Biogeochemistry (2005) 76: 477-501 © Springer 2005
DOI 10.1007/s10533-005-8659-1

Short-term nitrogen fixation by legume seedlings
and resprouts after fire in Mediterranean old-fields

P. CASALS"** J. ROMANYA? and V.R. VALLEJO**

" Area d’Ecologia Vegetal i Botanica Forestal, Centre Tecnologic Forestal de Catalunya, Pujada del
Seminari s/n, E 25280 — Solsona, Spain; ZDepartament Productes Naturals, Biologia Vegetal i
Edafologia, Universitat de Barcelona, Avgda, Joan XXIII s/n, E 08028-Barcelona, Spain; > Fundacién
Centro de Estudios Ambientales del Mediterraneo (CEAM ), Parque Tecnologico ¢/ Ch, Darwin, 14,
E-46980 Paterna, Spain; *Departament Biologia Vegetal, Facultat de Biologia, Universitat de Bar-
celona, Diagonal 645, E 08028-Barcelona, Spain; *Author for correspondence (e-mail: pere.ca-
sals@ctfc.es; fax: +34-93-4112842)

Received 17 January 2005; accepted in revised form 10 June 2005

Key words: Grassland, Isotope dilution method, Shrubland, Soil-N mean pool abundance

Abstract. Fires may greatly alter the N budget of a plant community. During fire nitrogen is lost to
the atmosphere. Although high light availability after fire promotes N,-fixation, the presumably
high soil N availability could limit N,-fixation activity. The latter limitation might be particularly
acute in legume seedlings compared with resprouts, which have immediate access to belowground
stored carbon. We wished to learn whether early post-fire conditions were conducive to N,-fixation
in leguminous seedlings and resprouts in two types of grassland and in a shrubland and whether
seedlings and resprouts incurred different amounts of N,-fixation after fire. We set 18 experimental
fires in early autumn on 6 plots, subsequently labelling 6 subplots (2 x 2 m?) in each community
with ""NH, " -N (99 atom % excess). For 9 post-fire months we measured net N mineralisation in
the top 5 cm of soil and we calculated the fraction of legume N derived from the atmosphere
(%Ndfa) in seedlings and resprouts. We used two independent estimates of the amounts of N
derived from non-atmospheric sources in potentially N,-fixing plants: mean soil pool abundance
and the "’N-enrichment of non-legumes. Despite substantial soil net N mineralisation in all burned
community types (about 2.6 g Nm~> during the first nine months after fire), the %Ndfa of various
legume species was 52-99%. Legumes from both grasslands showed slightly higher Nj-fixation
values than shrubland legumes. As grassland legumes grew in more belowground dense commu-
nities than shrubland legumes, we suggest that higher competition for soil resources in well
established grass-resprouting communities may enhance the rate of N,-fixation after fire. In con-
trast to our hypothesis, legume seedlings and resprouts from the three plant communities studied,
had similar %Ndfa and apparently acquired most of their N from the atmosphere rather than from
the soil.

Introduction

In temperate regions, legumes are abundant in the early stages of succession
(Crews 1999) and have been identified as an important component of post-fire
successional communities in Mediterranean climate regions (e.g. Naveh 1967;
Bell and Kock 1980). The N losses caused by wildfires may be partially offset
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by the introduction of fixed atmospheric N, (e.g. Hanes 1971; Rundel 1981;
Hendricks and Boring 1992). However, the extent to which legumes replace N
lost to burning is not widely documented, and this is partially due to the lack of
an accurate technique for quantifying N,-fixation.

The dominance of legumes in post-fire communities has been attributed to
their ability to fix atmospheric N, (e.g. Rundel 1981; Arianoutsou and Thanos
1996). However, legumes can also use the high levels mineralised, post-fire soil
N (Vitousek and Howard 1991; Mckey 1994). Legumes in burned areas persist
in early post-fire successional stages. As succession progresses, legumes are
reduced in species numbers and area of plant cover (Arianoutsou and Thanos
1996). Rastetter et al. (2001) suggested that this gradual reduction is caused
by the optimisation of resource allocation in the vegetation which limits
N,-fixation to periods when it is less costly than soil N uptake. According to
Rastetter et al.’s (2001) Multiple Element Limitation model, legume N,-fixa-
tion is more economical than soil N uptake when the canopy is open, the soil
is well exploited by roots, soil inorganic N concentrations are low and other
soil resources (P, water) are readily available. Modelling post-fire N,-fixation,
Vitousek and Field (1999) described a pulse of growth and activity of fixers
following fire; they related this pulse to the temporary removal of shade and
the enhancement of P availability. Because it is known that high levels of
mineral N can depress nodulation and N,-fixation (Waterer and Vessey 1993;
Marschner 1995), Vitousek and Field (1999) suggested that as a consequence
of high soil N availability their model probably overestimated post-fire
N,-fixation.

Because of land abandonment and fire, early successional grasslands and
scrublands have become the dominant vegetation in the eastern Iberian
Peninsula (Masalles and Vigo 1987). In those fire-prone ecosystems, rapid
post-fire plant regeneration occurs via two main strategies: proliferation of
seedlings from the soil seed bank and resprouting from the belowground
vegetative parts of some plants (Naveh 1975; Keeley and Zedler 1978;
Spetch 1981). Seedlings and resprouts have different structural and physio-
logical responses to fire (Pate et al. 1990; Bell and Ojeda 1999); legume
seedlings and resprouts may differ in their post-fire amounts of dependence
on fixing atmosphere N,-fixation. Studying a Mediterranean Basin ecosys-
tem, Papavassiliou and Arianoutsou (1993) found potentially N,-fixing
nodules on legume seedlings, however, their N,-fixation remains untested
(Arianoutsou and Thanos 1996). The temporary post-fire increase of soil
mineral N may limit nodulation capacity and their N»-fixation activity; this
may be especially important in legume seedlings because their shallow,
young root systems mainly lie in the soil volume of intense soil N mine-
ralisation. In contrast, the mostly unaffected belowground parts of resprou-
ting legumes may be ready to fix atmospheric N, immediately after fire. In
this way, Rastetter et al. (2001) and Vitousek et al. (2002) considered that a
soil which is well exploited by the fine roots of leguminous resprouters
favours N,-fixation.
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In this study we aim to know if, according to Vitousek and Field (1999)
simulations, early post-fire conditions are conducive for N,-fixation, and we
hypothesized that, in such conditions, N,-fixation by seedling legumes will be
hindered to a greater extend than N,-fixation by legume resprouts. The
objectives of this study were to know, for three common Mediterranean plant
communities: (1) the extent to which recovering legumes depended on N,-fix-
ation after fire, and (2) whether seedling and resprouting legumes accumulated
fixed atmospheric N, in different amounts.

