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ABSTRACT

Fires are widespread and can result in large nutri-
ent losses from ecosystems simultaneous with
pulses in nitrogen (N) and phosphorus (P) that can
increase their availability to plants. Plant growth is
frequently limited by N and P, and fire has the
potential to enhance or moderate the magnitude of
N and P limitation in plants with important con-
sequences for long-term net primary productivity
and global carbon cycling. We used meta-analysis
to explore fire effects on N and P concentrations in
aboveground plant biomass among a variety of
plants and plant communities worldwide. We show
that across all observations, fire enhanced N con-
centration in plants when N/P ratios in biomass

were low, and enhanced P concentration in plants
when biomass N/P ratios were high. P concentra-
tion increased particularly in woody plants. Fur-
thermore, responses of the N/P ratio in woody
plants were more flexible than in herbaceous plants
so that fire eased N and P imbalances only in woody
plants. Our results suggest that these changes in
plant N and P in response to fire may help sustain
net primary productivity and persistence of woody
plants in fire-affected ecosystems worldwide.

Key words: available soil nutrients; disturbance;
meta-analysis; nutrient limitation; N/P stoichio-
metry; prescribed burn; slash-and-burn; wildfire.

INTRODUCTION

Every year between 300 and 460 million hectares
of land are affected by wildfires and managed
burning (prescribed burning and slash-and-burn
agriculture, Giglio and others 2006; Randerson and
others 2012). These fires dramatically change the
structure and functioning of ecosystems (Thonicke
and others 2001; Lavorel and others 2007). Fires
are a critical component of woody plant
encroachment (D’Antonio and Vitousek 1992; Sc-
holes and Archer 1997), release biomass and soil
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carbon (C) as CO, into the atmosphere (Mack and
others 2011), and typically enhance rates of plant
growth (Goetz and others 2005). Considering the
spatial scale of fires worldwide, fire effects on
ecosystems have important consequences for the
global climate (Randerson and others 2006; Run-
ning 2008).

The recovery of ecosystems from fire is strongly
mediated by effects of fire on nitrogen (N) and
phosphorus (P) availability (Wan and others 2001;
Certini 2005). N and P limit plant productivity in
most terrestrial ecosystems (Elser and others 2007;
Harpole and others 2011) thereby influencing plant
community composition (Tilman 1988). Transfers
of N to the atmosphere through combustion are at
least an order of magnitude larger than for P (for
example, Cech and others 2010), whereas fire can
also result in significant additions of N and P to the
soil with significant consequences for their relative
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availabilities (Boerner 1982; Wan and others 2001;
Certini 2005). Fire-promoted changes in N, P, or
both could therefore worsen or ease limitations of
plant growth (for example, Cech and others 2008).

The N/P ratio in plant biomass has been used to
indicate if growth of a plant is limited by the
availability of N, P, or both nutrients (Gtisewell
2004), although the use of N/P threshold ratios to
predict nutrient limitation is not always clear
(Craine and others 2008). Globally, plant N/P ratios
decrease with latitude across a wide range of plant
groups (Reich and Oleksyn 2004; Han and others
2005). Although this relationship with latitude has
been associated with the effects of temperature on
plant N and P physiology, variation in N and P
supply from the soil likely remains a determining
factor (Hedin 2004; Reich and Oleksyn 2004; Han
and others 2005). Weathered soils near and in the
tropics tend to be poor in P, whereas younger soils
at higher latitudes are more likely to be N poor (but
see Elser and others 2007). Consequently, vari-
ability in plant N/P ratios with latitude reflects, at
least in part, relative availabilities of N and P in the
soil. Plants have limited flexibility in regulating
their biomass N/P. Nevertheless, flexible allocation
of N and P can be advantageous for plant growth
when the relative supply of N and P is suboptimal
(Agren and others 2012).

The availability of N and P to plants will vary
widely in space and time following fire disturbance.
Losses of N through combustion are much greater
than those of P (Raison 1979; Cech and others
2010). Fire-promoted erosion losses are comple-
mented by leaching losses of highly mobile inor-
ganic N (nitrate in particular) that are large
compared to those of P (Vitousek and Howarth
1991). Despite such losses, N and P availability in
soil are often markedly increased directly after fire.
N and P are deposited on the soil with ash while
increased soil temperature and moisture content
stimulate microbial mineralization of N and P
(Neary and others 1999; Certini 2005). Fire may
lead to redistribution of N and P from surface soils
to deeper soils (Smith 1970; Turrion and others
2010). Fires also lead to horizontal redistribution of
nutrients, via aeolian processes, that may coun-
teract the nutrient concentrating effects of woody
shrub encroachment in grasslands (Ravi and others
2009; Hasselquist and others 2011). These large
temporal and spatial fluctuations in available N and
P can have profound effects on plant performance
and community structure, depending if plants are
N- or P-limited.

We hypothesized that fire can reduce constraints
of N and P to plant growth globally. We predicted

that fire will increase plant tissue P concentration
(hereafter plant [P]) more than N when the plant
N/P ratio is high (P limited growth) and increase
plant tissue N concentration (hereafter plant [N])
more than P when the plant N/P ratio is low (N
limited growth). We further examined whether N
and P in woody and herbaceous plants showed
different sensitivities to fire, and whether woody
and herbaceous plants showed differences in
stoichiometric flexibility in N and P in response to
fire. We focussed on the contrast between woody
and herbaceous plants because fire often affects the
relative abundance of both life forms (D’Antonio
and Vitousek 1992; Scholes and Archer 1997). We
used meta-analysis to examine how [N], [P] and
mass ratios of N/P in green foliage of woody and
herbaceous plants were affected by fire (prescribed
burning, wildfire, slash-and-burn) in a total of 308
observations from 54 studies (Online Appendix A,
B). We examined how fire effects on plant [N] and
[P] were related to soil N and P availabilities. The
studies were conducted in a wide range of ecosys-
tems on all continents (except Antarctica) includ-
ing boreal, temperate, and tropical forests,
temperate and semiarid grasslands, savannas,
heathlands, and shrublands (Figure 1, Online Ap-
pendix A).

