ents from senesced leaves, both hemiparasitic species

separated from the main cluster of species. No clear sepa-
ration occurred for any other nutrient acquisition strategy
(Fig. 5). The concentration of K in the senesced leaves of
E. cupressiformis was 671 % higher than in fresh leaves.
This influenced its position on the PCA plot relative to other
species (Fig. 5) when considering the first two PCs (explain-
ing 78.3 % of variation among species; see Supporting
Information—Table S3). When considering PC2 and PC3,
which explained 32.5 % of the variation in the data and
where K was less influential, A. miquelii separated from
all other species (Fig. 5). The concentration of all nutrients
was higher in the senesced leaves of A. miquelii than for
any other species (except for N, which it withdrew similarly
as all other species in the community), which influenced its
position in the plot. Notably, all species except A. miquelii
withdrew P. Values of macro- and micronutrient concen-
tration in fresh and senesced leaves for each species are
provided in Supporting Information—Table S1.

Soil nutrients and fire

Soil nutrient profiles generally differed between the
upper (0-20 cm) and lower (50-70 cm) horizons
(Table 2). Soil nutrient profiles did not differ between
burn treatments 3 years post-fire, except for boron,
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Figure 4. PCA ordination of 42 box-ironbark species by similarity of senesced leaf nutrient content for six macro- and four micronutrients. PC1
and PC2 (panel A) and PC3 and PC4 (panel B) are displayed (explaining 53.1 and 23 % of variation in the data, respectively), showing important
contributors of sampled nutrients (outlier species). Length of line indicates relative strength of the influence of the nutrient. Symbols represent
species’ nutrient acquisition strategy (filled square = carnivorous; filled triangle = proteaceous roots; open circle = mycorrhizal; + = N-fixing
rhizobium bacteria; black asterisk = hemiparasitic). Important contributors of sampled nutrients (outlier species): a = Amyema miquelii;
b = Brunonia australis; c = Bursaria spinosa; d = Cassinia arcuata; e = Exocarpos cupressiformis; f = Ozothamnus obcordatus; g = Prostanthera

denticulata.

which was higher in unburnt study areas (Fig. 6); there
was no interacting effect of season of burn and sample
depth on nutrient concentrations. Three nutrients were
found in higher concentrations in the upper soil horizon
(Ca, N and P), and four were more concentrated in the
lower soil horizon (Cu, Mg, K and Zn; Table 2 and Fig. 6).
Mean nutrient concentrations for each nutrient, by
depth and burn treatment, are provided in Supporting
Information—Table S4.

Discussion

We did not observe a linear relationship between spe-
cies rarity and the uniqueness of leaf nutrient profiles,
and this relationship did not change as the result of a
prescribed fire. However, we found that a number of
rarer species possessed relatively unique leaf nutrient
profiles, and that nutrient uptake strategy could indicate
similarity among species nutrient profiles.

Uniqueness of leaf nutrient profiles and rarity

Studies exploring relationships between rarity and func-
tional uniqueness generally find weak to moderate,
positive trends (e.g. Mouillot et al. 2013). This includes
greater than expected functional uniqueness of rare
species relative to common species (Leitdo et al. 2016)
and, thus, their roles in ecosystem functioning are of
greater importance than would be expected based on
abundance. These studies incorporated broader suites of
functional traits in their analysis than our own. A positive
relationship between rarity and functional uniqueness
may exist within the ecosystem we studied, but it does
not occur when looking at leaf nutrient content alone.
It is not surprising that the relationship between rarity
and uniqueness of leaf nutrient profiles did not change
as a result of fire in the forest we studied. In most fire-
tolerant ecosystems around the world, a proportion of the
species are adapted to resprout after burning, and indeed,
no substantial change in abundance was observed among
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Table 1. Leaf nutrient concentrations (mg kg?) for box-ironbark species identified as important contributors of sampled nutrients through PCA
(Fig. 3) for senesced leaf nutrient concentration. Nutrient concentration and proportional resorption of nutrients for all 42 species sampled are
provided in Supporting Information—Tables S1 and S2. Figures in bold indicate values that are greater than double the community mean,
which is derived from all 42 species sampled in this study. Nutrient acquisition strategy (NAS): H = hemiparasitic; M = mycorrhizal.