We used '>NH, " to label the soil N-pool produced immediately after the fire
and calculated the N,-fixation of seedling and resprouting legumes regenera-
ting during the first nine months. We assessed the N»-fixation by the enriched
1SN isotopic dilution method using two independent estimates of the amounts
of N derived from non-atmospheric sources in potentially N»-fixing plants, the
mean soil pool abundance technique (Barraclough 1991) and '°N-enrichment
of non-legumes.

Material and methods
Study area

The study was done in a set of abandoned fields in the northeastern Iberian
Peninsula (41°56” N, 0°37” E, 460 m a.s.l.). The climate is continental Medi-
terranean, mean annual precipitation is 535 mm, and mean annual tempera-
ture is 12.4°C. Terraced and cultivated until the early 1960s, the soils are
Calcaric Cambisol (FAO, 1990) developed from a fine textured Eocenic lime-
stone and marl colluvium with a pH (H,0) of 8.2 and containing 40% of
calcium carbonate. Organic C concentration in the top 5 cm of soil is about
29.7 g kg~! and total nitrogen is 3.9 g kg~'. Bulk density in the top 5 cm
ranged from 0.8 to 1.2 g cm™> depending on stoniness. After agricultural
abandonment, the terraces were colonized by a mosaic of plant communities.
Three types of plant communities, which are widely distributed in the Medi-
terranean basin, were selected for the study. The Grassland was dominated by
the perennial resprouting grass, Brachypodium retusum (Pers.) Beauv. In Mixed
Shrub-Grassland the small leguminous shrub, Genista scorpius L. in Lam et
DC. was scattered over a grassy sward of B. retusum. The shrubland was
dominated by the evergreen obligate seeder, Rosmarinus officinalis L. The study
areas had not been subject to fire or grazing by domestic animals for at least
10 years.

Experimental design

Six plots (from 20 to 60 m?), distributed over different terraces, were selected in
each plant community. In October 1996, 12 experimental fires were set in the
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grassland and mixed-shrub-grassland plots; 21 days later (November) six
shrubland plots were burned after cutting all shrubs and letting them dry for a
week. Fire intensity was low to medium, with maximum temperatures at
ground level being less than 400°C in grasslands and less than 526°C in
shrublands. Romanya et al. (2001) described in more detail the soil and fire
relationships. Three days after the last fire, a subplot (2 x 2 m?) was selected
for isotope labelling in a homogeneous burned surface of each plot. The surface
of each subplot was labelled with the equivalent of 1 kg N ha~' of ""NH,CI, 99
N atom%-excess. To optimise the homogeneity of '’N-enrichment, the sur-
faces of the subplots were divided into 25 x 25 cm? areas, and each area was
sprayed with 18 ml of the labelling solution (1 litter m2). This application
method, as opposed to injection in the root zone, had the advantage of minimal
disturbance to the ash layer, while achieving the greatest possible area
homogeneity of label. After 24 h, soil sampling recovered 73-81% of the
applied '"’NHj in the top 5 cm of soil. The 80 mm of rainfall in December
(measured in situ after labelling and prior to plant regrowth) helped to
distribute the label in the upper soil volume.

Soil and plant measurements

Plant and soil samples were taken from the 2 x 2 m? labelled burned plots. To
avoid boundary effects, we collected legumes and non-legumes (Table 1) from
the internal area of each plot (1 x 1 m?); the surrounding 25 cm width of each
plot was used to take soil samples; the outermost 25 width band was used to
estimate plant cover. Soil net N mineralisation was assessed periodically from
the autumn burning to early summer using resin-core incubation (DiStefano
and Gholz 1986). At each sampling, in each burned plot, we incubated one
5-cm diameter steel cylinder containing the top 5 cm of undisturbed soil and a
bag of ion-exchange resin placed at the bottom. Each resin bag contained a
mixture of ionic resins (5.8 g of strong cationic macroreticular C-26 Duolite
and 5.8 g of strong anionic macroreticular A102D Duolite; BIO-RAD Labo-
ratories, California, USA). An adjacent non-incubated core was also sampled.
Daily net N mineralisation rates were calculated as (N, + N, — N;)/(incuba-
tion days); where N, is the final post-incubation concentration of mineral N
forms (NH; ", NO,~ + NO;3), N, is the N forms retained by the incubated
resins, and N; is the initial N concentration of the adjacent non-incubated soil
samples. Cumulative net N mineralisation over the vegetative period was cal-
culated by summing the net N mineralisation rates from each incubation
period.

Resins and soil-exchangeable NH; " and NO;~ were extracted by shaking
with 2 M KCI (1:5 w:v). NH; " and NO,~ + NO;~ were determined colori-
metrically using a Technicon Autoanalyzer (Technicon Instruments Corp. New
York, USA). To obtain N per unit area, soil N concentrations were multiplied
by the soil mass (fraction <2 mm) incubated in the first 0-5 cm of the 5-cm
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diameter steel cylinder. In labelled burned subplots, the changes in the isotopic
composition of mineral N forms in the top 5 cm of soil were followed for the
post-fire 9 months (from autumn to early summer). After addition of MgO to
soil extracts and blanks, NH, "-N was converted to NH; and recovered by
diffusion onto acidified filter paper disks sealed between two strips of Teflon
[polytetrafluoroethylene (PTFE)] tape (Stark and Hart 1996). Prior to diffu-
sion, soil extract NO;~ was reduced to NH, * using Devarda’s alloy. The NH;
obtained was analysed by mass spectroscopy (see below) for '*N-enrichment.

In each burned plot, plant cover was monitored on four permanent rec-
tangles (50 x 25 cm) disposed in the outer band 25 cm width of the labelled
subplot. On each band we recorded all of the species which touched a 4 mm-
diameter pin on a grid of 5-cm intervals. Plant N content and plant
SN-enrichments were calculated by sampling legumes and non-legumes growing
in close proximity (< 0.5 m) for later comparison of the '’N-enrichments and N
contents; this sampling scheme minimized spatial variability (Shearer and Kohl
1986). Seedlings and resprouts of legumes and non-legumes were collected in
each season after fires during the first vegetative period (February, 5; March,
20 and June, 30). Total aboveground biomass was sampled; belowground
biomass was not sampled in order to avoid contamination with the '*N-enriched
soil-N and, in consequence, later calculations were based on the justifiable
assumption that above- and belowground parts had the same isotopic ratio.
Soils and plants were ball-milled (MM200 Retsch®) and analysed for %N and
isotopic composition at Scottish Crop Research Institute using an ANCA
coupled to a model 20-20 Europa isotope ratio mass spectrometer (PDZ—-Europa,
Crewe, England).