MATERIALS AND METHODS
Data Collection and Extraction

We collected data from publications where both
plant [N] and [P] were reported in response to fire.
We screened publications that were found by
searching for (fire* OR burn*) AND nitrogen AND
phosphorus in Web of Knowledge (ISI), Google
Scholar and Scopus, and that were cited in these
publications. To be included in the meta-analysis,
both plant [N] and [P] had to be reported in burned
and unburned plots in green foliage or total
aboveground biomass (herbaceous plants only).
Fires were either a result of wildfires, prescribed
burns, or slash-and-burn practices. We included
one study where pre-fire measurements were used
as the unburned control (Schafer and Mack 2010).
Both average values and number of replication had
to be reported.

To obtain an inclusive dataset of observations
from a wide range of ecosystems, we included
studies where plant [N] and [P] were measured in
individual species (where the species was the same
for the burned and unburned treatment) and in
whole plant communities. We recognize that for
measurements at the community level, fire effects
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on plant [N] and [P] may have been caused by
changes in [N] and [P] of individual species, but
also by changes in species composition. However,
fire effects on plant [N], [P] and mass ratios of N/P
were similar for species and community level ob-
servations (see Data analysis below), suggesting
that using both species and community level ob-
servations caused no bias in our results. We further
recorded the life form for each observation
(herbaceous or woody), ecosystem type (temperate
grassland, semiarid grassland, tropical grassland,
heathland, shrubland, savanna, boreal forest,
temperate forest, Mediterranean forest or tropical
forest), and for species level observations if the
species was potentially N-fixing or a non N-fixing
plant. For community level observations, life form
was categorized as herbaceous or woody when it
was clear from the paper that the whole commu-
nity consisted of one of the two life forms. In most
cases, woody plants in burned plots measured were
surviving plants. In a few cases, foliar N and P were
measured in new seedlings both in burned and
control plots. Therefore, nutrient responses were
not affected by age-related nutrient changes.

Measurements at multiple times after a fire were
considered as separate observations. When fire ef-
fects were examined across other treatments (for
example, fertilization, herbicide treatments), then
they were also included as separate observations.
Treating observations within a study as indepen-
dent observations caused no bias in our results (see
Data analysis below). This approach was success-
fully applied in other ecological meta-analyses
(Liao and others 2008; Rey Benayas and others
2009; Eldridge and others 2011; Garcia-Palacios
and others 2013).

The majority of observations were made directly
after the fire event (83 % of the total number of
observations were made within 4 years), whereas
the number of observations drastically reduced

Figure 1. Map with site
locations of the 54

» publications used in the
¢ Al § meta-analysis.

with time (Figure 2). Because of the relatively low
number of long-term observations, we could not
reliably analyze long-term effects of fire on plant
[N] and [P]. The number of observations sig-
nificantly dropped after 4 years, and we therefore
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Figure 2. Fire effects on plant [N] (4), [P] (B) and N/P
(C) as a function of time since the last fire. Fire effects are
expressed as a percentage change compared to unburned
or pre-burned control plots. Each data point represents
one observation with a total of 308 observations. The
number of observations on a yearly basis is also shown
(D).
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focused on effects caused within 4 years after fire.
However, we also ran our analyses on the complete
data set to test whether inclusion of long-term
observations changed our results. In total, we
found 54 publications with 308 observations (256
observations within 4 years after fire, Online Ap-
pendix A, B).

We recorded measures of soil available N and/or
P in burned and unburned treatments when they
were reported in the studies selected for plant [N]
and [P]. We used these data to test how fire effects
on plant [N] and [P] related to fire effects on soil
available N and P. We are aware that there are
more studies reporting fire effects on soil available
N and P (for example, Wan and others 2001).
However, our aim was to compare plant with soil
data and test if the soil data could help explain the
site-specific fire effects on plant [N] and [P]. We
only recorded measurements that were made in the
top soil layer where the largest changes are ex-
pected in response to fire. Nevertheless, sampled
soil depths varied widely ranging between 2 and
20 cm among different studies. Available N and P
in the soil were measured by extracting the soil
with a salt solution (KCl or K,SO, for N, and
NaHCO;, NH4F-HCI, or H,SO4-HCI for P) or with
deionized water. Many of these extraction methods
were developed in agronomy to provide a measure
of N and P availability to plants. Although there is
no soil chemical assay that can measure nutrient
availability precisely, extractable N and P are
thought to be better indicators of available N and P
after disturbance compared to total soil N and P
(Binkley and Vitousek 1991). The choice of the
extraction method, however, depends on soil type
(for example, NaHCO; extractions are used for
extracting P in neutral and basic soils and NH4F-
HCI extractions for extracting P in acid soils). There
were not enough observations to analyze how the
different extraction methods influenced the results.
Therefore, different extraction methods used for
variable soil depths may have contributed to the
variability in effect sizes among the different stud-
ies. Of the 54 studies, there were 18 studies
where available soil N (54 observations) and/or P
(66 observations) were measured (Online
Appendix A, B).