Species NAS N K Ca Mg P S B Mn Zn Cu
Amyema miquelii H 5940 28900 6940 3250 553 1510 94 380 24.6 14.4
Brunonia australis M 3620 10300 6860 5440 210 606 56 408 130 7.4
Bursaria spinosa M 7420 4800 9360 3860 226 1260 91 1040 140 4.3
Cassinia arcuata M 7500 6030 5880 2690 406 2070 150 1040 99.6 221
Exocarpos cupressiformis H 10200 12500 6020 3140 841 1500 36 429 19.2 14.3
Ozothamnus obcordatus M 7060 5340 11800 2100 271 2410 118 1702 68.5 10
Prostanthera denticulata M 10700 2840 4820 1500 342 1370 87 751 103 8.4
Community mean 7513 3726 6424 2088 224 1104 55 365 27 5
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Figure 5. PCA ordination of 42 box-ironbark species by similarity of resorption of six macro- and four micronutrients prior to leaf drop. PC1
and PC2 (panel A) and PC2 and PC3 (panel B) are displayed (explaining 78.3 and 32.5 % of variation in the data, respectively). Length of line
indicates relative strength of the influence of the nutrient. Symbols represent species’ nutrient acquisition strategy (filled square = carnivor-
ous; filled triangle = proteaceous roots; copen circle = mycorrhizal; + = N-fixing rhizobium bacteria; black asterisk = hemiparasitic). Important
contributors of sampled nutrients (outlier species): a = Amyema miquelii; b = Exocarpos cupressiformis.

species in this study, many of which are able to resprout example, A. miquelii (an aerial hemiparasite with a unique
(Tolsma et al. 2007). The effect of a disturbance that is senesced leaf nutrient profile) does not have fire-stimu-
more intense than an autumn or spring burn (i.e. a sum- lated germination and recovers weakly, if at all, after burn-
mer burn that scorches or burns the canopy) may have ing (Kelly et al. 1997), should a fire reach it in the canopy.
wider implications for the persistence of some species. For Recolonization of burnt sites with A. miquelii would require
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Table 2. Difference in concentration of nutrients between soil depths (0-20 cm, 50-70 cm), among burn treatments (unburnt control, autumn
burn, spring burn) and their interaction, in a box-ironbark forest. Soil samples were collected 3 years after landscape-scale prescribed burn

treatments. Significant results from ANOVA are highlighted in bold.

Nutrient F df P
Boron

Depth 0.19 11 0.66

Season 4,97 1,2 0.009

Depth * season 0.04 1,2 0.96
Calcium

Depth 4.90 1,1 <0.001

Season 0.16 1,2 0.19

Depth * season 0.04 1,2 0.63
Copper

Depth 47.11 1,1 <0.001

Season 0.10 1,2 0.90

Depth * season 0.32 1,2 0.73
Magnesium

Depth 37.65 11 <0.001

Season 0.47 1,2 0.64

Depth * season 0.41 1,2 0.67
Manganese

Depth 2.57 11 0.11

Season 0.11 1,2 0.90

Depth * season 0.59 1,2 0.56

Nutrient F df P

Nitrogen (total)

Depth 78.89 11 <0.001

Season 0.52 1,2 0.59

Depth * season 1.68 1,2 0.19
Phosphorus

Depth 35.79 11 <0.001

Season 1.67 1,2 0.19

Depth * season 0.09 1,2 0.91
Potassium

Depth 7.03 1,1 0.01

Season 0.70 1,2 0.50

Depth * season 0.793 1,2 0.46
Sulphur

Depth 1.22 1,1 0.27

Season 0.85 1,2 0.43

Depth * season 0.06 1,2 0.94
Zinc

Depth 19.70 11 <0.001

Season 0.80 1,2 0.45

Depth * season 0.10 1,2 0.90

seed dispersal from surrounding populations in the land-
scape. Consequently, the extent and severity of the dis-
turbance becomes an important factor governing the rate
that a unique functional role is restored.

