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Abstract

Question: What are the short-term (first 4 yrs) dynamics of a Mediterranean

heathland following burning during the early- vs the late-fire season?

Location: Serra da Lous~a, Central Portugal.

Methods: The vegetation studied was a 16-year old heathland with Erica austra-

lis (resprouter), Pterospartum tridentatum (resprouter/seeder) and Erica umbellata

(seeder) among the dominant species. Four blocks, each with three 50 m 9

40 mplots,were established. One plot per blockwas burnedduring the early sea-

son (ES) and one during the late season (LS), and the third remained unburned.

Prior to, and during the first 4 yrs after burning, each burned plot was sampled

for species abundance, vigour and richness. The effects of fire through time were

tested using random blocks repeated measures ANOVA. Recruitment was mod-

elled as a function of percentage of post-fire soil covered by litter (%).MANOVA

was used to test changes in the relative dominance of the woody species due to

fire. Community dynamicswere assessed byNMDSordination analysis.

Results: Fire severity was higher and the percentage of post-fire soil covered by

litter lower in ES than LS burns. The post-fire plant dynamics were dominated

by the resprouting response. Resprouting was not affected by burning season,

but ES fires resulted in higher seedling recruitment than LS fires, particularly in

the dominant seeder E. umbellata. Seedling recruitment was negatively related

to post-fire soil covered by litter. Additionally, seedling emergence was delayed

by nearly 1 yr in LS fires with respect to ES fires. Species richness was higher in

ES than LS fires. Fire did not globally affect the relative abundance of the domi-

nant species, although the seeder E. umbellata decreased its relative cover with

respect to the other dominant species. Ordination analysis showed that the post-

fire dynamics of the vegetation were on a track of convergence with the com-

munity existing before fire.

Conclusion: Burning season differentially affected regeneration, mainly by its

effect on seeding, with little effect on resprouting. Burning season and associated

changes in fire severity and soil covered by litter could alter the short-term

regeneration dynamics, which can have important implications for managing

this highly flammable vegetation.

Introduction

In seasonal climates, fires at different times during the year

could affect the post-fire regenerating vegetation through

a number of mechanisms. Plant and soil moisture content

vary over the year, as does vegetation flammability and fire

intensity (Hodgkinson 1991). Furthermore, soil water con-

tentmodifies heat penetration into the soil, due towet soils

being poor heat conductors (Frandsen & Ryan 1986).

Hence, changes in fire intensity (sensu Keeley 2009) and

in heat penetration could affect responses such as plant

and seed mortality, time of resprouting and the number of

active resprouting buds per plant (Malanson & Trabaud

1988; Cruz et al. 2003; Vesk &Westoby 2004).

Fire seasonality may affect plant responses related to

phenological processes. First, the sensitivity of plant tissue

to fire, notably of seeds, can change depending on level of

hydration (Parker 1987), which varies with the season.
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Additionally, many plants undergo seasonal changes in

their chemical constituents in various organs, including

total carbohydrate content (Cruz & Moreno 2001), which

could affect resprouting (Jones & Laude 1960). Similarly,

the size and composition of the soil seed bank (Traba et al.

2006; C�espedes et al. 2012) changes over the year. More-

over, the breaking of dormancy may also be affected by

burning season (Ooi 2010). Once a fire occurs, the period

until conditions are appropriate for either resprouting or

seed germination will vary depending on the season of

burning, which could also affect the post-fire vegetation.

Despite the number of factors that could directly or

indirectly affect vegetation responses to fire in relation to

burning season, experimental evidence in Mediterranean

environments is not conclusive. While some studies have

found that burning season affects resprouting (Papanasta-

sis 1980; Malanson & Trabaud 1988), whereby autumn

fires were more detrimental to plant regeneration than

spring fires, other studies did not (Konstantinidis et al.

2005, 2006). Effects of fire season on post-fire regenera-

tion via resprouting remain poorly understood (Lamont

et al. 2011). Furthermore, similar studies in Mediterra-

nean ecosystems on post-fire regeneration from the soil

seed bank often failed to find significant effects (Moreno

et al. 2011).

Nowadays, most fires are caused by human interven-

tion, particularly in Mediterranean areas (San-Miguel-

Ayanz & Camia 2009), thus expanding the fire season.

Furthermore, prescribed burning, a tool used to manage

fire-prone areas, is normally conducted out-of-season

(Pollet & Omi 2002; Knapp et al. 2009; Montiel & Kraus

2010). Understanding the response of vegetation to

changes in the season of burning therefore remains an

important issue inMediterranean fire-prone ecosystems.

