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Abstract
• Woody encroachment into grasslands is a worldwide phenomenon. In the Pyrenees, fire has been
used as a management tool to transform part of the encroached land to grassland.
• This study aims to compare the spatial patterns of shrub cover 4 y after 4 diﬀerent fire disturbances (prescribed burning, repeated prescribed burning, wildfire in 20 year-old shrubs and wildfire
in 5 year-old shrubs); and also to compare shrub cover after diﬀerent fire disturbances, accounting for
spatial autocorrelation. The study focuses on the shrub Cytisus balansae. Two-dimensional transects
(20 × 0.5 m) were established to monitor shrub cover for 4 y after each disturbance type. Autoregressive models and Markov models were used with a Monte Carlo procedure to account for the presence
of spatial autocorrelation.
• Shrub cover was greater after prescribed burning than after repeated prescribed burning, and it
increased with shrub age before disturbance. Diﬀerences in spatial patterns were detected in shrub
patch size, with repeated prescribed fires and wildfires reducing shrub patch size by half in comparison with prescribed burning.
• From the management point of view, the eﬀects of repeated prescribed burning were similar to
those of a wildfire on reducing shrub cover and shrub patch size.

Mots-clés :
Cytisus balansae /
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Résumé – Caractéristiques spatiales de la couverture des buissons après diﬀérentes perturbations par le feu dans les Pyrénées.
• Les empiètements boisés sur les prairies sont un phénomène mondial. Dans les Pyrénées, le feu a
été utilisé comme un outil de gestion pour transformer une partie des empiètements boisés en prairies.
• Cette étude vise à comparer les caractéristiques spatiales des couverts de buissons 4 ans après 4 différentes perturbations (feu prescrit, feu prescrit répété, feu spontané dans des buissons âgés de 20 ans
et feu spontané dans buissons âgés de 5 ans), et aussi de comparer la couverture des buissons après les
diﬀérents perturbations occasionnées par les incendies, prenant en compte l’autocorrélation spatiale.
L’étude se concentre sur les buissons de Cytisus balansae. Deux transects dimensionnels (20 × 0,5 m)
ont été mis en place pour suivre la couverture des buissons 4 ans après chaque type de perturbation.
Des modèles autorégressifs et des modèles de Markov ont été utilisés avec une procédure de Monte
Carlo pour tenir compte de la présence d’une autocorrélation spatiale.
• Le couvert des buissons est plus important après le feu prescrit qu’après le feu prescrit répété et il
augmente avec l’âge des buissons avant la perturbation. Les diﬀérences dans les modèles spatiaux ont
été détectées dans la taille des bouquets de buissons, avec les feux prescrits répétés et les feux spontanés réduisant la taille des bouquets de buissons de moitié en comparaison avec le brûlage prescrit.
• Du point de vue de la gestion, les eﬀets des feux prescrits répétés ont été similaires à ceux des feux
spontanés sur la réduction de la couverture des buissons et de la taille des bouquets de buissons.

* Corresponding author: francesc.montane@gmail.com

Article published by EDP Sciences

Ann. For. Sci. 66 (2009) 612

F. Montané et al.

1. INTRODUCTION

sights into this important topic are urgently needed (Økland,
2007). Currently, the numerical approach “model and Monte
Carlo”, described in Dale and Fortin (2002), is considered the
best approach to deal with spatial autocorrelation in univariate statistical tests in ecology. Thus, the present work aims not
only to compare the spatial pattern of shrub cover after wildfires or prescribed burning disturbances, but also to compare
the shrub cover after these disturbances accounting for spatial
autocorrelation. Given that repeated fires have been suggested
to play an important role in the spread of Cytisus (Debussche
et al., 1980), we hypothesized that shrub cover would increase
with fire frequency. We also hypothesized that shrub cover
would decrease with fire intensity, due to its negative eﬀects on
resprouting, as reported previously for other shrubs (Moreno
and Oechel, 1993). Moreover, we expected to find a greater
scale of spatial pattern and a lower average patch size after
wildfires than after prescribed burnings, mainly as a consequence of the assumed higher intensity of wildfires.