Nutrient acquisition strategies and leaf nutrient
profiles

The two hemiparasites (A. miquelii and E. cupressiformis)
present in the study areas had unique leaf nutrient pro-
files because of their concentrations of K and P (up to
7.75 times higher than the community mean for K, and
3.75 times for P). High concentrations of K have previ-
ously been noted in the leaves of the aerial hemiparasite
A. miquelii (March and Watson 2010). We add to this by
demonstrating the root hemiparasite E. cupressiformis
also has high levels of K in senesced leaves, and had
the highest levels of P in the community. Hemiparasitic
plants are important contributors to soil nutrient cycles
in ecosystems around the world, through litterfall rich
in nutrients such as K and P (Quested et al. 2003; March
and Watson 2010; Ndagurwa et al. 2014; Scalon et al.
2017). Litterfall from hemiparasitic species has positive

effects on community productivity (March and Watson
2007; Spasojevic and Suding 2011; Fisher et al. 2013)
and bottom-up effects on diversity (Watson 2002),
leading some to describe them as a keystone resource
(Watson and Herring 2012).

It is concerning that the two hemiparasitic spe-
cies observed in our study were among the least fre-
quently encountered species. Should a disturbance
cause the loss of the hemiparasitic species or their
hosts, their functional contribution will be lost as well.
Amyema miquelii is fire-sensitive and does not resprout
after being burnt (Kelly et al. 1997), whereas E. cupres-
siformis is known to resprout after fire (Kubiak 2009).
Hemiparasites have a nearly cosmopolitan distribu-
tion and often very specific germination requirements
(Watson 2001). Understanding hemiparasite and host
tolerances to stress and responses to disturbance is
necessary to highlight which ecosystems are vulnerable
to loss of this functional group in the future, and what
processes may cause this loss.

Nitrogen-fixing species contribute N to commu-
nity nutrient pools through below-ground fixation of N
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Figure 6. Concentration (log mg kg™ + SE) of key macro- and micronutrients in upper (0-20 cm; open symbols) and lower (50-70 cm; closed
symbols) soil horizons in a box-ironbark forest in southeastern Australia. Samples were collected 3 years after landscape-scale prescribed
burn treatments. Circles = unburnt reference landscapes; triangles = autumn burn landscapes; squares = spring burn landscapes.

(Adams and Attiwill 1984a), and leaf-fall. Resorption of N
is generally lower in N-fixing species than those that do
not fix nitrogen (Killingbeck 1996) and, indeed, we found
that N-fixing species generally had higher concentrations
of N in senesced leaves than other members of the com-
munity. Many nitrogen-fixing species (e.g. members of
Fabaceae) from fire-prone environments use fire as a cue
for mass germination (Adams and Attiwill 1984b). Such
changes to the abundance of N-fixing species can confer
an enhanced ecosystem role in the years following fire,
particularly for providing N nutrition to non-N-fixing spe-
cies (Pfautsch et al. 2009). Although we observed a small
change in species abundance following disturbance,
several N-fixing species were relatively common even
before prescribed burning (Fig. 2). Further investigation
of the ecophysiological tolerances to disturbances (e.g.
fire, drought, flood, temperature, disease) possessed by
the N-fixing species observed in this study is warranted
to determine how stable the process of nitrogen fixation
is in this ecosystem.

There was no clear segregation of mycorrhizal species
in our analysis. We opted for a broad mycorrhizal cat-
egory and did not split species into different associations
(e.g. into ectomycorrhizas, ericoid mycorrhizas or vesicu-
lar-arbuscular mycorrhizas), as they are uncharacterized

for many species in this community. However, mycor-
rhizal associations can offer plants enhanced access to
different nutrients, depending on the type of association
and species (Marschner and Dell 1994; Read and Perez-
Moreno 2003), and affect the functional traits of plants.
For example, ectomycorrhizal fungi are able to break-
down organic matter, whereas vesicular-arbuscular
mycorrhiza predominantly scavenge inorganic nutrients
that are released by microbes (Read and Perez-Moreno
2003; Richard et al. 2013). Thus, plants with vesicular-
arbuscular mycorrhiza often have leaf litter that is more
easily broken down by microbial action than plants with
ectomycorrhizal associations. Studies investigating
such differences between co-occurring species are few
(Richard et al. 2013), but the implication of differences
among mycorrhizal associations, and their functional
roles in nutrient cycling, is worthy of further attention.
The functional significance of species with high con-
centrations of micronutrients in their leaves remains to
be explored, as these nutrients, although essential for
plant physiology, are usually less limiting to plants than
macronutrients and are thus less studied (Marschner
and Marschner 2011). Several species in our study
stood out for the high concentrations of micronutrients
(B, Cu, Mn and Zn) in their senesced leaves. Three of the
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more common species (Cassinia arcuata, Ozothamnus
obcordatus and Bursaria spinosa) had high levels of
Mn and Zn in their leaves; up to 4.7 and 5.2 times the
community average, respectively. In plantations, spe-
cies of Eucalyptus (which also forms the canopy of
the ecosystem we studied) have been shown to trans-
locate Mn from lower to upper soil layers and change
soil chemistry (Jobbdgy and Jackson 2004). The appar-
ent hyper-accumulation of Mn in B. spinosa, C. arcuata
and O. obcordatus (soil concentrations were on average
20 mg kg™ and senesced leaves were up to 1700 mg kg™?)
could be a physiologic adaptation to cope with Mn accu-
mulation in soils through Eucalyptus leaf litter, and
should be explored.