Legume N »-fixation calculations

The percentage of plant N derived from the atmosphere (%Ndfa) was deter-
mined by '’N-enriched isotope dilution (Equation (1); McAuliffe et al.
1958):

SN atom % excess in the legume

%Ndfa = |1 %100 (1)

5N atom % excess in other sources
To estimate the isotope composition of N derived from non-atmosphere
sources, we used the 'N-enrichments of two independent references, soil N
mean pool abundance (Barraclough 1991) and non-legumes (Shearer and Kohl
1986). The former method estimates the '’N-enrichment of the soil N pool
available during the growing period of the plants sampled. The temporal
decline of soil available >N due to the introduction of non-enriched N derived
from soil organic matter mineralisation was described by first-order kinetics of
the general form (Witty 1983):

E'=E;-e™ 2)
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where E*, and E, are the "*N-enrichments (‘N atom % excess) of soil-N at
times ¢ and 0, respectively; k is the first-order rate constant (day™'); and 7 is
time (day). Mean pool abundance (E") was defined by the integral:

2

E*:/E,*dt/(zz—zl)

= By — &) k{1t — 1)

3)

where E" represents the '*N-enrichment of the soil N forms available to plants
growing during the time interval from #; to z,. The constants E*y and k, were
estimated by fitting for each subplot the temporal decline of '’N-enrichment in
the upper 5 cm of soil. Using these parameters with equation 3, we estimated the
ISN-enrichment of the mineral N pool (NH; ", NO,~ + NO;~) which was
potentially available to plants (E") for each sampling date (Chalk et al. 1996).
Because it was not possible to determine the form of plant available N assimilated
by plants, we estimated the '’N-enrichment of the mineral-N pool by a mass-
balance equation using the isotopic signature and the amount of N in each
extractable mineral form (NH, ", NO,~ + NO5") in each soil sample. For using
soil N mean pool abundance, it was assumed that the ratio obtained by integrating
the temporal decline of '’N-enrichment in the top 5 cm of soil was similar to the
isotopic ratio of the soil N used by legumes and non-legumes. This approach
estimated the available '*N-enrichment only in the top 5 cm of soil. The plants
would have also accumulated some non—'>N-enriched N from soil pools deeper
than 5 cm; hence our calculations unavoidably overestimated % Ndfa.

The second approach calculated the %Ndfa of each legume comparing their
enrichment ('°N atom % excess) with the enrichment of several non-legumi-
nous reference plants (Table 2). Legume seedlings and resprouts were com-
pared against non-legume seedlings and resprouts, respectively. This method
assumed similar N exploitation of other sources by legumes and non-legumes.
The accuracy of the %Ndfa estimate would be affected to the extent that
legumes and non-legumes exploited different soil depths for N. The accuracy
would also be affected by the extent to which resprouting legumes used more or
less N derived from roots. For this reason, the mean and standard error of
%Ndfa was calculated from estimates for individual plants and using in each
plot from 1 to 4 reference plants of different species. The reference plants were
chiefly non-leguminous forbs and two grasses having different root architec-
tures and, therefore, presumably N uptake strategies. Additionally, as different
">N-natural abundance and higher N content of legume seeds may produce a
N-fixation overestimation in early stages of legume seedlings, the % Ndfa
estimates were corrected by allowing for the >N natural abundances and
amounts of seed-N in each plant type. We assumed that all seed-N was
recovered in the plant and in a ratio proportional to a root-shoot ratio of 0.7.
Seed-N, isotopic signature and root:shoot ratio were estimated from samples
collected throughout the experimental area (data not shown).
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Statistical analysis

Net N mineralisation and plant cover were distributed normally. The rate of
decline of the mineral N pool (k parameter) and the intersection (E( param-
eter) of the temporal decline of soil available mineral N enrichment model and
%Ndfa were log-normal. We used a One-Way analysis of variance (ANOVA)
to test differences in soil net N mineralisation between plant communities in
each incubation period. The significance of plant cover was tested by a general
linear model (GLM) taking the sampling season, plant community and plant
regeneration form as fixed factors. After transformation of the data, differences
between communities in the k and E", parameters were tested using One-Way
ANOVA. When significant, multiple comparisons were done between different
levels of each factor using the Least-Significant Difference (LSD) test.

To compare the effects of different estimates of '°’N-enrichment derived from
non-atmospheric sources (soil mean pool abundance and non-legumes) on
%Ndfa, GLM-Repeated Measures was used. After data transformation, non-
atmospheric sources estimates were used as within-factor; between factors were
sampling season, plant communities and plant regeneration form (seedling or
resprout). Because the data failed the sphericity test, the Epsilon corrected
averaged F of the Greenhouse—Geisser test option was used. All statistical
analyses were done using SPSS vs. 9.0.

Results
Soil N availability

During the post-fire 9 months, all communities accumulated about 2.6 +
0.3 gm 2 (mean + S.E. of 18 plots) net mineralised N. On a smaller time—
scale there were differences between communities (Figure 1). After the imme-
diately post-fire burst of net N mineralisation, both grasslands showed net N
immobilisation at the end of autumn (November—December), while the
shrubland remained in net-N mineralisation. From winter to early summer, net
N mineralisation followed similar trends in all burned communities. In early
spring, the flux of N oscillated from the net N-immobilisation in March to the
highest availability of the studied period in April. In late spring, N availability
was lower than winter and similar to that in autumn.

Due to net N mineralisation of unlabelled soil organic matter, soil available
>'NH, " -enrichment decreased sharply during the first post-fire month
(Figure 2). This dilution of the labelled pool was followed by an increase of
SNO; -enrichment in both grasslands, but not in the shrubland. During the 9
post-fire months '’N-enrichment of the soil available mineral N pool
(NH, " + NO;") decreased exponentially (Figure 2; Table 3). No significant
differences were found between communities for the rate of decline of the
mineral N pool (k parameter) and only slight differences in the intersection
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Figure 1. Net N mineralisation and immobilization in the top five cm of soil from each burned
plant community studied during the first nine months after fire. Different lower-case letters indicate
significant differences among plant communities. Mean + S.E. (p < 0.05; n=6).

parameter (E'). The integral of these exponential curves (E') estimated the
">N-enrichment of the soil N mineral forms available to plants growing from
fires to each sampling data (winter, spring or summer; Table 3).

Plant cover

In the burned plots, plant regeneration by seedlings and resprouts occurred in
the second post—fire month and coincided with the beginning of winter; active
growth began towards the end of winter (Figure 3). By early summer there was
63 £+ 4% plant cover in Grassland, 64 = 7% in the Mixed Shrub—Grassland and
46 £ 5% in Shrubland. In both grasslands, plant recovery was mainly due to
resprouters (e.g. B. retusum); the contribution by both strategies was more
equal in shrublands. In this community, resprouter cover was less than 30%.
Seedlings were poised to fix N, very soon after fire. At 1 to 3 months after fire,
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Table 3. Parameters of temporal >N enrichment decline equation (E*, = E"oe~*") of soil mineral-

N pool in each plant community and ‘Mean abundance pool (E*)’ estimated as the integral of each
decline equation. Mean + SE of parameters and significance of equation. Different capital letters
indicate differences for intersection parameter (E'p, p < 0.05); no differences among slope
parameter (k) were found (p=0.56).