This study investigated the effects of season of burning

on regeneration of a Mediterranean heathland by compar-

ing experimental burns conducted during the early (May)

and late (October) fire season. After fire, plant regenera-

tion was monitored for 4 yrs. The system was chosen

because it contained a mix of woody species with different

regeneration strategies, including species that resprout

from a lignotuber, which have received little attention.

The question of whether woody species with different

regeneration strategies (resprouting vs seeding) differ in

their response was addressed. Consequently, do changes in

the season of burning affect species richness or the relative

dominance of the species? Mediterranean heathlands

cover extensive areas of the humid siliceous lands of the

western Iberian Peninsula and northern Morocco (Loidi

et al. 2010). Their high flammability (Ojeda et al. 2010)

offers a large window during the year in which to conduct

prescribed burning. Answering these questions could be

relevant for managing heathlands to temporarily reduce

landscape hazards associated with burning (Fernandes &

Botelho 2003).

Methods

Study site

The site was located at Gestosa, 850 m a.s.l., Serra da Lous~a

(Central Portugal) (40°15′ N, 8°10′ W; Appendix S1). The

stand chosen was a 16-yr-old shrubland that developed

after a wildfire had burned a Pinus pinaster woodland. This

consisted of a heathland dominated by species with fire-

persistence mechanisms, either by resprouting (R+S�),
seeding (R�S+) or both (R+S+). Specifically, the heathland

was dominated by Erica australis L., an obligate resprouter

(R+S�) from a well-developed lignotuber (Moreno et al.

1999), and the obligate seeder (R�S+) Erica umbellata Loefl.

ex. L., being the very scarce herbaceous stratum (Appendix

S2). The climate is mediterranean-humid, with 11 °C
mean annual temperature and 933 mm mean annual

rainfall (see Appendix S1). The bedrock is granitic and the

soils are stony, deep and fine textured (distric cambisols;

FAO 1974).

Experimental design

Four blocks, each with three 50 m x 40 m plots, were

selected on a northeast-facing slope. The fire season in Por-

tugal is from June to September (76% of fires) (Catry et al.

2009). Plots within a block were randomly assigned to

burning early (ES, 19 May) or late (LS, 29 October) in the

fire season, or left unburned. Precipitation during the first

year after fire was above average, but below average dur-

ing the next 3 yrs; temperatures during the first 4 yrs after

fire were slightly above normal, and no particular unusual

frost episodes were recorded (Appendix S1). Fire severity

was estimated based on differences between pre-fire and

post-fire standing biomass and litter. Based on stem diame-

ters or crown dimensions, separate allometric equations

were constructed for each species to calculate pre-fire total

above-ground biomass and its distribution among various

size fractions (Appendix S3).

In the spring before burns, plant cover (%) was visually

estimated for herbaceous (annuals and perennials), woody

(total, individual species) and fern (Pteridium aquilinum)

species in ES and LS plots. For the dominant shrubs, den-

sity (no. individuals m�2) and height (cm) were measured.

These variables were recorded at 20 1m 9 1 m permanent

quadrats regularly distributed along two 20 m transects

within each plot. Species richness was derived based on

presence/absence data of the 1 m2 quadrats.

After burning, similar measures were carried out simul-

taneously for the two treatments during each of the first

4 yrs after fire at 1 m2 permanent quadrats. These were
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conducted in late spring (second half of June), at the end

of the growing season. Measurements included plant cover

(%; differentiating between resprouts and seedlings for the

main shrubs) and species richness (herbaceous and woody

species). Resprouting plants were counted within the per-

manent 1 m2 quadrats, whereas seedlings were counted in

the 50 cm 9 50 cm permanent quadrats located within

them. Plant vigour was assessed frommeasures of seedling

height (cm) and maximum length of resprouters (cm). In

addition, during the first post-fire sampling, soil covered

by litter (%) and bare ground were visually estimated

within each 50 cm2 quadrat.

Statistical analysis

Plant abundance (cover, density), richness (all species,

woody, herbaceous) and vigour (height, maximum re-

sprout length) of individual woody species were tested for

the effects of burning season [S] (two levels, early season

[ES] and late season [LS]), time after fire [T] (four levels,

each of the four post-fire years), and their interaction

[S x T]. A randomized block ANOVA with repeated mea-

sures was applied. Prior to the analysis, data were tested

for normality and homoscedasticity, and transformed as

appropriate: arcsine (cover), square root (richness, density)

and logarithmic (vigour). Furthermore, the relative abun-

dance of each of the main woody species at the end of the

monitoring period (fourth post-fire year) were compared

with pre-fire values using repeated measures ANOVA

including burning season [S] (ES and LS) as between-sub-

ject factor. As relative cover and density values are compo-

sitional data (they equal one) they were log-ratio

transformed prior to analysis (Pawlowsky-Glahn & Egoz-

cue 2006). In addition, the changes induced by fire or sea-

son on the overall relative dominance (cover, density) of

the main woody species from pre-fire to 4 yrs post-fire

were tested by repeated measures MANOVA. All ANOVA

analyses were implemented in SPSS v. 17.0 package for

Windows (SPSS, Chicago, IL, US).