Data Analysis

For plant and soil parameters, we used the natural
log of the response ratio as a metric of the effect size
in the meta-analysis (Osenberg and others 1999):
Ln R = In(X¢/X.), where X; and X, are the mean
values for the burned and unburned treatment,

respectively. The effect sizes were weighted by
replication (Hungate and others 2009; van
Groenigen and others 2011; Wu and others 2011;
Lam and others 2012): Wg = (n; X nc)/(ng + ne)
where #; and 7. are the number of replicates in the
burned and control plots respectively. In several
occasions, authors’ multiple replicates within
burned and unburned plots were considered as
pseudo-replication, and therefore here treated as
one replicate. The conventional method of
weighting effect sizes is by the inverse of the pooled
variance (Hedges and Olkin 1985), so that studies
with greater certainty are given more weight.
However, standard deviations or standard errors
were often not reported. We therefore decided
against using the variance-based weighting because
it would preclude those observations from our
meta-analysis. Several authors found that repli-
cate-based weighting, variance-based weighting, or
no weighting at all gave similar results (Cardinale
and others 2006; van Groenigen and others 2011;
Wu and others 2011). We compared results
weighted by replication (Wg) with results that were
unweighted (Wy) and observed that results were
qualitatively similar (Online Appendix C). Here we
report results for Wr-weighted effect sizes only.

We calculated mean effect sizes and generated
95 % bootstrapped confidence intervals (CI) using
the random-effects model in MetaWin 2.1
(Rosenberg and others 1999). For bootstrapping,
we used 4999 iterations. Fire effects were consid-
ered significant if the 95 % CI did not overlap with
zero. The LnR mean effect sizes were back trans-
formed and fire effects were reported as a per-
centage change compared to unburned controls
(100(R — 1)).

Measurements at multiple times after a fire and
across other treatments were considered as separate
observations. In the strict sense, multiple mea-
surements from one study are not independent.
This lack of independence of observations within a
study is a common problem in ecological meta-
analyses (Hedges and others 2010). We tested
whether this resulted in biased mean effect size
estimates. We performed a separate analysis where
we considered only one randomly chosen obser-
vation for each study and compared the results
with the results obtained from the whole dataset
(Vila and others 2011; Garcia-Palacios and others
2013). Because the mean effect size estimates were
similar for both analyses (Online Appendix D), we
assumed that multiple measurements from one
study did not bias our results, and that all obser-
vations can be included in the analysis. Another
approach is to reduce the weight of each observa-
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tion by the number of observations within a study
so that studies with a large number of observations
do not have a dominating effect on the mean effect
size (van Groenigen and others 2011). We also
used this weighting approach and found that re-
sults were similar compared to results without us-
ing this weighting. Recently, another approach was
developed to minimize potential bias with non-in-
dependent observations using a generalized least
squares model to pool within-study effects (Laje-
unesse 2011; Curtis and Queenborough 2012). We
decided not to use this approach because standard
deviations need to be known for each observation;
for 37 % of all our observations standard deviation
(or standard error) was not reported.

A potential problem with meta-analysis is the
possibility of publication bias. However, we ob-
served no correlation between effect sizes and
sample size (r=0.06, P=0.35 for plant [N],
r=20.03, P=0.68 for plant [P], and r = 0.02,
P = 0.72 for plant N/P), whereas the scatter plots of
effect size versus sample size showed the typical
funnel-shape, suggesting there was no under-rep-
resentation of observations with both low sample
size and low effect size (Palmer 1999; Cardinale and
others 2006; Borenstein and others 2009).

First we tested whether effect sizes were related
to time since last fire (for all observations and for
observations made within 4 years after the last fire)
using the continuous random-effects model with
time since last fire as the continuous variable. We
used Prandom Vvalues associated with  Qregression
(heterogeneity accounted for by the continuous
variable time since last fire) to identify if relation-
ships were significant.

We tested whether the magnitude and direction
of fire effects on plant [N], [P], and N/P depended
on plant N/P ratios measured in unburned control
plants, where all N/P ratios are expressed as a mass
ratio. We used the plant N/P ratio in unburned
control plots as an indicator for nutrient limitation
of plant growth (Koerselman and Meuleman 1996;
Gtlisewell 2004). For instance, the threshold N/P
ratios of 14 and 16 were suggested for N and P
limitation respectively across a wide range of plant
communities (Koerselman and Meuleman 1996).
Because plant N/P ratios are species dependent and
are affected by plant part, age, growth rate, and
type of photosynthesis (Elser and others 2000;
Cech and others 2008; Zhang and others 2013), we
used the more conservative threshold ratios of 10
and 20 (Gtisewell 2004). The ability of N/P
threshold ratios to predict nutrient limitation is
sometimes limited (Craine and others 2008). Nev-
ertheless, N/P thresholds remain valuable in

assessing how different plants across different
landscapes are potentially constrained by N or P.
We therefore grouped observations into the fol-
lowing categories: plant N/P below 10, N/P be-
tween 10 and 20, and N/P above 20. We calculated
mean effect sizes and bootstrapped CIs for each
category. We did this for all observations and for
observations with herbaceous and woody plants
separately, the latter to test whether the magnitude
and direction of fire effects differed between
herbaceous and woody plants. Because no consis-
tent differences in foliar N/P ratios were found
between herbaceous and woody plants worldwide
(Reich and Oleksyn 2004), we assumed no bias
when the two life forms were grouped into the
three different nutrient limitation categories. We
further examined if fire effects differed among fire
types (wildfire, prescribed fire, and slash-and-
burn), ecosystem types (temperate grassland,
semiarid grassland, tropical grassland, heathland,
shrubland, savanna, boreal forest, temperate forest,
Mediterranean forest and tropical forest) between
plant level (species vs. community), and between
N-fixing and non N-fixing plants (for species level
observations only). We used Qpeween (heterogene-
ity in effect sizes associated to differences between
categories) to test if fire effects differed between
categories. Differences between categories were
considered significant at Prngom < 0.05. Means
and standard deviation of plant [N], [P] and N/P for
different categories in control and burned plots are
reported in Online Appendix E.