Plant Community Parameters Significance Mean abundance pool
of "*N-enrichment (EN°
decline Equation® (**N atom %excess)
E' K adez p-value n Winter Spring Summer
Grassland 2.22 £ 0.42A 0.0178 £ 0.002A 0.63 0.001 42 0.9381 0.7306 0.4588
Mixed 1.55£0.36B 0.0169 £ 0.002A 0.68 0.001 42 0.6778 0.5317 0.3367
Shrub-Grass
Shrubland 292 £0.51A 0.0191 £ 0.002A 0.70 0.001 36 1.3751 1.0167 0.6084

AE" =E’g.e” ¥ where E", and E", refer to the mineral N pool N enrichment (atom % excess) of
the upper 5 cm of soil at day t and day 0 after fire, respectively; and k&, the declining constant.
I5N-enrichment of available soil mineral N forms from fires to each sampling date estimated as
E* = [FEdt)(ty — 1) = Ej(e ™™ — e *2)/[k(r — 11)].

legume seedlings in all plant communities had cotyledons, 2 to 5 leaves and 1 to
5 root nodules containing red pigment.

No-fixation using non-legumes and mean soil abundance pool as references

The percentage of plant N derived from the atmosphere (% Ndfa) was obtained
by isotope dilution in legume seedlings (Appendix 1) or resprouts (Appendix 2)
using either several seedlings or resprouts of non-legumes and the soil mean
abundance pool as non-fixing comparators with which to calculate the
"N-enrichment derived from non-atmospheric sources. '’N-enrichment ("°N
atom % excess) clearly differentiated legumes and non-legumes in spring and
summer (Table 2). Non-legumes’ '*N-enrichment was close to the '*N-enrichment
of the mean abundance pool of available N in the first 5 cm of soil (Tables 2 and 3),
and legume '"N-enrichment was close to the atmospheric value (atmosphere
enrichment = 0 '’N-atom % excess).

The %Ndfa using both types of estimations was highly correlated
(adjr2 = 091, p <0.001, n = 81), but the calculations using the soil mean
abundance were 8% higher than those using non-legumes (z-paired test,
p <0.001, n = 81). Plant uptake from the less '’N-enriched soil underneath
the 0-5 cm layer could have overestimated reliance on atmospheric N, when
the soil mean abundance pool method was used. Using both methods, two
meaningless results, with values lower than 0, were obtained for legume-
seedlings (Appendix 1), probably because of legume contamination with
!>N-enriched soil. In each legume individual, the %Ndfa estimated by different
non-legume reference species was of similar magnitude: the coefficient of var-
iation (%) for the %Ndfa of 33 estimates ranged from less than 1-51% with a



490

100 T T T T T

Seedlings
80

30

—&— Grassland
25 - —O— Mixed Shrub-grassland 7
—w— Shrubland

Cover (%)

15

10

100 T T T T T

90 - R
Resprouts

80 - R

70 —— Grassland b
—O— Mixed Shrub-Grassland
60 - | —»— Shrubland .

40 -

Cover (%)

30

20 -

10 -

1 1 | 1 !

0 50 100 150 200 250 300

Time since fire (days)

Figure 3. Seedling and resprout plant cover in the three communities studied during the first nine
months after fire. Mean + S.E. (n=6).



491

sjnoxdsar ‘s3urpadg 0S2°0 w1oj uoneroudgar juerd

owwns > Juuds ‘Jojum 100°0 uoseas 3urdures

PUB[QNIYS < PIXIW ‘PUB[SSBID) 70070 Aunurwos juerd

s100lqng usomjag

€0°0 Aunuwwo)) jue[d X SOJBWIIS “IUD [I0S

100°0 SOJRWI)S JUIWYOLIUD [I0S

anppa-d s102lgng w1y

£F 16 1 FL6 1 F86 T F 06 v F 68 v FT6 synordsoy

I F¢6 I FL6 0 F 66 € F €8 € F 06 0FL6 SSUIPadg
Juung

81 F LL ¥ F 16 CFS6 61 F €L 6F 18 LF8L smourdsoy

6 F 8¢ SF8 € F €6 8 F €9 0l + 89 9F#8 s3uIpasg
Suridg

43 €F 16 8y SFoL synoIdsay
d21u1

pur[qnIys SSBID-qNIYS PIXIIA] puB[sseID) puB[qnIys SSBID-qQNIYS PIXIA PUB[SSBID)

[00d 2ouBpUNQY UL N-[RIQUIA sowun3oT-uoN. SuLI0) "uagal Jue[q uoseas Jurduwreg

"PalBdIpUI ATk $199[qNs UdIMIdq pur

UIYIIA JO 189} SHUSWDINSBAW Pajeadal AU} JO SAOUAIYIP JUBIYIUSIS “[I0S WO PIALISP JUSWIYILIU-N ., Y} JO Sjewnsd judpuadapur st [ood 2duepunqe ueaw
N-[etourw 10 sjueld aouare)ar swnga[-uou uisn ‘uonnyip o1dojosr Aq parnseduwr (S F BIPNY,) 21oydsouwnye woj poALap N-owngo[ jo uoniodold ¢ ajgv



492

median of 3.8%. Some reference species, mainly B. retusum sprouts, gave lower
values than the average of estimates using the rest of non-legumes: the average
of %Ndfa estimates using B. retusum was 3.7% =+ 1.3% lower (p = 0.01,
n = 24, t-paired test) than the estimates obtained without this reference plant.
B. retusum is a perennial grass with extensive branched rhizomes mostly
located between 2—10 cm soil depth and which resprouts quickly after fire.

The %Ndfa of different legume species ranged from 52 to 99%, depending
on the sampling season and plant community (Table 4). In each collection
season, using both reference methods, there was slightly lower %Ndfa for
shrubland legumes than for Grassland or Mixed Grassland (plant community
p = 0.002). %Ndfa increased from spring to summer. In spring, Ndfa was
about 75% in both grasslands and 68% in shrublands, and increased in early
summer to 90% in grasslands and 87% in shrublands (Table 4). There was no
interaction between season and plant community. There were no significant
differences between legume species or between seedlings and resprouts for any
set of species (Table 4) or for any single species (Table 5). Thus, comparing
seedlings and resprouts of the two most abundant legume species in the mixed
shrub-grass community, the small shrub Genista scorpius and the herb Psoralea
bituminosa, no differences existed between species or plant regeneration forms
(Table 5).