Woody proliferation into grasslands has been documented
in the Pyrenees (Molinillo et al., 1997, Roura-Pascual et al.,
2005), with the legume Cytisus balansae ssp. europaeus
(G. López and Jarvis) Muñoz Garmendia being among the
most abundant shrubs encroaching on this area’s montane and
subalpine grasslands. Although the proliferation of this shrub
does not seem to reduce soil C stocks (Montané et al., 2007),
it increases the risk of fire propagation by incrementing both
fuel load and fuel continuity. Management techniques like prescribed burning or mechanical thinning are commonly applied
to decrease the surface area occupied by this shrub.
Disturbances have been shown to be important in structuring many plant and animal communities (Pickett and White,
1985). The impact of a disturbance on ecosystem processes
depends on its regime, which includes factors such as severity, frequency, type, size, timing and intensity (Chapin et al.,
2002). Wildfire is a disturbance that aﬀects a wide range of
plant communities. Forest managers employ prescribed fires
as a powerful management tool to achieve desired ecosystem conditions. In the Pyrenees, fire was traditionally used
by shepherds to improve alpine grassland productivity and to
reduce shrub encroachment. Nowadays, prescribed burning is
usually carried out by fire brigades or foresters in winter, when
the snowy or wet conditions limit the impact of the fire on soils
and plants. Fire severity is expected to be lower after a prescribed burning than after a wildfire, mainly because of the different intensity and timing (season of burn) of each. However,
depending on the fire behaviour or the frequency of the prescribed burning, this technique may not achieve the management objectives. The use of spatial analysis techniques may
help to decide on the best management option for achieving
the desired ecosystem structure (e.g., Ramsay and Fotherby,
2007). Examining the vegetation spatial pattern after wildfires
or prescribed burnings may contribute to modelling the landscape dynamics, predicting the occurrence and behaviour of
future fires and assessing the degree of success of using prescribed burning as a management tool. Spatial pattern exerts
a critical control over ecological processes at all scales and
it is considered to be an important structural characteristic of
an ecosystem (Chapin et al., 2002). Transect data, in lattice or
grid form, can be used to analyse the spatial pattern of vegetation. However, when we use transect data in statistical tests we
have to account for spatial autocorrelation, which can be a serious problem for both statistical and ecological interpretation
(Dale and Fortin, 2002).
The eﬀect of positive spatial autocorrelation is that statistical tests, which are based on the assumption of independence of observations, are too liberal (Legendre and Legendre,
1998). This is due to the fact that we do not have n (number of observations) units worth of information, but rather
something less, that is n , the “eﬀective sample size” (Dale
and Fortin, 2002). Because positive spatial autocorrelation is
a common feature of ecological data (Legendre and Fortin,
1989), the problem for ecologists is to account for the eﬀects
of autocorrelation on the hypothesis testing results (Dale and
Fortin, 2002). As these eﬀects are very complex, further in-

2. METHODS
2.1. Study site
The study area is located in Railleu, in the Eastern Pyrenees
(France), on a south-west facing hillside, at an elevation between
1 500 and 1 850 m.s.a.l. Mean annual temperature and rainfall are
6.8 ◦ C and 744 mm, respectively. The substrate consists of granitic
sands. Vegetation is a mosaic of grassland and shrubland (App. 11 ).
Mesic grasslands are dominated by Festuca ovina L., Dactylis glomerata L., Agrostis capillaris L. and Phleum alpinum L. The most
abundant shrub on the site is Cytisus balansae ssp. europaeus, but
there are also other shrubby species like Rubus idaeus L. and Rosa
canina L. During the ten years of the study (1996 to 2005), the
site was intensively grazed, with approximately 170 Livestock Unit
Grazing Days (LUGD) ha−1 .