Differences in percentage soil covered by litter after fire

were tested using random blocks ANOVA, with burning

season as factor. Additionally, the relationships between

percentage of post-fire soil covered by litter (%) and seed-

ling density were evaluated by fitting linear and non-linear

models using maximum likelihood techniques and assum-

ing a zero-inflated Poisson error distribution in the seed-

ling data. The package likelihood v. 1.5 in R was used (R

Core Team, Foundation for Statistical Computing, Vienna,

AT).

Finally, changes in the plant community composition

from pre-fire to post-fire along the 4 yrs monitored were

assessed using NMDS ordination (Clarke 1993) to species

cover (%) data. The Bray–Curtis Sørensen dissimilarity

indexwas usedwith the PAST computer package (Hammer

et al. 2001).

Results

Prior to burning, the stand was densely covered and domi-

nated by four shrub and a few herb species (Table 1). No

significant differences were found for either plant cover or

density between ES and LS plots before fire (F1,3 = 1.000,

P = 0.609 and F1,3 = 1.007, P = 0.389); block effects were

also not significant (F1,3 = 1.053, P = 0.555 and F1,3 =
8.670 P = 0.069).

The ES fires were conducted at higher temperature and

lower air humidity and litter moisture than the LS fires

(Appendix S1), and consumedmore biomass (3166 g�m�2)

than the LS counterparts (1993 g�m�2; season F1,3 = 7.626,

P = 0.033; Appendix S3). Nonetheless, the interaction

between burning season and sampling time (pre-fire vs

post-fire biomass) was significant only for total biomass or

for the fine fuel fraction, but not for the coarser fuel fraction

or for the litter (see Appendix S3). On the other hand, the

percentage soil covered by litter after fire was 5.7 � 2.0

and 28.2 � 5.5 in ES and LS, respectively; this difference

being statistically significant (F1,3 = 16.9, P = 0.026).

A total of 18 species (eight herbs, one fern and nine

woody shrubs) were recorded during the first 4 yrs after

fire (Appendix S2). The post-fire dynamics were marked

by the dominance in cover of woody species. Resprouting

played a much larger role than seeding (Table 1). Burning

season did not significantly affect cover of the resprouting

woody species, neither of all of them as a group nor any of

the main species (Tables 1 and 2). In contrast, burning sea-

son significantly affected cover of seedlings of all species as

a group and of two species,Halimium alyssoides and particu-

larly E. umbellata. Burning season also affected cover of

herbaceous perennials. In all cases, cover was higher in ES

than LS plots (Tables 1 and 2).

Burning season did not affect overall post-fire plant den-

sity (Table 2). Significant differences between ES and LS

were only found for H. alyssoides on both regeneration

mechanisms, with higher seedling density in ES than LS.

In all three seeding species (E. umbellata, Pterospartum tri-

dentatum and H. alyssoides), while ES fires produced new

recruitment during the first and second post-fire year, LS

fires generally did not produce recruitment until the sec-

ond year.

Burning season did not significantly affect vigour of any

species (Table 2). Nonetheless, a significant interaction

between burning season and time after fire was found for

E. australis, which, with time, tended to have higher vig-

our in LS plots despite lower first-year vigour. At the end

of the fourth year, resprout vigour was generally several

times higher than that of seedlings (Table 2).
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The relationship between seedling density and percent-

age of post-fire soil covered by litter was negative in the

three seeder species, for first- or for second-year recruits

(Fig. 1). During the first year, recruitment was virtually

restricted to ES plots with low post-fire litter. Recruitment

increased from the first to the second year in all three spe-

cies.

Species richness was very low before fire (either at 1 m2

or 20 m2 scale), there being few herb species (see Appen-

dix S4). Species richness was significantly affected by burn-

ing season at the smaller scale but not at the larger one,

being higher in ES than in LS. Although time after fire was

a significant factor at both spatial scales, species richness

changed little through time, with maximum values in the

second year after fire (Appendix S4).

Neither fire nor burning season, or their interaction,

were significant in affecting the overall relative dominance

(cover, density) of the main woody species from pre-fire to

four years post-fire (P > 0.05 in all cases; Appendix S5).