Discussion
N, -fixation and soil N availability

The N derived from fixation (%Ndfa) for different legume seedlings and res-
prouts in the 9 months post-fire was 52-99%. The %Nfda’s obtained in this
study were comparable with those of Ceonothus and Purshia shrubs growing in
a wide range of overstory stand conditions in central Oregon pine forests

Table 5. Proportion of legume-N derived from atmospheric-N (%Ndfa =+ SE; and number of
cases, (n) in the legume shrub, Genista scorpius, and in the herbaceous legume, Psoralea bituminosa,
growing in the mixed shrub-grass community measured by the isotopic dilution method using non-
legume reference plants. The significance of tested factors (p-value; GLM test) is indicated; non
significant interactions, p-value > 0.1, are not indicated.

Sampling Genista scorpius Psoralea bituminosa
Season
Seedlings Resprouts Seedlings Resprouts
Spring 68+12 n =38 79+12 n =4 52417 n =4 64+12 n=6
Summer 9144 n =3 87+ 6 n =11 +5S n=>5 84+ 6 n=3
factors p-value
legume species 0.34

plant regeneration form 0.76
sampling season 0.01
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(Busse 2000). Using acetylene reduction and nodule biomass, Hendricks and
Boring (1999) also reported high N»-fixation in herbaceous legumes after fire in
Southeastern United States. In the present study, two independent estimates
for N derived from non-atmospheric sources gave similar %Ndfa estimates. In
addition, the narrow range of %Ndfa’s which were calculated independently,
using different non-legumes, corroborate the robustness of the isotope dilution
method to reference plant selection in non-uniformly labelled soil when
N,-fixation is strong (Danso et al. 1993; Busse 2000).

The cumulative net N mineralisation during the post-fire nine months
(2.6 g Nm 2 in the top 5 cm of soil) was comparable with amounts reported for
tallgrass prairies after fire (Ojima et al. 1994; Blair 1997). We measured net N
mineralisation only in the top 5 cm; in the entire rooting volume plant available
N would have been greater than our measured values. In spite of abundant soil
N, %Ndfa accounted for more than 50% of post-fire aboveground legume N
contents. Depending on the abundance of legume regeneration after fire, these
high fixation rates may contribute to replace N losses produced by fires.

An open canopy combined with a low soil N availability favours N»-fixation
over soil N use because optimal growth is achieved by allocating higher pro-
portion of photosynthates to N,-fixation rather than allocating toward fine
roots to acquire soil N (Rastetter et al. 2001; Vitousek et al. 2002). In the
present study regenerating vegetation appeared to rely heavily on fixed N, for
the first six months after fires. Cover estimates (lower than 40-50%) verified
that the canopy was open during this period, and light competition was,
therefore, minimal in this high-light environment. From early spring to sum-
mer, %Ndfa continued to increase, and conditions more nearly matched those
commonly associated with large reliance on N,-fixation, i.e. low soil N avail-
ability (net N mineralisation declined), increased competition for soil N (as
suggested by increasing cover) and high light penetration in this Mediterranean
region. In addition, slightly lower %Ndfa of legumes growing in shrublands
might be interpreted as a lower competition for soil N related to lower root
density in shrublands in comparison with grasslands where well-established
grass resprouters, mainly B. retusum, dominated after fires. Then, despite
similar soil N mineralisation in all studied plant communities, higher compe-
tition for soil resources between legumes and non-legumes may have increased
the ratio of N,-fixation as observed in grasslands.

N, -fixation by legume seedlings and resprouts

In the plant communities studied, legume seedlings and resprouters equally
relied on large amount of fixed N, during the first vegetative post-fire period.
This result do not support the hypothesis, based on the Multiple Element
Limitation model (Rastetter et al. 2001; Vitousek et al. 2002), that states that a
well-developed root system of legume resprouts in comparison with seedlings
has a great effect on N,-fixation rates. There was no difference in %Ndfa
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between legume seedlings or resprouts, even when comparing both regenerat-
ing forms of a single species. The %Ndfa for seedling legumes was higher than
that found by Hansen et al. (1987), using the acetylene reduction, in
S.W. Australia, where legume seedlings growing in burned Eucalyptus marginata
forests fixed 13-61% of plant N in the first post-fire year.

In the communities which we studied, legume seedlings with only cotyledons
and 2-5 leaves were nodulated and had, after seed-N correction, large % Ndfa.
Large amounts of net N mineralisation in the top 5 cm of soil, where these
legume seedlings had most of their root systems, did not inhibit N»-fixation.
Seedling survival in Mediterranean communities were partially explained by
the ability to allocate resources to belowground vs. aboveground organs and
this pattern was apparently associated with the ability to take up, in addition to
water, soil nutrients (Lloret et al. 1999). Our results suggest that both legume
regeneration forms, seedlings and resprouts, allocated more resources to
N,-fixation than to N uptake short-term after fires.

In conclusion, according to Vitousek and Field (1999) simulations, the con-
ditions during the first revegetative period after low or medium intensity fires,
high light availability apparently favoured N,-fixation despite the high soil N
mineralisation. High fine root densities in grasslands dominated by B. retusum
grass might explain slightly higher N,-fixation rates of legumes growing in both
grasslands than in shrublands. Opposite to our hypothesis, both legume seed-
lings and resprouts had high fixation rates during this period. Different root
density and architecture between these plant regeneration forms do not produce
significant differences on N»-fixation rates. In agreement with their ‘high N-rich
lifestyle’ (Mckey 1994), legumes that regenerated short term after fire showed a
high N,-fixation rates and may play an important role in replacing N lost by
fires. More research is necessary to evaluate N»-fixation for longer periods of
time in order to assess post-fire recovery of ecosystem productivity.

Acknowledgements

We are indebted to our colleagues of the plant-soil group, specially to Jaume
Fons and Nuria Melia, for their help in the lab and field. Thanks are also
extended to Charles Scrimegeour of Scottish Crop Research Institute (SCRI)
Quico Sabater of Ecology Department (UB) and to the staff of Serveis
Cientifico-técnics (UB) for their help in plant and soil analyses and to
Antonio Gallardo of University of Vigo, Anna Sala of University of Colo-
rado, Linda L. Handley of SCRI and two anonymous reviewers for their
useful comments. This work was made possible by funding from the Spanish
National R&D plan (CICYT; CLI-95-1497-C0O3-01), and partially subsidised
by a grant from the Caja Madrid, two grants from the Rich foundation, and
a short-term travel grant from the Generalitat de Catalunya
(1999BEAI200182) to visit the SCRI.