Soil nutrients

Over 3 years had passed between burn treatments and
soil sampling in this study, so overall similarity in soil
nutrient levels between burnt and unburnt areas was
unsurprising. An ephemeral increase in soil nutrients is a
well-known consequence of fire, resulting from the com-
bustion of plant material. Often, soil nutrients quickly
return to pre-fire levels, within several months (Adams
and Boyle 1980; Macadam 1987; Weston and Attiwill
1990; Tomkins et al. 1991) to several years (Simard
et al. 2001), as they are quickly taken up by living cells
or lost through wind and water erosion, or soil leaching
(Thomas et al. 1999; Certini 2005).

Soil nutrients that are most strongly cycled through
the community tend to aggregate in the upper layers of
the soil. This is because they are either translocated and
quickly absorbed by plant roots before they can leach into
lower soil layers (Jobbdagy and Jackson 2001), or because
some dominant species in the community have a high
requirement for a mineral and thus transform the depos-
ition of nutrients in soil layers (Jobbdgy and Jackson
2004). We found that Ca, N and P were concentrated in
the upper layers. Calcium deficiency in soils is generally
rare in natural systems (White and Broadley 2003), and
although plants generally have a high requirement for Ca
(Marschner and Marschner 2011), it is likely Ca is in ample
supply in this system and is less limiting. Deficiency in soil
N and P is common in nutrient-poor systems around the
world; thus, species contributing litter rich in these nutri-
ents likely play important roles in community productiv-
ity and diversity, particularly for species with shallow root
systems. Indeed, all but three species withdrew N from
senescing leaves, with a community mean of 41.7 %
withdrawal. Three species did not withdraw N—these
species were small to prostrate shrubs with leaves that,
when fallen, appear to become trapped and accumulate
underneath the plant. Further study is required to under-
stand if there is adaptive significance to this trait.

Conclusions

Community-wide relationships between rarity and the
uniqueness of species’ leaf nutrient profiles do not
occur in Australian box-ironbark forest. However, some
of the rarest species (those with low abundance) with
uncommon strategies for nutrient acquisition (such as
hemiparasitism) can support some of the most unique
leaf nutrient profiles. Species capable of making unique
contributions to soil nutrient pools deserve greater
attention, so that their functional roles can be better
understood and conserved.
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a box-ironbark forest in southeastern Australia, as well
as proportional resorption of nutrients (%).

Table S2. The relationship between species rarity and
the uniqueness of leaf nutrient profile in senesced leaves
and in proportional resorption of nutrients from leaves
for 42 species from a box-ironbark forest in southeast-
ern Australia. Linear models were produced with respect
to species frequency within 15 study areas (all sites) in
2010 (pre-burn) and 2013 (post-burn), as well as sepa-
rately for sites which experienced a burn treatment in
2010 spring autumn, spring, or left unburnt.

Table S3. Eigenvector scores and percent variation
explained by five principal components (PCs) for the simi-
larity of leaf nutrient profiles, and proportional resorption,
among 42 evergreen species in a box-ironbark forest in
southeast Australia. All 10 macro- and micronutrients
sampled are included in the principal component analysis
(PCA) as eigenvectors. Proportional resorption was calcu-
lated as the ratio of nutrients in fresh and senesced leaves.

Table S4. Mean (¥SD) concentrations of nutrients
(mg kg™) in soil samples from a box-ironbark forest in
southeastern Australia, collected 3 years after land-
scape-scale experimental prescribed burn treatments in
autumn, spring or left as unburnt reference study areas.
Samples were taken from upper (0-20 cm) and lower
(50-70 cm) soil profiles.