2.2. Experimental design
The study site has a total surface area of 145 ha. Since 1990, the
SIME-SUAMME (Service élevage environnement) has been using
prescribed burning as a management tool to transform part of the encroached land to grassland (Rigolot et al., 2002). A wildfire aﬀected a
part of the Railleu area in 1994. Since 1996, SIME-SUAMME technicians have been monitoring shrub cover on diﬀerent plots, aﬀected by
either prescribed burning or wildfire, within the study site, recording
shrub cover from a permanent belt transect on each plot (see below).
Our study focused on the Cytisus shrub cover 4 y after the different fire disturbances recorded in a total of 10 permanent transects:
3 transects after prescribed burning (PF) and 3 transects after repeated
prescribed burning (RPF) on the same plots; 2 transects after wildfire in 20-year-old shrubs (20 WF) and 2 transects after wildfire in
5-year-old shrubs (5 WF). Shrub age, estimated as the time since the
last fire disturbance, was 5 in all the transects, except the 20 WF transects where it was at least 20 years old (Tab. I). All the transects,
except the 20 WF, were managed by a prescribed burning applied in
the early 1990s (Tab. I), before the shrub cover monitoring started.
1
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Table I. Fire disturbance characteristics and Cytisus cover 4 y after disturbance in the 10 transects. Cover for repeated prescribed burning (RPF)
and prescribed burning (PF) treatments was recorded in the same permanent transects.
Transect
code

Treatment

Season of burn

Shrub age
before treatment

Former
disturbance

Sampling data

Cytisus cover (%)
four years
after disturbance

PF-1
PF-2
PF-3
RPF-1
RPF-2
RPF-3
20WF-1
20WF-2
5WF-1
5WF-2

Prescribed fire (PF)
Prescribed fire (PF)
Prescribed fire (PF)
Repeated prescribed fire (RPF)
Repeated prescribed fire (RPF)
Repeated prescribed fire (RPF)
Wildfire (WF)
Wildfire (WF)
Wildfire (WF)
Wildfire (WF)

February 1996
February 1996
February 1996
February 1996 and 2001
February 1996 and 2001
February 1996 and 2001
August 1994
August 1994
August 1994
August 1994

5y
5y
5y
5y
5y
5y
At least, 20 y
At least, 20 y
5y
5y

PF, 1991
PF, 1991
PF, 1991
PF, 1991
PF, 1991
PF, 1991
Unknown
Unknown
PF, 1990
PF, 1990

July 2000
July 2000
July 2000
July 2005
July 2005
July 2005
July 1998
July 1998
July 1998
July 1998

11
25
26
5
12
16
26
11
5
5

2.3. Data collection
The transects were sampled in summer (July), 4 y after the fire
disturbances (Tab. I). Permanent belt surface (two-dimensional grids)
transects (0.5 × 20 m) were established to monitor shrub cover using
a non-destructive method (Etienne, 1989). Each transect was divided
into a grid of 1 000 contiguous 10 × 10-cm squares, with a total of
5 rows and 200 columns. We used a half-meter vegetation sampling
frame, divided in 25 10 × 10-cm squares, and the sampling method
was based on ocular estimations of the shrub cover in each square.
The name of the shrubby species present in each square was recorded.
The use of ocular estimates of percentage cover is the most common
approach when sampling in quadrats (Kent and Coker, 1992). For this
study, we have considered just one species, Cytisus balansae, since it
was the most abundant shrub on the study site.