We tested whether plant responses followed
changes in N and P availability in the soil. We used
linear regressions (using JMP, version 4.0.4, SAS
Institute, Cary, NC, USA) to relate LnR calculated
for plant [N], [P] and N/P with LnR calculated for
available soil N, P, and N/P. We also tested for fire
effects on available soil N, P, and N/P using the
random-effects model as was done for plant [N],
[P], and N/P. Because the depth of the top soil
layers varied among studies (ranging between 2
and 20 cm), we tested whether fire effects differed
between shallow (sampled to less than 10 cm soil
depth) and deep soil sampling (sampled to 10 cm
and deeper), using Qperween aNd Prandom-

RESULTS

We first examined how fire-affected plant [N] and
[P] as a function of time since the last fire for all
individual observations (n = 308). We observed a
variety of responses immediately after fire. Plant
[N] and [P] increased up to 249 and 294 % re-
spectively, but decreases of more than 50 % were
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also observed, while in many cases little or no
changes were observed in response to fire (Fig-
ure 2). Changes in plant [N] and [P] were not al-
ways in parallel, resulting in variable responses in
plant N/P ranging between —86 and 177 %. Fire
effects on plant [N], [P], and N/P strongly decreased
with time since the last fire. However, because fire
effects showed both positive and negative effects on
plant [N], [P] and N/P, effect sizes were not related
to time since last fire (Prangom > 0.1). Because of
the limited number of long-term observations, we
focused our meta-analysis on observations that
were made within 4 years (256 observations or
83 % of the total number of observations, see

T T T
N/P<10  10N/P<20 N/P>20

““Methods” section). For these observations, effect
sizes for plant [N], [P], and N/P were also not re-
lated to time since the last fire (Prangom > 0.1).
We grouped the 256 observations into three ca-
tegories: control plant N/P less than 10 (suggesting
N limitation), control plant N/P between 10 and 20,
and control plant N/P greater than 20 (suggesting P
limitation, see ““Methods’” section). Across all 256
observations made within 4 years, fire caused a
significant increase in plant [N] when control plant
N/P ratios were smaller than 10 or between 10 and
20 (on average by 11 and 14 % respectively, Fig-
ure 3A), whereas largest increases in plant [P] oc-
curred when control plant N/P ratios were larger



Fire Effects on Global N and P 775

Table 1. Summary of Results from the Meta-analyses on Plant [N], [P] and N/P Categorized by Fire Type

and Plant Level

Nutrient Category # Observations LnR (%) 95 % CI
Min Max

N Prescribed burn 200 10.5 6.4 14.9
Wildfire 53 10.3 1.5 22.2
Slash-and-burn 3 13.6 9.6 16.2
Qbelween (df: 2) 0.0047
Prandom 0.98
Species 196 10.9 6.5 15.6
Community 60 9.6 2.0 17.5
Qbelween (df= 1) 0.014
Prandom 0.76
N-fixing 18 5.2 —-0.4 13.0
Non N-fixing 178 114 6.7 16.3
Qbetween (df: 1) 0.062
Prandnm 0.48

P Prescribed burn 200 13.6 8.7 19.1
Wildfire 53 22.1 10.4 35.5
Slash-and-burn 3 18.1 15.4 21.1
Qbetween (df= 2) 0.21
Prandom 0.55
Species 196 16.8 11.4 22.8
Community 60 9.2 1.2 18.3
Qbetween (df: 1) 0.40
Prandnm 0.16
N-fixing 18 5.6 —-2.3 15.3
Non N-fixing 178 17.6 4.7 32.2
Qbelween (df= 1) 0.22
Prandom 0.28

N/P Prescribed burn 200 —-2.8 —-8.3 2.5
Wildfire 53 —9.6 —-16.3 —1.8
Slash-and-burn 3 -3.8 —-9.5 —0.1
Qbetween (df = 2) 0.21
Prandnm 0.59
Species 196 —=5.0 —10.8 0.6
Community 60 0.4 —-7.5 9.1
Qbelween (df= 1) 0.27
Prandom 0.31
N-fixing 18 —0.4 —5.6 7.4
Non N-fixing 178 -5.3 —11.5 0.4
Qbetween (df= 1) 0.05
Prandom 0.66

Bold, when 95 % bootstrapped confidence intervals, 95 % CI, did not overlap with 0. Effects sizes (LnR) were weighted by Wr. Differences among fire type categories and

between plant level categories are indicated by Qpepween AN Prapngom.

than 20 (average increase by 63 %, Figure 3D).
Plant [N] and [P] increased across all three cate-
gories in herbaceous plants so that plant N/P was
not affected by fire (Figure 3B, E, H). On the other
hand, when control plant N/P ratios were larger
than 20, the [N] in woody plants was not affected
by fire whereas woody plant [P] showed the largest
increase in response to fire (by 85 %, Figure 3C, F).