Literature Cited

Adams MA, Attiwill PM. 1984a. Role of Acacia spp. in nutrient bal-
ance and cycling in regenerating Eucalyptus regnans F. Muell.
forests. II. Field studies of acetylene reduction. Australian
Journal of Botany 32:217-223.

Adams MA, Attiwill PM. 1984b. Role of Acacia spp. in nutrient bal-
ance and cycling in regenerating Eucalyptus regnans F. Muell.
forests. I. Temporal changes in biomass and nutrient content.
Australian Journal of Botany 32:205-215.

Adams PW, Boyle JR. 1980. Effects of fire on soil nutrients in
clearcut and whole-tree harvest sites in central Michigan. Soil
Science Society of America Journal 44:847-850.

Aerts R. 1996. Nutrient resorption from senescing leaves of perenni-
als: are there general patterns? Journal of Ecology 84:597-608.

Aerts R, Chapin FS III. 1999. The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. In: Fitter
AH and Raffaelli DG, eds. Advances in ecological research, Vol.
30. Academic Press, Cambridge, MA 1-67.

Bennett A, Holland G, Flanagan A, Kelly S, Clarke M. 2012. Fire and
its interaction with ecological processes in box-ironbark forests.
Proceedings of the Royal Society of Victoria 124: 72-78.

Bond WJ, Keeley JE. 2005. Fire as a global ‘herbivore’: the ecology
and evolution of flammable ecosystems. Trends in Ecology &
Evolution 20:387-394.

Bureau of Meteorology. 2016. Climate data online. Australia: Bureau of
Meteorology. http://www.bom.gov.au/climate/data/ (July 2017).

Certini G. 2005. Effects of fire on properties of forest soils: a review.
Oecologia 143:1-10.

Cornwell WK, Cornelissen JH, Amatangelo K, Dorrepaal E, Eviner VT,
Godoy O, Hobbie SE, Hoorens B, Kurokawa H, Pérez-Harguindeguy
N, Quested HM, Santiago LS, Wardle DA, Wright 1J, Aerts R,
Allison SD, van Bodegom P, Brovkin V, Chatain A, Callaghan TV,
Diaz S, Garnier E, Gurvich DE, Kazakou E, Klein JA, Read J, Reich
PB, Soudzilovskaia NA, Vaieretti MV, Westoby M. 2008. Plant spe-
cies traits are the predominant control on litter decomposition
rates within biomes worldwide. Ecology Letters 11:1065-1071.

Douglas J, Ferguson J. 1988. Geology of Victoria. Victorian Division:
Geological Society of Australia Incorporated.

DSE. 2003. North west region, Bendigo fire district: fire protec-
tion plan. East Melbourne: Department of Sustainability and
Environment.

ECC. 2001. Box-ironbark forests and woodlands investigation. Final
report. Melbourne: Environment Conservation Council.

Fisher JP, Phoenix GK, Childs DZ, Press MC, Smith SW, Pilkington MG,
Cameron DD. 2013. Parasitic plant litter input: a novel indirect
mechanism influencing plant community structure. The New
Phytologist 198:222-231.

Gaston KJ. 2011. Common ecology. BioScience 61:354-362.

Hdttenschwiler S, Aeschlimann B, CoGteaux MM, Roy J, Bonal D.
2008. High variation in foliage and leaf litter chemistry among
45 tree species of a neotropical rainforest community. The New
Phytologist 179:165-175.

Hayes P, Turner BL, Lambers H, Laliberté E. 2013. Foliar nutrient
concentrations and resorption efficiency in plants of contrast-
ing nutrient-acquisition strategies along a 2-million-year dune
chronosequence. Journal of Ecology 102:396-410.

Hobbie SE. 2015. Plant species effects on nutrient cycling: revisiting
litter feedbacks. Trends in Ecology & Evolution 30:357-363.

Holland GJ, Clarke MF, Bennett AF. 2017. Prescribed burning con-
sumes key forest structural components: implications for land-
scape heterogeneity. Ecological Applications 27:845-858.

Jain M, Flynn DF, Prager CM, Hart GM, Devan CM, Ahrestani FS, Palmer
MI, Bunker DE, Knops JM, Jouseau CF, Naeem S. 2014. The impor-
tance of rare species: a trait-based assessment of rare species
contributions to functional diversity and possible ecosystem
function in tall-grass prairies. Ecology and Evolution 4:104-112.