495

101 651°0 €01 €01 €¥00°0—  6L'1 Bigd! dA vsoununi1q vajpLosd 4
86 651°0 L6 L6 LLOOO 10°1 89L A psourds siouQ q
86 651°0 L6 L6 LLOOO 90°C 091 A bsounun1q pajpLosq 4

Jowwng
Iy L10°1 I+ 09 09 L66S°0 68C 81 160 bsounn1q pajpLosd S
(4 L10°1 05 65 LLO90 €C'e Sl 169 vjpsnd siouQ S
w— L10°1 9L— 611 — L'l L€ €l T¢€° vsoununi1q vajpLosd P
16 L10°1 16 €6 6 68  LL800 Iy 14! 50 by sidaooddiy e
¥9 L10'T 19 19 LL9E0 wy 61 190 puui 03poIpa N [4:
(04 L10°1 43 € LLO9O L6y 6€ 50 by sidaooddi g [
¢~ L10°1 Le— Le— LYLT'1 Iv'e 0¢ 160 bsoununi1q pajpLosd 4!
€L L10°1 1L IL  LILTO 6LC 0¢ i psoutunilq va|piosd i
86 [43 86 L1070 0Le 6 169 snid.100s visiuon 95
S8 (434 8 L8LO0 Y 6 g snid10ds visiuaD 95
98 [430 €L €L LILOO we 0¢ 190 bsounun1q pajpLosd D
€6 [430) 68 S8  L6£00 00C 0¢ 169 snid.10s visiuan O
I8 [430 89 89 L6600 LST Sl %0 snidi0ds visiuaD €D
69 (4340 LT LT LS9T°0 0r'c Ll T¢0 psoununjlq pojpLosd [£9)
19 [430 143 ve  L90T°0 9Ll Sl T¢€0 snidi02s visiuaD D
06 1€L°0 9L 9L  L¥LO0 0r'c L1 T$0 DSOUNUNIIG DIJDAOST cq
86 1€L°0 96 96  LTI100 9LC 6¢ 160 sap1o1d.100s j[iu040> [4:
16 1€L°0 oL 6L  LS90°0 09°C oF 189 sap101d.10S DJ]110.100) g
Sundg Apreq

%  9Xe%le  dS F UBN % % % 0Xa9%,1® % Sw

BIPN q [0S BJPN 0d OH us pNg N SMId ¢Ud soadg

SOIBWIIIS [10S

Jsewngaf-uou Suisn)

Sa)RWISd BJPN

So1SLIdYORIRYY) SA1adg awn3o|

SN

[10s 10 SSUI[Paas

'$90IM0S 210y dSOUNE-UOU WOIJ PIALIDP N JO SI0JEWNSI sk ( [10s) [ood souepunqe ueaw
owngo[-uou Juisn pue uonnyip 2dojost £q pAajewnsd st (BJPN%,) 21oydsoune wolj poALop N ul[pads owng9[ jo uontodold -7 xwpuaddy



sisudjadsuowt $1.0) W) stpsadni vip3djoq “1d suddovwmyd v3nly "oy ‘wnsodnyn.f wnuiiadsoyiry "y Sypuldifjo
SULIDWISOY “ O WNIIPUD]20 Wnwdyubyaf] OH ‘toutt pqiosmsupg “wg :jue[d ownga] yors 1edu SUIMOIZ SSWNFI[-UOU JO S[ENPIAIPUL SUISN SIIBUILIS BJPN % o
‘JyS1om pods own3a[ £Q PIJOALIOD SSIXD 9/, WOIE N )
‘JySom punoIdaAoqe Jo () St pajewns?d Y3em punoigmoraq surppe 1ysem juerd (8101 M 1d,
ML 4 JOMOL] 4 * PATIBIATOA “/ [SPAEQ[ JO Jequnu pue suopajf10d ) :Ak3ojousyd Jue[d =oyd,

'sjord

0) I0JoI SIOQUINN] "PURIQNIYS SYPUIDLJO SHULIDUWISOY “Y PUR[SSRID-QNIYS $11d.100S DISIUdD PIXIA "D PUBISSRID) wnsniad wnipodyopig g U1y S,

v6 809°0 SF8 68 9L LEEOO 991 0€6 AA  psoununiiq voposqd 7d
€6 809°0 9F8L 98 0L LIY00  S9I 8¢S dA vjpsnd siuouQ v
v6 809°0 SF08 L8 L L8E00  0LC 988 A psoununlq pojpiosd vd
86 809°0 I +96 L6 86 L6 €6 Lv10°0  LS'C Sve A psoupunlq pajpiosd el
L8 809°0 I+ 98 S8 8 LLLOO €9°C 661 A psoununlq pojpiosd <l
<6 809°0 8 F 8L 06 99 L8Y00  09°C LLT A psoupunlq pojpiosd i
L6 LEE0 16 16 L6000  8€C LO1 po psoununiiq vojpiosd 9D
86 LEEO 86 86 L¥00°0 e 8LS A smd10s DisIU2D D
S6 LEE0 €8 €8 LL1IOO 880 L1€ A snid.100s isiun €D
[49 LEEO cL <L L8C00  80°C ¥0¢ A psoununlq pojpiosd €D
L6 LEE0 06 06 LO10°0 €Sl 8yl A psoulunlq vopLosd |£3)]
L6 LEEO 6 6 L600°0 €0¢ S6¢ A sm1d1098 DIsIUID D
66 LEE0 L6 L6 L€000  ¥I'C 8LC A bsoununilq pajpiosd |£3)]
66 65v°0 66 66 L2000 LTT 6L8 A psoupunlq pajpiosd 9od
66 65170 L6 L6 L€000  8ET 60T A psoununiq pojpLosd vd
% 0Xa%Ie  dS F UBN % % % % % % % OX3%,1® % Sw
BIPN ERIEN BJPN W) I d°vV  JT oA OH W§ pNg; N MId q°Ud so1adg
SOJBWINNSA [10S Jsewn3aj-uou Juisn)
SojRWINS? BJPN sonsLIR)ORIRY) sAvadg swndo] 1S
‘ponunuo)) 7 xipuaddy