Plant N/P ratios in woody plants were also more
flexible than herbaceous plants in response to fire
showing an increase in plant N/P when control
plant N/P ratios were smaller than 10 (by 17 %)
and a decrease in plant N/P when control plant N/P
ratios were larger than 20 (by 52 %, Figure 3C, F,
I). When we did the same analyses for all 308 ob-
servations (including observations made beyond



776 F. A. Dijkstra and M. A. Adams

N

o1

o
)

(24) [ Shallow
EE Deep

N

o

o
)

[
o
L

o
o
)

o
o

~
)

o
——i
73
—5

E

—
—a

Effect size (% change compared to unburned)

X
o
S

T T T
Extractable soil N Extractable soil P Extractable soil N/P

Figure 4. Meta-analysis results of the response of ex-
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weighted by replication. Error bars indicate bootstrapped
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4 years), results did not change (Online Appendix
F).
Fire effects on plant [N], [P] and N/P were not
affected by fire type (prescribed burning, wildfire,
slash-and-burn), plant level (species and commu-
nity level) or ability to fix N (N-fixing and non N-
fixing, Table 1). Although prescribed burn, wild-
fire, and slash-and-burn all increased plant [N] and
[P], no differences were observed among the three
fire types (Prandom > 0.1). Likewise, plant [N] and
[P] increased for measurements made at the species
and the community level, but no differences were
found between levels. Plant [N] and [P] responses
to fire were larger for non N-fixers than for N-fix-
ers, although the two groups were not significantly
different. Fire effects on plant [N], [P], and N/P
were also not significantly different among
ecosystem types (Online Appendix G).

We observed no relationship between fire effects
on available N and P in the soil and fire effects on
plant [N] and [P], respectively (Online Appendix
H). Fire significantly increased available N by 32 %
and P by 50 % across all observations although the
N:P ratios of available pools were unaffected by fire.
However, when we separated observations into
measurements made to less than 10 cm (shallow
soils) and measurements made to 10 cm or deeper
(deep soils), fire only increased the available N and
P in the deep soils (Qpetween = 3-3, df = 1, Prandom =
0.02 for N and Qpetween = 4.1, df = 1, Prandom = 0.03
for P, Figure 4).

Discussion

Our meta-analysis supports our hypothesis that at
the global scale and in the short-term, fire is im-
portant for improving plant [N] and [P] thereby
potentially reducing constraints on plant growth.
Plant [N] and [P] increased in response to fire
across a wide range of N/P ratios in unburned
herbaceous plants (on average by 11 and 12 % for
N and P, respectively, across all three N/P cate-
gories), but plant [P] showed the largest increases
in response to fire in woody plants (by 85 %) when
unburned plant N/P ratios were larger than 20
(implying N sufficiency, and possibly limitation by
P or other nutrients). These results suggest that fire
may be particularly important for easing P con-
straints of growth of woody plants in P poor sys-
tems.

Our meta-analysis further indicates N/P flex-
ibility in woody plants in response to fire, with
increases in N/P when plant N/P in control plants
was low, and decreases in N/P when plant N/P in
control plants was high. In contrast, plant N/P in
herbaceous plants was not affected by fire.
Stoichiometric flexibility in plants is a major force
structuring ecological responses to disturbances
(Sistla and Schimel 2012). When the supply of N
and P becomes imbalanced (that is, when one nu-
trient becomes more limiting to growth compared
to the other nutrient), plants may allocate more
resources to acquire the nutrient that becomes
most limiting thereby maintaining a homeostatic
N/P (Agren and others 2012). However, because of
the energetic costs involved in maintaining
stoichiometric homeostasis, growth of plants
showing flexible N:P stoichiometry may be favored
when N and P supply vary in space and time
(Sardans and others 2012). Therefore, the flex-
ibility in N/P of woody plants that we observed in
our meta-analysis may benefit woody plant growth
and persistence in fire-prone systems.

In contrast to what Reich and Oleksyn (2004)
found, plant N/P in control plants did not relate to
latitude of the site. We also found no relationship
between effect size and latitude, which is consistent
with observations by Elser and others (2007) who
also found no clear pattern between type of nutri-
ent limitation and latitude, Possibly, our number of
observations was too small to detect significant
relationships with latitude (308 observations com-
pared to 5087 observations by Reich and Oleksyn
2004). However, the relationship with latitude
found by Reich and Oleksyn (2004) was observed
for relatively undisturbed sites. Our results suggest
that fire disturbance can change plant N/P of
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woody plants, which may confound the relation-
ship between plant N/P and latitude at the global
scale.

The greater increase in plant [P] and greater
flexibility in N/P of woody plants in response to fire
may be a consequence of woody plants generally
being larger than herbaceous plants. Woody plants
may, therefore, take greater advantage of nutrient
pulses after fire, for instance by taking up different
nutrients from shallow and deep soil layers (Jack-
son and others 2000). Different plant [N] and [P]
responses to fire could also have been caused by
luxury nutrient consumption. Woody plants tend
to have lower relative growth rates compared to
herbaceous plants (Houghton and others 2013;
Hunt and Cornelissen 1997), and therefore have a
greater proficiency to store nutrients that are not
directly needed for growth (Cornelissen and others
1997). However, fire particularly increased the
concentration of the plant nutrient that was least
available before the fire (according to the control
plant N/P ratio), suggesting that fire mostly relieves
nutrient limitation rather than causing luxury nu-
trient consumption.