2.4. Data analysis
Cytisus cover (%) was estimated in each transect as the shrub
cover surface divided by the transect surface (10 m2 ). In this study
we used a sampling unit that was more-or-less isotropic (a square),
which means that we may be assuming implicitly that the spatial pattern is also isotropic (Fortin and Dale, 2005). Isotropy was tested as
a starting point and only isotropic transects were considered for subsequent analysis. To test the isotropy assumption for each transect,
directional correlograms were calculated for both the x-axis direction
(from 0 to 20 m) and the y-axis direction (from 0 to 0.5 m). Cytisus
cover was considered isotropic when both directional correlograms
coincided (Fig. 1a). Although initially we were going to use a total of
12 transects instead of 10, two transects were discarded because their
spatial patterns were not isotropic (Fig. 1b).
To estimate the eﬀective sample size, we used the “model and
Monte Carlo” procedure (Dale and Fortin, 2002) for two diﬀerent
kinds of models: the autoregressive model and the Markov model.
Each model corresponded to a diﬀerent approach in the kind of data
used to fit the model: continuous data (from 0 to 1) in the autoregressive model and presence/absence data (0 and 1) in the Markov model.
Continuous data were used to fit a second-order autoregressive (AR)
model using the following equation:
xi, 3 = α1 xi−1, 3 + α2 xi−2, 3 + ϕ1 xi−1, 3±1 + ϕ2 xi−2, 3±2 + εi, 3

Figure 1. Examples of directional correlograms on the x-axis (solid
line) and on the y-axis (broken line). Isotropy was assumed when both
correlograms overlapped. (a) Isotropy; (b) anisotropy. Since transects
were five 10-cm squares wide, the maximum lag in the correlogram
following the y-axis direction was five (0.5 m).
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where xi, j is the shrub cover in the ith column and the jth row (with
j = 3 for the central row values); α1 , α2 , ϕ1 and ϕ2 are model parameters and εi, 3 is the error term. We started with the above model, considering all the parameters, and then we determined which explanatory variables could be omitted (Dale and Fortin, 2002). We used the
presence/absence data to fit a first-order Markov model where the
shrub cover in the central row of a particular transect was dependent
on the total sum of shrub cover in the previous column (5 squares)
of the transect. To apply a Markov model we calculated the transition
probabilities to obtain two diﬀerent matrixes. Transition probabilities
for the first matrix were calculated using the formula:
p(xi, 3 = x|xsum = y)
with:
xsum =

5


xi−1,j

or not (JBW ) (Fortin and Dale, 2005). The statistics JBB and JWW assess the presence of positive spatial association, whereas the statistic
JBW assesses the presence of negative spatial association. Instead of
presence/absence data, the JBB join count was divided in three diﬀerent categories (J22 , J11 and J21 ), using continuous data. The 10×10 cm
square with a 50% or higher Cytisus surface occupation was coded as
2, whereas the square with less than 50% Cytisus surface cover was
coded as 1. We calculated the join count statistics J22 , J11 and J21 ,
where JBB = J22 + J11 + J21 .
The spatial pattern of Cytisus was analysed using both the scale
of pattern and the size of shrub patches. The scale of shrub cover in
the diﬀerent transects was analyzed using “Two term local quadrat
variance” (TTLQV) (Hill, 1973). The variance in TTLQV is:
⎛
⎞
n+1−2b
i+2b−1
 ⎜⎜⎜i+b−1

 ⎟⎟⎟2
⎜
⎜
V2 (b) =
xj −
xj ⎟⎟⎠⎟ 2b(n + 1 − 2b).
⎝⎜

where xi−1, j is the shrub cover in the (i-1)th column and the jth row.
The variable x could take the values 0 and 1, whereas variable y could
take values between 0 and 5. Transition probabilities for the second
matrix were calculated using the formula:
p(xsum = y|xi, 3 = x)
with:
xsum =

5


xi, j

j=1

where xi, j is the shrub cover in the ith column and the jth row. Again,
x and y variables could take values between 0 and 1, and 0 and 5,
respectively.
Both models (AR and Markov) were fitted for each transect, and
they were simulated 1 000 times using a Monte Carlo approach to
obtain artificial data. Restricted randomization was used in the simulation of the AR models (Fortin and Jacquez, 2000).
The resulting mean autocorrelation structure of the generated data
was used to obtain the eﬀective sample size, n , to account for spatial
autocorrelation, using the following equation:
n2

n =
n+2

n−1

k=1

j=i

i=1

j=1

(n − k)r(k)