496



497

66 [43N0] 0F86 66 86 L£00°0 81y A smd108 DS R
SL (4340 (NESY% 65 Ie LeCl'0 1443 A psoutunilq vap.Losd 9D
¥6 [43N0] ¢F68 6 98 LEE00 48 A psoununjlq popLosd 9D
86 S0 [FL6 L6 96 L010°0 6eY A psoutunilq vap.Losd D
69 [43N0] [45333 0S 91 L2910 ELE A snid10ds visiuaD D
66 S0 86 86 L¥00°0 89 A psoutunilq vap.Losd £D
L6 [43N0] 06 06 LY10°0 LYy A smd108 DS [49]
66 (4340 S6 S6 £900°0 80t A psoutunilq vap.Losd D
$6 1€L°0 8F¥8 ¥6 €L L8¢0°0 08¢ A snid.100s visiuon £9)
86 1€L°0 €F06 S6 S8 LY10°0 S6°¢ A psoutunilq vap.Losd 9d
001 [€L°0 0F 0011 001 001 £000°0 98¢ A bsoutunilq vop1osd sd
€6 1€L°0 9F¢EL LL €8 09 LYS0°0 e A bsounnjlq paypLosd 51
68 [€L°0 8F IS 0S 0S 89 9¢ LLLOO 6L'¢ A Xryvu SiouQ €
€6 1€L°0 SFLY 99 8L LS LTSO0 I8¢ A psoutnilq vap.Losd 41
Suudg Apreg
43 8L9°0 8% 0S8 9 LETE0 [4:33 A bsouruni1q vajpLosq 9od
98 8€6°0 8 8 LSET0 8T A psoununjlq pap.osg 9D
¥6 8¢6°0 SF08 88 8 69 L950°0 8¢¢ A bsounnjlq paypLosd 9d
€6 8¢6°0 SIF99 88 Sy LL90°0 (A A psoununjlq pojpLosd sd
INUIM

% oXd9%,1® dS F U Y% % % % % % REVAL %

BIPN q [0S BJPN AS OH £9] 3a ws 14 Ng¢; N q°ud soradg
SBWINS [10S Jsowngaf-uou Juisn)

$91BWNSI BJPN SonsLIdIORIRYD) SA10adg awngo| PUS

'$90IN0s 217 dSOUNL-UOU WOIJ PIALIP N oY} JO s10)ewnsd sk (g [10s) [ood duepunqe ueow
[10s 10 _sjnodsar swngol-uou Juisn pue uonnip 2dojost £q parewnsa se (BJPN %,) 21oydsowie woly paaLop N noidsar swnga[ jo uoniodoiq ¢ xipuaddy



498

€6 809°0 £FC6 96 68 LY¥0°0 1s°¢ A pjjisnd suouQ e
¥6 LEE0 S8 G8 L8€0°0 oL'1 dd jpsnd suouQ £d
001 LEE0 CF96 €6 66 0L00°0 €L'1 T4 snidi0ds pjsiuaD 95
S6 LEE0 [F18 08 8 L910°0 661 1d bsouruinjlq vaAosq 9D
66 LEE0 L6 L6 L£00°0 (AN A snidi0ds vjsiuoD O
86 LEE0 96 96 LS00°0 11°C 1d bsournjiq vaLosqd O
66 LEE0 L6 L6 L£00°0 SI'1 A snidi0ds vjsiuD D
S6 LEE0 YL YL L9100 11T A DSOUUNIIQ DIDAOST 199}
€6 LEE0 €9 €9 LETO'0 P81 T4 snidi0ds vjsiuoD €D
66 LEE0 0FL6 L6 L6 L£00°0 88°0 A sn1d.102s DISIUID [43)
66 LEE0 0F86 86 86 L200°0 €e'l T4 snidi0ds pisiuD [49)
$6 LEE0 L8 L8 LLIOO  L¥'1 A snid105s DisIUID |£9)
¥6 LEE0 98 98 L610°0 LT1 T4 snidi0ds pisiuD D
66 65Y°0 £F €6 06 L6 £900°0 80°C 1d bsouruinjlq vaosq 9d
001 6SY°0 0F86 86 L6 66 66 66 66 L100°0 wl T4 bsoununilq vaposd sd
66 6SY°0 [F96 S6 86 L6 €6 £900°0 99°1 1d XLyvu suouQ €d
36 6S¥°0 1FS6 ¥6 L6 96 16 LLO00 16'1 A bsounnjiq vajpLosqd cd
¥6 6S¥°0 CF8L 08 9L LST0°0 oLl A XLyDU S1U0UQ 41
owwng
65 L10'1 I F¥S 9% €5 9 L91Y°0 16°¢ A pjjisnd suouQ S
Y6 L10'T 1F26 16 €6 L9S°0 107 A bsounnjiq vajp1osq a
% X991 qS F UBON % % % % % % % % X9%,3e %
BJPN q 1108 BPN AS sd JI OoH O 3a ws Ig N, N gud soradg
S91BWNSI [10S Jsown3af-uou 3uis()
SOJRWI)SO BJPN sonsiIvloRIRY)) SA0adg owngo| IN

‘ponunuo)) 7 xipuaddy



499

"DIVUIQIIA DIADS "AS SudNa12dwids 03vIun]g Sg UNSOIUNLf WNWLddSoyIIT T (WNdIPUD]0 WNWdYIUPYAE] "OF] WNPION] WRDD ‘15 DIDIU0]S
syd1onq 3 ‘doutw pqiosM3ung wis wnsnia. winipoddyon.g g yueld swnsd Yors Ieau SUIMOIF $a10ads JWNII[-Uou JO S[NPIAIPUT FUISN SAIBWIISS BIPN Yo,
NI + JOMO[] Y STOMO[] "7 9A1e1dT9A "4 :ASojouayd we[d,

‘syord

0 10JoI SIAQUUNN ‘PUB[qNIYS SyDUIdJo SnuLipuisoy "y ‘PUB[SSLID-qNIYS §n1d.100s DiSiuan PIXTA "D ‘PUB[SSBID) winsniad wnipoddyonig g :00U219joy NS,

78
L6
96
S6
8L

809°0
809°0
809°0
809°0
809°0

08
96
¥6
L6
88

L6
88

08
96
76

LL60°0
L810°0
L9200
L0£0°0
LSET'0

91I'C
98’1
€'l
S6'1
6'C

T4
A
14

A
A

DSOUIUNIIG DIVAOST
yruad wmuddi0q
snid.1oos pisia0
pyjsnd siuou()
DSOUIINIIG DIVAOST

B |
9
9d
9
13



500

References

Arianoutsou M. and Thanos C.A. 1996. Legume in the fire-prone Mediterranean regions: an
example from Greece. Int. J. Wildland Fire 6(2): 77-82.

Barraclough D. 1991. The use of mean pool abundance to interpret '’N tracer experiments.
1. Theory. Plant Soil 131: 89-96.

Bell D.T. and Koch J.M. 1980. Post-fire succession in the northern jarrah forest of Western
Australia. J. Ecol. 5: 9-14.

Bell T.L. and Ojeda F. 1999. Underground starch storage in Erica species of the Cape Floristic
Region — differences between seeders and resprouters. New Phytol. 144: 143—152.

Blair J.M. 1997. Fire, N availability, and plant response in grasslands: a test of the transient
maxima hypothesis. Ecology 78: 2359-2368.