Notwithstanding, the analysis for individual species

showed that relative cover (E. umbellata) or density (H. a-

lyssoides) significantly decreased in these species after fire

(Fig. 2).

Fire was initially effective in modifying the community,

as shown by NDMS ordination. However, over the 4 yrs,

the dynamics of the community tended to converge

toward the pre-fire situation (Fig. 3). No differences in

these patterns were apparent for ES or LS plots.

Discussion

Burning a Mediterranean heathland early and late in the

fire season did not produce major differences in the plant

community 4 yrs after fire. The response dynamics of the

post-fire plant community were rather rapid because of

the dominance of resprouting by the woody species. Not-

withstanding, not all species were equally affected: in

woody species, while burning early or late in the fire sea-

son was almost never a significant factor for resprouters, it

was significant for seeding species. Furthermore, the larg-

est proportion of recruitment following late season fires

was delayed until the second year after fire, whereas most

recruitment following fires during the early season

occurred during the first year after fire. Herbs were aminor

component in this system, unlike other Mediterranean

shrublands (C�espedes et al. 2012; Torres et al. 2012), but

burning season did affect herbaceous perennials (Agrostis

curtisiiwas the sole species).

Concerning resprouting of dominant shrubs, we

expected that, at least during the first year, differences in

resprouting cover or vigour between ES and LS burning

would have emerged, because resprouting started 5 mo

sooner following ES than LS burning. This pattern was vis-

Table 1. Plant cover percentage (mean � SE) of various groups of spe-

cies before fire and during the first 4 yrs post-fires lit early and late in the

fire season in an Erica australis heathland at Gestosa, Serra da Lous~a (Cen-

tral Portugal).

Early season Late season ANOVA (P)

Species/

Year

Mean � SE Mean � SE Season (S) Time (T) S x T

All species

Pre-fire 97.5 � 1.7 97.5 � 1.7

Post-fire 0.157 <0.001 0.67

1 39.2 � 5.2 54.5 � 9.6

2 49.3 � 3.8 59.1 � 8.2

3 57.8 � 4.1 66.7 � 10.4

4 69.8 � 3.6 80.5 � 8.4

Woody species

Pre-fire 97.5 � 1.7 97.5 � 1.7

Post-fire 0.083 0.007 0.444

1 39.2 � 5.2 54.5 � 9.6

2 44.2 � 7.4 52.9 � 10.4

3 50.8 � 9.5 59.8 � 13.0

4 64.1 � 6.8 76.7 � 11.0

Seedlings

Post-fire 0.012 0.003 0.160

1 3.1 � 0.6 0.3 � 0.3

2 3.7 � 0.8 1.7 � 0.4

3 6.0 � 1.8 4.7 � 2.4

4 13.1 � 3.6 5.4 � 3.9

Resprouts

Post-fire 0.053 <0.001 0.463

1 39.2 � 5.2 54.5 � 9.6

2 40.5 � 7.9 51.1 � 10.8

3 47.6 �10.7 60.2 � 14.1

4 54.8 � 9.7 72.4 � 13.2

Fern (P. aquilinum)

Pre-fire 0.1 � 0.1 0.5 � 0.4

Post-fire 0.071 0.410 0.326

1 1.0 � 1.1 0.7 � 0.5

2 1.3 � 1.4 2.5 � 2.7

3 0.9 � 1.0 2.3 � 2.2

4 0.7 � 0.8 2.3 � 2.2

Herbaceous species

Annuals

Pre-fire

Post-fire 0.851 0.003 0.027

1 0.1 � 0.1

2 0.2 � 0.1 0.4 � 0.2

3 0.1 � 0.1 0.1 � 0.1

4 1.1 � 0.4 0.3 � 0.3

Perennials

Pre-fire 0.8 � 1.0 0.2 � 0.1

Post-fire <0.001 <0.001 0.112

1 6.0 � 3.6 3.3 � 2.2

2 9.2 � 5.3 4.7 � 3.6

3 11.3 � 6.6 5.7 � 4.1

4 10.6 � 4.7 7.5 � 4.7

Results of repeated measures ANOVA (P) are shown for burning season (S,

twice within the season, main treatment), time after fire (T, first 4 yrs post-

fire, repeated measures) and their interactions (S x T). Statistically signifi-

cant P-values (≤0.05) are shown in bold.
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ible for the dominant E. australis at the end of the first

post-fire year, but these differences had disappeared by the

following year. Although, in general, no significant effects

of burning season were found for cover or vigour of resp-

routers, a significant interaction between burning season

and time after fire was present for E. australis, showing

that, over time, its LS resprouts became more vigorous. A

similar pattern was visible for cover, i.e. with time, respro-

uting tended to be higher following LS than ES burning.