Plant [N] and [P] were not related to available
pools of N and P in the soil, suggesting that fire
effects on available soil N and P are poor predictors
for plant responses. It should be noted, however,
that available forms of N and P in the soil were
determined with different extraction methods.
Therefore, effect sizes may have been influenced by
the extraction method used, and this may have
obscured relationships with plant [N] and [P].
Further, increased supply of N and P in the soil does
not necessarily increase plant [N] and [P], but may
only stimulate plant growth. Nevertheless, fire in-
creased both available soil N and P. These increases
could have been a result of increased supply of N
and P directly after fire, but also because of reduced
uptake due to a reduction in plant biomass directly
after fire. Similar results were observed for avail-
able soil N in a larger data set (Wan and others
2001). Soil N and P in response to fire particularly
increased when sampled to a greater soil depth,
which may have favored N and P uptake by deeper-
rooted woody plants compared to more shallow
rooted herbaceous plants. Increases in available N
and P after fire when sampled to a greater soil
depth may have been a result of more favorable
conditions for microbial release of N and P in the
deep soil, because of leaching of N (and less so of P)
into deeper soil layers (Boerner 1982; Certini
2005), or because of more rapid plant uptake of N
and P in the surface soil directly after fire. However,
we note that the soil depth results came from a

relatively small number of observations. Further
investigation of fire effects on redistribution of N
and P in soil is warranted.

Because of a lack of long-term observations, we
were only able to reliably analyze short-term ef-
fects of fire on plant [N] and [P] (observations less
than 4 years since the fire event). Fire events may
have to reoccur to maintain supplies of N and P in
the long-term to prevent nutrient limitation, par-
ticularly in systems where substantial N and P are
locked in slowly cycling humus (Wardle and others
2004). Even so, short-term increases in plant [N]
and/or [P] may play crucial roles in plant produc-
tivity directly after fire (Boerner 1982; Grogan and
others 2000). On the other hand, when fires recur
too frequently, processes replacing one or both
nutrients may be insufficient to prevent develop-
ment of nutrient impoverished, low-productivity
systems (Peterson and Reich 2001; Cech and others
2008).

For our analysis, we used observations made at
the species and community level. For community
level observations, fire effects on plant [N], [P], and
N/P could have arisen because of fire-induced
changes in species abundance and composition (for
example, McKenzie and Tinker 2012). However,
fire effects on plant [N], [P], and N/P were similar
for species and community level observations (Ta-
ble 1), suggesting that fire effects did not depend on
and were not biased by species and community
level observations. On the other hand, at the spe-
cies level, fire effects significantly increased plant
[N] and [P] for non N-fixers, but not for N-fixers
(although responses to fire were not significantly
different between these two groups, Table 1). The
result for plant [N] is not surprising because non N-
fixing plants may rely more on pulses of available N
in the soil after fire compared to N-fixers (Cui and
others 2010).

The majority of studies were prescribed burns
that tend to be less intense than wildfires or slash-
and-burn fires, which may have influenced our
results. However, there were no significant differ-
ences in plant [N], [P], and N/P responses among
fire types, whereas fire effects on plant [N] and [P]
were significant for all three fire types (Table 1)
suggesting that our results are broadly applicable.

The data presented here highlight that as N and P
become more limiting to plant growth, so does the
importance of fire to relieving that limitation, par-
ticularly for woody plants. With ongoing climate
change, fires are predicted to change in frequency
and likely in severity in many ecosystems, with
important consequences for vegetation structure
and productivity (Wardle and others 2004; Kraw-
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chuk and others 2009). Our results indicate the
need to include fire-induced changes in N and P
biogeochemistry if we are to improve predictions
about how altered fire regimes worldwide will af-
fect plant community structure, primary produc-
tivity, and carbon cycling. Increased knowledge of
long-term effects of frequent fire events on the type
of nutrient limitation is required.

ACKNOWLEDGMENTS

We thank D. Binkley, P. Attiwill, and P. Reich for
helpful comments on an earlier version of the
manuscript. This research was supported by the
Australian Research Council (FT100100779).

REFERENCES

Agren GI, Wetterstedt J;&M, Billberger MFK. 2012. Nutrient
limitation on terrestrial plant growth—modeling the interac-
tion between nitrogen and phosphorus. New Phytol 194:953—
60.

Binkley D, Vitousek P. 1991. Soil nutrient availability. In: Pearcy
R, Ehleringer J, Mooney H, Rundel P, Eds. Plant physiological
ecology. The Netherlands: Springer. p 75-96.

Boerner REJ. 1982. Fire and nutrient cycling in temperate
ecosystems. BioScience 32:187-92.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. 2009.
Introduction to meta-analysis. Chichester: John Wiley & Sons.
p 421p.

Cardinale BJ, Srivastava DS, Duffy JE, Wright JP, Downing AL,
Sankaran M, Jouseau C. 2006. Effects of biodiversity on the
functioning of trophic groups and ecosystems. Nature
443:989-92.

Cech PG, Kuster T, Edwards PJ, Olde Venterink H. 2008. Effects
of herbivory, fire and N,-fixation on nutrient limitation in a
humid African savanna. Ecosystems 11:991-1004.

Cech PG, Olde Venterink H, Edwards PJ. 2010. N and P cycling
in Tanzanian humid savanna: influence of herbivores, fire,
and N,-fixation. Ecosystems 13:1079-96.

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

Cornelissen JHC, Werger MJA, Castro-Diéz P, van Rheenen
JWA, Rowland AP. 1997. Foliar nutrients in relation to
growth, allocation and leaf traits in seedlings of a wide range
of woody plant species and types. Oecologia 111:460-9.

Craine JM, Morrow C, Stock WD. 2008. Nutrient concentration
ratios and co-limitation in South African grasslands. New
Phytol 179:829-36.

Cui QA, Lu XT, Wang QB, Han XG. 2010. Nitrogen fertilization
and fire act independently on foliar stoichiometry in a tem-
perate steppe. Plant Soil 334:209-19.