Bolos O. de and Vigo J. 1984. Flora dels Paisos Catalans. Barcino Ed, Barcelona, Spain.

Busse M.D. 2000. Suitable and use of the '*N-isotope dilution method to estimate nitrogen fixation
by actinorhizal shrubs. Forest Ecol. Manage. 136: 85-95.

Crews T.E. 1999. The presence of N fixing legumes in terrestrial communities: Evolutionary vs
ecological considerations. Biogeochemistry 46: 233-246.

Chalk P.M., Smith C.J., Hopmans P. and Hamilton S.D. 1996. A yield-independent, '*N-isotope
dilution method to estimate legume symbiotic dependence without a non-N,-fixing reference
plant. Biol. Fert. Soils 23: 196-199.

Danso S.K.A., Hardarson G. and Zapata F. 1993. Misconceptions and practical problems in the
use of '°N soil enrichment techniques for estimating No-fixation. Plant Soil 152: 25-52.

DiStefano J. and Gholz H.L. 1986. A proposed use of the ion exchange resin to measure nitrogen
mineralisation and nitrification in intact soil cores. Comm. Soil Sci. Plant Anal. 17: 989-998.

Hanes T.L. 1971. Succession after fire in the chaparral of southern California. Ecol. Monogr. 41:
27-52.

Hansen A.P., Pate J.S., Hansen A. and Bell D.T. 1987. Nitrogen economy of post fire stands of
shrub legumes in jarrah (Eucalyptus marginata Donn ex Sm.) forest of S.W. Australia. J. Exp.
Bot. 38: 26-41.

Hendicks J.J. and Boring L.R. 1992. Litter quality of legumes in a burned pine forest of the
Georgia Piedmont. Can. J. Forest Res. 22: 2007-2010.

Hendricks J.J. and Boring L.R. 1999. N,-fixation by native herbaceous legumes in burned pine
ecosystems of the southeastern United States. Forest Ecol. Manage. 113: 167-177.

Keeley J.E. and Zedler P.J. 1978. Reproduction of chaparral shrubs after fire: a comparison of
sprouting and seeding strategies. Am. Midland Nat. 99: 142-161.

Lloret F., Casanovas C. and Pefuelas J. 1999. Seedling survival of Mediterranean shrubland
species in relation to root:shoot ratio, seed size and water and nitrogen use. Funct. Ecol. 13:
210-216.

Masalles R.M. and Vigo J. 1987. La successio a les terres mediterranies: séries de vegetacio. In:
Terradas J. (Ed.), Ecosistemes Terrestres La resposta als incendis i a d’altres pertorbacions.
Diputacié de Barcelona, Barcelona, Spain, pp. 27-43.

Marschner M. 1995. Mineral Nutrition of Higher Plants. 2nd ed. Academic Press, New York,
U.S.A.

McAuliffe C., Chamblee D.S., Uribe-Arango H. and Woodhouse W.W.Jr. 1958. Influence of
inorganic nitrogen on nitrogen fixation by legumes as revealed by '’N. Agron. J. 50: 334-337.

McKey D. 1994. Legumes and nitrogen: the evolutionary ecology of a nitrogen-demanding life-
style. In: Sprent J.I. and Mckey D. (eds.), Legume Systematics, 5. The Nitrogen Factor. Royal
Botanic Gardens, Kew, England, pp. 211-228.

Naveh Z. 1967. Mediterranean ecosystems and vegetation types in California and Israel. Ecology
48: 445-459.

Naveh Z. 1975. The evolutionary significance of fire in the Mediterranean region. Vegetatio 9:
199-206.



501

Ojima D.S., Schimel D.S., Parton W.J. and Owensby C.E. 1994. Long- and short-term effects of fire
on nitrogen cycling in tallgrass prairie. Biogeochemistry 24: 67-84.

Papavassiliou S. and Arianoutsou M. 1993. Regeneration of the leguminous herbaceous vegetation
following fire in a Pinus halepensis Mill. forest of Attica, Greece. In: Trabaud L. and Prodon R.
(eds.), Mediterranean Ecosystems, Ecosystems Research Report No. 5. Commission of the
European Communities, Brussels-Luxembourg, pp. 119-125.

Pate J.S., Froend R.H., Bowen B.J., Hansen A. and Kuo J. 1990. Seedling growth and storage
characteristics of seeder and resprouter species of Mediterranean-type ecosystems of S.W.
Australia. Ann. Bot. 65: 585-601.

Rastetter E.B., Vitousek P.M., Field C., Shaver G.R., Herbert D. and Agren G.1. 2001. Resource
optimization and symbiotic nitrogen fixation. Ecosystems 4: 369-388.

Romanya J., Casals P. and Vallejo V.R. 2001. Short-term effects of fire on soil nitrogen availability
in Mediterranean grasslands and shrublands growing in old fields. Forest Ecol. Manage. 147: 39—
53.

Rundel P.W. 1981. The matorral zone of Central Chile. In: Di Castri F., Goodall D.W. and Specht
R.L. (eds.), Mediterranean-Type Shrublands. Elsevier, Amsterdam, pp. 175-201.

Shearer G. and Kohl D.H. 1986. N-fixation in field settings: estimations based on natural N
abundance. Aust. J. Plant Physiol. 13: 699-756.

Spetch R.L. 1981. Responses to fires in heathlands and other related shrublands. In: Gill A.M.,
Groves R.H. and Noble I.R. (eds.), Fire and the Australian biota. Australian Academy of
Science, Canberra, Australia, pp. 395-415.

Stark J.M. and Hart S.C. 1996. Diffusion technique for preparing salt solutions, kjeldahl digests,
and persulfate digests for Nitrogen-15 analysis. Soil Sci. Soc. Am. J. 60: 1846-1855.

Vitousek P.M. and Howarth R.W. 1991. Nitrogen limitation on land and in the sea: How can it
occur? Biogeochemistry 13: 87-115.

Vitousek P.M. and Field C.B. 1999. Ecosystem constraints to symbiotic nitrogen fixers: a simple
model and its implications. Biogeochemistry 46: 179-202.

Vitousek P.M., Cassman K., Cleveland C., Crews T., Field C.B., Grimm N.B., Howarth R.-W.,
Marino R., Martinelli L., Rastetter E.B. and Sprent J.I. 2002. Towards an ecological under-
standing of biological nitrogen fixation. Biogeochemistry 57(58): 1-45.

Waterer J.G. and Vessey J.K. 1993. Effects of low static nitrate concentration on mineral nitrogen
uptake, nodulation and nitrogen fixation in field pea. J. Plant Nutr. 16: 1775-1789.

Witty J.F. 1983. Estimating N-fixation in the field using '’N-labelled fertilizer: some problems and
solutions. Soil Biol. Biochem. 15: 631-639.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