Jobbdgy E, Jackson R. 2001. The distribution of soil nutrients with
depth: global patterns and the imprint of plants. Biogeochemistry
53:51-77.

Jobbdgy EG, Jackson RB. 2004. The uplift of soil nutrients by plants: bio-
geochemical consequences across scales. Ecology 85:2380-2389.

Kelly P, Reid N, Davies 1. 1997. Effects of experimental burning,
defoliation, and pruning on survival and vegetative resprout-
ing in mistletoes (Amyema miquelii and Amyema pendula).
International Journal of Plant Sciences 158:856-861.

Killingbeck KT. 1996. Nutrients in senesced leaves: keys to the
search for potential resorption and resorption proficiency.
Ecology 77:1716-1727.

Krawchuk MA, Moritz MA, Parisien MA, Van Dorn J, Hayhoe K. 2009.
Global pyrogeography: the current and future distribution of
wildfire. PLoS One 4:€5102.

Kubiak P. 2009. Fire responses of bushland plants after the January
1994 wildfires in northern Sydney. Cunninghamia 11:131-165.

Lambers H, Brundrett M, Raven J, Hopper S. 2010. Plant mineral
nutrition in ancient landscapes: high plant species diversity on
infertile soils is linked to functional diversity for nutritional strat-
egies. Plant and Soil 334:11-31.

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2018


http://www.bom.gov.au/climate/data/

Patykowski et al. - Rarity, nutrient acquisition relationships and fire

Leitdo RP, Zuanon J, Villéger S, Williams SE, Baraloto C, Fortunel C,
Mendonga FP, Mouillot D. 2016. Rare species contribute dispro-
portionately to the functional structure of species assemblages.
Proceedings of the Royal Society of London B: Biological Sciences
283:1828.

Macadam AM. 1987. Effects of broadcast slash burning on fuels
and soil chemical properties in the sub-boreal spruce zone of
central British Columbia. Canadian Journal of Forest Research
17:1577-1584.

March WA, Watson DM. 2007. Parasites boost productivity: effects
of mistletoe on litterfall dynamics in a temperate australian for-
est. Oecologia 154:339-347.

March WA, Watson DM. 2010. The contribution of mistletoes to
nutrient returns: evidence for a critical role in nutrient cycling.
Austral Ecology 35:713-721.

Marschner H, Dell B. 1994. Nutrient uptake in mycorrhizal symbio-
sis. Plant and Soil 159:89-102.

Marschner H, Marschner P. 2011. Mineral nutrition of higher plants,
3rd edn. Cambridge, MA: Academic Press.

Marsh AS, Arnone JA, Bormann BT, Gordon JC. 2000. The role of
Equisetum in nutrient cycling in an Alaskan shrub wetland.
Journal of Ecology 88:999-1011.

Mouillot D, Bellwood DR, Baraloto C, Chave J, Galzin R, Harmelin-
Vivien M, Kulbicki M, Lavergne S, Lavorel S, Mouquet N, Paine CE,
Renaud J, Thuiller W. 2013. Rare species support vulnerable func-
tions in high-diversity ecosystems. PLoS Biology 11:e1001569.

Ndagurwa HGT, Dube JS, Mlambo D. 2014. The influence of mis-
tletoes on nutrient cycling in a semi-arid savanna, southwest
Zimbabwe. Plant Ecology 215:15-26.

Pfautsch S, Rennenberg H, Bell TL, Adams MA. 2009. Nitrogen uptake
by Eucalyptus regnans and Acacia spp. - preferences, resource
overlap and energetic costs. Tree Physiology 29:389-399.

Quested HM, Callaghan TV, Cornelissen JHC, Press MC. 2005. The
impact of hemiparasitic plant litter on decomposition: direct,
seasonal and litter mixing effects. Journal of Ecology 93:
87-98.

Quested HM, Press MC, Callaghan TV. 2003. Litter of the hemipara-
site Bartsia alpina enhances plant growth: evidence for a func-
tional role in nutrient cycling. Oecologia 135:606-614.

R Core Team. 2016. R: a language and environment for statisti-
cal computing. Vienna, Austria: R Foundation for Statistical
Computing. http://www.R-project.org/ (July 2017).

Rayment GE, Lyons DJ. 2011. Soil chemical methods: Australasia.
Australia: CSIRO publishing.