with r(k) being the autocorrelation at lag k calculated on n-k pairs of
observations.
An ANOVA was used to test diﬀerences in Cytisus cover 4 y after
the 4 diﬀerent fire treatments: PF, RPF, 20 WF and 5 WF. We used
the total eﬀective sample size, resulting from the sum of the eﬀective
sample size either for AR or Markov models, for all transects. When
the ANOVA was significant for a particular set of models, we used
contrasts with the eﬀective sample size for these models to test for
diﬀerences in Cytisus cover 4 y after disturbance. We considered the
following 4 contrasts: PF vs. RPF; 20 WF vs. 5 WF; PF vs. 5 WF;
and RPF vs. 5 WF. The estimates of the contrasts were used to calculate the mean cover diﬀerence (%) between contrasted treatments
(Crawley, 2007).
Spatial association in Cytisus cover was obtained by join count
statistics (Fortin and Dale, 2005). Neighbourhoods were determined
by rook moves (Fortin and Dale, 2005). We employed the three possible join count statistics for binary data which count the numbers of
pairs of adjacent sampling units presenting the same category (JBB or
JWW ; B -black- for shrub presence and W -white- for shrub absence)

j=i+b

In each transect row, this variance was calculated for a range of block
sizes (scale), in our case up to 50 squares; when plotted, peaks in
this variance were interpreted as being indicative of scales of pattern in the data (Dale, 1999). For the analysis of spatial pattern using
TTLQV, variance peaks in block sizes 1, 2 and 3 occur frequently by
chance (Campbell et al., 1998); thus, when they were obtained in our
study, they were not considered to estimate the scale of pattern.
The average size of patches was assessed using “New Local Variance” (NLV) (Galiano, 1982). The variance in NLV is:
⎞
⎛
n−2b
i+2b−1
 ⎜⎜⎜i+b−1

 ⎟⎟⎟2
⎜
⎜
VN (b) =
xj −
xj ⎟⎟⎠⎟
⎝⎜
i=1

j=i

j=i+1

⎛ i+b
⎞2
i+2b

⎜⎜⎜ 
⎟⎟⎟
− ⎜⎜⎜⎝
xj −
xj ⎟⎟⎟⎠ 2b(n − 2b).
j=i+1

j=i+b+1

This method detects the average size of the smaller phase of the pattern (gap or patch) (Dale, 1999). In our case, since Cytisus cover was
smaller than gap cover in all transects, NLV detected Cytisus average
patch size in each transect. We used both TTLQV and NLV values to
compare scale of pattern and average patch size respectively, between
the diﬀerent treatments.
The spatial pattern analysis was performed with the spatial statistics program PASSaGE v2 (Rosenberg, 2008). The rest of the analysis and simulations were performed using R (R Development Core
Team, 2007).

3. RESULTS
Four years after fire, Cytisus cover in the transects ranged
from 5% to 26% (Tab. I and Fig. 2). For both AR models and
Markov models, after correcting for the eﬀective sample size
(App. 21 ), ANOVA and all contrasts were still highly significant (all, p < 0.001) (Tab. II). The contrasts indicated that, 4 y
after the same wildfire, Cytisus cover in the at least 20-yearold stands (20 WF) was about 14% higher than in the 5 yearold stands managed by an earlier prescribed burning (5 WF).
Four years after a prescribed burning (PF), Cytisus cover was
about 10% higher than that found after a repeated prescribed
burning in the same transects (RPF). Two additional contrasts,
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Figure 2. Cytisus cover and its associated spatial pattern (two-term local quadrat variance (TTLQV) and new local variance (NLV) as a function
of scale) in transects 4 y after: (a) prescribed burning; (b) repeated prescribed burning; (c) wildfire in 20-year-old shrubs and (d) wildfire in
5-year-old shrubs. Since TTLQV and NLV values were similar between transects with the same treatment, results of only one selected transect
per treatment are presented to facilitate interpretation. In Cytisus cover figures, black squares denote squares totally covered by Cytisus whereas
white squares denote absence of Cytisus. The diﬀerent gray fillings denote squares not totally occupied by Cytisus: from squares with high
Cytisus surface occupation (dark gray) to squares with low Cytisus surface cover (light gray).
Table II. Contrasts for the autoregressive (AR) and Markov models, including total initial and eﬀective sample size calculated from each model,
F values and significance. Mean cover diﬀerence (%) between contrasted treatments with a positive sign indicates that shrub cover was greater
after the disturbance denoted with a (+) than the one with a (–) in the contrasts.