Whether variations in fire severity or plant phenological

changes contributed to this could not be determined.

Burning in the early season resulted in generally higher

seedling cover and density than burning in the late season,

particularly for the obligate seeder E. umbellata. In relative

terms, seeding was therefore favoured by early season

burning. Nevertheless, dominance of this species was not

restored to pre-fire levels during the first four post-fire

years.

In general, our results document that ES burning was

more favourable for recruitment from the soil seed bank
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Fig. 1. Relationship between seedling density (no. 0.25 m�2) and percentage of post-fire soil covered by litter (%) during the first (a, c, e, left panels) and

second (b, d, f, right panels) post-fire years in early- (ES) and late- (LS) season fires in an Erica australis heathland at Gestosa, Serra da Lous~a (Central

Portugal). a, b Erica umbellata; c, d Pterospartum tridentatum; e, f Halimium alyssoides. Separate models for ES and LS fires are shown when significant

(P < 0.05) based on log-likelihood ratio tests; otherwise, ES and LS data were pooled in one global model and shown when significant. N = 80 (ES) and 70

(LS).
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than LS burning, despite the fact that the three species

analysed disperse their seeds in summer. The differences in

total biomass consumed (more in ES than LS), i.e. fire

severity, make it difficult to distinguish the relative impor-

tance of burning season vs fire severity in controlling this

response. More so since differences in litter biomass

consumed were not significant, yet the percentage of soil

covered by litter after burning was higher in LS than ES.

All three seeder species showed a negative relationship

between percentage of post-fire soil covered by litter and

recruitment (Fig. 1). This suggests that fire stimulatory

effects on germination were highest in areas with higher

fire severity and/or that conditions for germination were

more favourable in these due to a lower percentage of soil

covered by litter. Higher fire severity in ES fires would

have induced higher germination in H. alyssoides and

P. tridentatum, both of which have hard seeds whose ger-

mination is promoted by heat (Gonz�alez-Rabanal & Casal

1995; Valbuena & Vera 2002; N�u~nez et al. 2003). The

response of E. umbellata to fire cues is less well established

(Gonz�alez-Rabanal & Casal 1995;Moreira et al. 2010).

Most recruitment in LS fires was delayed until the sec-

ond year. In contrast, most recruitment following early-

season fires occurred during the first year. This is

particularly relevant for an obligate seeder species such as

E. umbellata, as this is its only regeneration mechanism

(Reyes et al. 2009). Changes in rainfall patterns could fur-

ther affect post-fire temporal emergence patterns in this

and other seeder species. Moreno et al. (2011) showed

that if the first year after fire is wet, most emergences occur

during that year; but if this year is dry, then emergence

can occur during the second and third years. In this study,

rainfall during the first year after fire was far higher

(1472 mm; 95th percentile) than the long-term average,
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so it is unlikely that rainfall played a major role. Nonethe-

less, since recruitment took place during the first 2 yrs,

notably in the second year for late season fires but also for

early-season fires, it appears that other factors may be

involved in controlling emergence and recruitment and

that these are independent of the amount of soil covered

by litter and of fire severity.

We demonstrated that a resprouter-dominated Mediter-

ranean heathland could be highly resilient to fire (Ojeda

et al. 1996; Calvo et al. 2002). Neither fire nor the time of

year when this was conducted globally affected the relative

dominance of the main species. This high resilience is simi-

lar to that reported for other resprouting-dominated

shrublands (Papanastasis 1980; Malanson & Trabaud 1988;

Konstantinidis et al. 2005, 2006), but contrasts to some

reports for seeder-dominated shrublands (Quintana et al.

2004; De Luis et al. 2006; Moreno et al. 2011). In this

study, seeders (in particular the main species, E. umbellata)

were most negatively affected by fire. E. umbellata has

been shown to be at risk after fire in other experimental

burns in Central Spain (Quintana et al. 2004; Moreno

et al. 2011). Further studies are needed to establish the

role of regeneration mode in the stability of shrublands to

fire.

In considering the use of fire formanaging the examined

shrubland, it appears that fires conducted early in the

season and of relatively high severity will be more

appropriate tomaintain the plant community. Late season,

low severity fires can impair this heathland community.

Because E. umbellata can play a major role in fire behavior

due to its high flammability, changes in this species

can further alter subsequent fire behaviour and, eventu-

ally, further contribute to modifying the heathland.

Notwithstanding, resilience of this heathland is very high,

and burning could reduce fire hazard over a limited num-

ber of years, independently of burning early or late in the

fire season.
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