Curtis PS, Queenborough SA. 2012. Raising the standards for
ecological meta-analysis. New Phytol 195:279-81.

D’Antonio CM, Vitousek PM. 1992. Biological invasions by ex-
otic grasses, the grass/fire cycle, and global change. Ann Rev
Ecol Syst 23:63-87.

Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds JF,
Whitford WG. 2011. Impacts of shrub encroachment on

ecosystem structure and functioning: towards a global syn-
thesis. Ecol Lett 14:709-22.

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS,
Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE.
2007. Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial
ecosystems. Ecol Lett 10:1135-42.

Elser JJ, Sterner RW, Gorokhova E, Fagan WF, Markow TA,
Cotner JB, Harrison JF, Hobbie SE, Odell GM, Weider LW.
2000. Biological stoichiometry from genes to ecosystems. Ecol
Lett 3:540-50.

Garcia-Palacios P, Maestre FT, Kattge J, Wall DH. 2013. Climate
and litter quality differently modulate the effects of soil
fauna on litter decomposition across biomes. Ecol Lett
16:1045-53.

Giglio L, van der Werf GR, Randerson JT, Collatz GJ, Kasibhatla
P. 2006. Global estimation of burned area using MODIS active
fire observations. Atmos Chem Phys 6:957-74.

Goetz SJ, Bunn AG, Fiske GJ, Houghton RA. 2005. Satellite-
observed photosynthetic trends across boreal North America
associated with climate and fire disturbance. Proc Natl Acad
Sci USA 102:13521-5.

Grogan P, Bruns TD, Chapin FSII. 2000. Fire effects on
ecosystem nitrogen cycling in a Californian bishop pine forest.
Oecologia 122:537-44.

Giisewell S. 2004. N: P ratios in terrestrial plants: variation and
functional significance. New Phytol 164:243-66.

Han W, Fang J, Guo D, Zhang Y. 2005. Leaf nitrogen and
phosphorus stoichiometry across 753 terrestrial plant species
in China. New Phytol 168:377-85.

Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET,
Bracken MES, Elser JJ, Gruner DS, Hillebrand H, Shurin JB,
Smith JE. 2011. Nutrient co-limitation of primary producer
communities. Ecol Lett 14:852-62.

Hasselquist NJ, Germino MJ, Sankey JB, Ingram LJ, Glenn NF.
2011. Aeolian nutrient fluxes following wildfire in sagebrush
steppe: implications for soil carbon storage. Biogeosciences
8:3649-59.

Hedges LV, Olkin I. 1985. Statistical methods for meta-analysis.
Orlando: Academic Press.

Hedges LV, Tipton E, Johnson MC. 2010. Robust variance esti-
mation in meta-regression with dependent effect size esti-
mates. Res Synth Methods 1:39-65.

Hedin LO. 2004. Global organization of terrestrial plant-nutrient
interactions. Proc Natl Acad Sci USA 101:10849-50.

Houghton J, Thompson K, Rees M. 2013. Does seed mass drive
the differences in relative growth rate between growth forms?
Proc R Soc B: Biol Sci 280:1762.

Hungate BA, van Groenigen KJ, Six J, Jastrow JD, Luo Y, de
Graaff MA, van Kessel C, Osenberg CW. 2009. Assessing the
effect of elevated carbon dioxide on soil carbon: a comparison
of four meta-analyses. Global Change Biol 15:2020-34.

Hunt R, Cornelissen JHC. 1997. Components of relative growth
rate and their interrelations in 59 temperate plant species.
New Phytol 135:395-417.

Jackson RB, Schenk HJ, Jobbagy EG, Canadell J, Colello GD,
Dickinson RE, Field CB, Friedlingstein P, Heimann M, Hibbard
K, Kicklighter DW, Kleidon A, Neilson RP, Parton WJ, Sala
OE, Sykes MT. 2000. Belowground consequences of vegeta-
tion change and their treatment in models. Ecol Appl 10:470-
83.



Fire Effects on Global N and P 779

Koerselman W, Meuleman AFM. 1996. The vegetation N: P
ratio: a new tool to detect the nature of nutrient limitation. J
Appl Ecol 33:1441-50.

Krawchuk MA, Moritz MA, Parisien MA, Van Dorn J, Hayhoe K.
2009. Global pyrogeography: the current and future distri-
bution of wildfire. PLoS One 4:e5102.

Lajeunesse MJ. 2011. On the meta-analysis of response ratios for
studies with correlated and multi-group designs. Ecology
92:2049-55.

Lam SK, Chen D, Norton R, Armstrong R, Mosier AR. 2012.
Nitrogen dynamics in grain crop and legume pasture systems
under elevated atmospheric carbon dioxide concentration: a
meta-analysis. Global Change Biol 18:2853-9.

Lavorel S, Flannigan MD, Lambin EF, Scholes MC. 2007. Vul-
nerability of land systems to fire: interactions among humans,
climate, the atmosphere, and ecosystems. Mitig Adapt Strat
Global Change 12:33-53.

Liao C, Peng R, Luo Y, Zhou X, Wu X, Fang C, Chen J, Li B.
2008. Altered ecosystem carbon and nitrogen cycles by plant
invasion: a meta-analysis. New Phytol 177:706-14.

Mack MC, Bret-Harte MS, Hollingsworth TN, Jandt RR, Schuur
EAG, Shaver GR, Verbyla DL. 2011. Carbon loss from an
unprecedented Arctic tundra wildfire. Nature 475:489-92.