Read DJ, Perez-Moreno J. 2003. Mycorrhizas and nutrient cycling
in ecosystems: a journey towards relevance? New Phytologist
157:475-492.

Richard PP, Edward B, Meghan GM. 2013. The mycorrhizal-associ-
ated nutrient economy: a new framework for predicting carbon-
nutrient couplings in temperate forests. New Phytologist 199:
41-51.

Scalon MC, Wright 1J, Franco AC. 2017. To recycle or steal? Nutrient
resorption in Australian and Brazilian mistletoes from three low-
phosphorus sites. Oikos 126:32-39.

Shirima DD, Totland @, Moe SR. 2016. The relative importance of
vertical soil nutrient heterogeneity, and mean and depth-spe-
cific soil nutrient availabilities for tree species richness in tropi-
cal forests and woodlands. Oecologia 182:877-888.

Simard DG, Fyles JW, Paré D, Nguyen T. 2001. Impacts of clearcut
harvesting and wildfire on soil nutrient status in the Quebec
boreal forest. Canadian Journal of Soil Science 81:229-237.

Spasojevic MJ, Suding KN. 2011. Contrasting effects of hemipara-
sites on ecosystem processes: can positive litter effects offset
the negative effects of parasitism? Oecologia 165:193-200.

Thomas AD, Walsh RPD, Shakesby RA. 1999. Nutrient losses in
eroded sediment after fire in eucalyptus and pine forests in the
wet Mediterranean environment of northern Portugal. CATENA
36:283-302.

Tolsma A, Cheal D, Brown G. 2007. Ecological burning in box-ironbark
forests. Phase 1 - literature review. East Melbourne: Department
of Sustainability and Environment.

Tomkins I, Kellas J, Tolhurst K, Oswin D. 1991. Effects of fire intensity
on soil chemistry in a eucalypt forest. Soil Research 29:25-47.

Umana MN, Mi X, Cao C, Enquist BJ, Hao Z, Howe R, lida Y, Johnson
D, Lin L, Liu X, Ma K, Sun IF, Thompson J, Uriarte M, Wang Z, Wolf
A, Yang J, Zimmerman JK, Swenson NG. 2017. The role of func-
tional uniqueness and spatial aggregation in explaining rarity in
trees. Global Ecology and Biogeography 26:777-786.

Violle C, Thuiller W, Mouquet N, Munoz F, Kraft NJB, Cadotte MW,
Livingstone SW, Mouillot D. 2017. Functional rarity: the ecology
of outliers. Trends in Ecology & Evolution 32:356-367.

Watson DM. 2001. Mistletoe - a keystone resource in forests
and woodlands worldwide. Annual Review of Ecology and
Systematics 32:219-249.

Watson DM. 2002. Effects of mistletoe on diversity: a case-study
from southern New South Wales. Emu 102:275-281.

Watson DM, Herring M. 2012. Mistletoe as a keystone resource: an
experimental test. Proceedings of the Royal Society B: Biological
Sciences 279:3853-3860.

Weston CJ, Attiwill PM. 1990. Effects of fire and harvesting on nitro-
gen transformations and ionic mobility in soils of Eucalyptus
regnans forests of south-eastern Australia. Oecologia 83:20-26.

White PJ, Broadley MR. 2003. Calcium in plants. Annals of Botany
92:487-511.

Wigley BJ, Coetsee C, Hartshorn AS, Bond WJ. 2013. What do ecolo-
gists miss by not digging deep enough? Insights and methodo-
logical guidelines for assessing soil fertility status in ecological
studies. Acta Oecologica 51:17-27.

Wright 1J, Groom PK, Lamont BB, Poot P, Prior LD, Reich PB, Schulze
ED, Veneklaas EJ, Westoby M. 2004. Leaf trait relationships in
Australian plant species. Functional Plant Biology 31:551-558.

Wright 1J, Westoby M. 2003. Nutrient concentration, resorption and
lifespan: leaf traits of Australian sclerophyll species. Functional
Ecology 17:10-19.

Yachi S, Loreau M. 1999. Biodiversity and ecosystem produc-
tivity in a fluctuating environment: the insurance hypoth-
esis. Proceedings of the National Academy of Sciences 96:
1463-1468.

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2018 13


http://www.R-project.org/

	Rarity and nutrient acquisition relationships before and after prescribed burning in an Australian box-ironbark forest