McKenzie DA, Tinker DB. 2012. Fire-induced shifts in overstory
tree species composition and associated understory plant
composition in Glacier National Park, Montana. Plant Ecol
213:207-24.

Neary DG, Klopatek CC, DeBano LF, Ffolliott PF. 1999. Fire ef-
fects on belowground sustainability: a review and synthesis.
For Ecol Manag 122:51-71.

Osenberg CW, Sarnelle O, Cooper SD, Holt RD. 1999. Resolving
ecological questions through meta-analysis: goals, metrics,
and models. Ecology 80:1105-17.

Palmer AR. 1999. Detecting publication bias in meta-analyses: a
case study of fluctuating asymmetry and sexual selection. Am
Nat 154:220-33.

Peterson DW, Reich PB. 2001. Prescribed fire in oak savanna:
fire frequency effects on stand structure and dynamics. Ecol
Appl 11:914-27.

Raison RJ. 1979. Modification of the soil environment by
vegetation fires, with particular reference to nitrogen trans-
formations: a review. Plant Soil 51:73-108.

Randerson JT, Chen Y, Van Der Werf GR, Rogers BM, Morton
DC. 2012. Global burned area and biomass burning emissions
from small fires. J Geophys Res 117:G04012.

Randerson JT, Liu H, Flanner MG, Chambers SD, Jin Y, Hess PG,
Pfister G, Mack MC, Treseder KK, Welp LR, Chapin FS, Har-
den JW, Goulden ML, Lyons E, Neff JC, Schuur EAG, Zender
CS. 2006. The impact of boreal forest fire on climate warming.
Science 314:1130-2.

Ravi S, D’Odorico P, Wang L, White CS, Okin GS, Macko SA,
Collins SL. 2009. Post-fire resource redistribution in desert
grasslands: a possible negative feedback on land degradation.
Ecosystems 12:434-44.

Reich PB, Oleksyn J. 2004. Global patterns of plant leaf N and P
in relation to temperature and latitude. Proc Nat Acad Sci USA
101:11001-6.

Rey Benayas JM, Newton AC, Diaz A, Bullock JM. 2009. En-
hancement of biodiversity and ecosystem services by eco-
logical restoration: a meta-analysis. Science 325:1121-4.

Rosenberg MS, Adams DC, Gurevitch J. 1999. MetaWin: statis-
tical software for meta-analysis. Sunderland: Sinauer Associ-
ates.

Running SW. 2008. Climate change: ecosystem disturbance,
carbon, and climate. Science 321:652-3.

Sardans J, Rivas-Ubach A, Penuelas J. 2012. The C:N: P stoi-
chiometry of organisms and ecosystems in a changing world: a
review and perspectives. Perspect Plant Ecol Evol Syst 14:33—
47.

Schafer JL, Mack MC. 2010. Short-term effects of fire on soil and
plant nutrients in palmetto flatwoods. Plant Soil 334:433-47.

Scholes RJ, Archer SR. 1997. Tree-grass interactions in savannas.
Ann Rev Ecol Syst 28:517-44.

Sistla SA, Schimel JP. 2012. Stoichiometric flexibility as a
regulator of carbon and nutrient cycling in terrestrial ecosys-
tems under change. New Phytol 196:68-78.

Smith DW. 1970. Concentrations of soil nutrients before and
after fire. Can J Soil Sci 50:17-29.

Thonicke K, Venevsky S, Sitch S, Cramer W. 2001. The role of
fire disturbance for global vegetation dynamics: coupling fire
into a dynamic global vegetation model. Global Ecol Biogeogr
10:661-77.

Tilman D. 1988. Plant strategies and the dynamics and struc-
ture of plant communities. Princeton: Princeton University
Press.

Turrion MB, Lafuente F, Aroca MJ, Lopez O, Mulas R, Ruipérez
C. 2010. Characterization of soil phosphorus in a fire-affected
forest cambisol by chemical extractions and 31P-NMR spec-
troscopy analysis. Sci Tot Env 408:3342-8.

van Groenigen KJ, Osenberg CW, Hungate BA. 2011. Increased
soil emissions of potent greenhouse gases under increased
atmospheric CO,. Nature 475:214-16.

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL,
Pergl J, Schaffner U, Sun Y, Pysek P. 2011. Ecological im-
pacts of invasive alien plants: a meta-analysis of their effects
on species, communities and ecosystems. Ecol Lett 14:
702-8.

Vitousek PM, Howarth RW. 1991. Nitrogen limitation on land
and in the sea: how can it occur? Biogeochemistry 13:87-115.

Wan S, Hui D, Luo Y. 2001. Fire effects on nitrogen pools and
dynamics in terrestrial ecosystems: a meta-analysis. Ecol Appl
11:1349-65.

Wardle DA, Walker LR, Bardgett RD. 2004. Ecosystem properties
and forest decline in contrasting long-term chronosequences.
Science 305:509-13.

Wu Z, Dijkstra P, Koch GW, PeNUelas J, Hungate BA. 2011.
Responses of terrestrial ecosystems to temperature and pre-
cipitation change: a meta-analysis of experimental ma-
nipulation. Global Change Biol 17:927-42.

Zhang H, Wu H, Yu Q, Wang Z, Wei C, Long M, Kattge J, Smith
M, Han X. 2013. Sampling date, leaf age and root size: im-
plications for the study of plant C:N:P stoichiometry. PLoS
One 8:€60360.



	Fire Eases Imbalances of Nitrogen and Phosphorus in Woody Plants
	Abstract
	Introduction
	Materials and Methods
	Data Collection and Extraction
	Data Analysis

	Results
	Discussion
	Acknowledgments
	References