Contrast 1: PF (+) vs. RPF(–)
Contrast 2: 20 WF (+) vs. 5 WF (–)
Contrast 3: PF (+) vs. 5 WF (–)
Contrast 4: RPF (+) vs. 5 WF (–)
Initial sample size (n)
Eﬀective sample size (n )

AR model
F
p-value
893.83
< 0.001
776.53
< 0.001
1 377.01
< 0.001
81.02
< 0.001
10 000
8 305

Markov model
F
p-value
508.99
< 0.001
170.27
< 0.001
1 240.78
< 0.001
135.30
< 0.001
10 000
6 855

Mean cover diﬀerence (%)
+9.6
+13.8
+6.4
+2.4

PF: prescribed burning; RPF: repeated prescribed burning; 20 WF: wildfire in 20-year-old shrubs; 5 WF: wildfire in 5-year-old shrubs.

considering only transects with the same burnt shrub age, indicated small diﬀerences in mean shrub cover between PF and
WF transects (6.4%), and very slight diﬀerences between RPF
and WF transects (2.4%).
Correlograms for data and for AR model simulations
showed that the second-order AR models generally maintained
some kind of cyclic pattern after simulation because there was
alternation between positive and negative autocorrelation val-

ues in the simulated correlograms (App. 3a1 ). In contrast, firstorder Markov model simulations did not detect any kind of
cyclic pattern (App. 3b1 ). Spatial association in Cytisus cover
was obtained by join count statistics. The observed join counts
for the statistics assessing both positive spatial association
(shrub presence: presence -JBB - in all considered categories
(J22 , J11 , J21 ) and shrub absence: absence -Jww-) were always
higher than the expected values (App. 41 ). The join count JWB
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that assesses negative spatial association was also significant
in all transects. As a result, Cytisus cover showed a patchy pattern in every transect.
The shrub cover after the diﬀerent disturbances presented
similar scales of pattern (Fig. 2). Thus, peaks in the TTLQV
variance plots corresponded to similar values at block size
(scale) in the PF, RPF, 20 WF and 5 WF transects, with peaks
between 8 and 9 (0.8–0.9 m) (Fig. 2). In contrast, peaks in
the NLV variance indicated larger block size (scale) values in
PF transects (values close to 10 (1 m)) than in RPF, 5WF and
20WF transects (values close to 5 (0.5 m); Fig. 2).

4. DISCUSSION

and Oechel, 1993; Quevedo et al., 2007), shrub age before disturbance may also contribute to the observed diﬀerences in
shrub cover between the 20 WF and 5 WF transects. Assuming a higher fire intensity in wildfires (occurring in summer)
than in prescribed burnings (in winter), the slight cover differences indicated by contrasts between PF or RPF and 5 WF
(6.4% and 2.4%, respectively) also point to a low impact of
diﬀerent fire intensities or fire season on Cytisus regrowth.
We corrected for spatial autocorrelation but the eﬀective
sample sizes were still large so that small diﬀerences in shrub
cover were statistically significant, although perhaps not biologically important (Morrison, 2007). However, correcting for
spatial autocorrelation ensures that the statistical significance
is legitimate, even if the diﬀerences between treatments are
small.

Wildfires and prescribed burnings are likely to aﬀect vegetation recovery in a diﬀerent manner. In our study, both Cytisus
cover and its spatial pattern 4 y after fire varied according to
the disturbance type.

4.1. Cytisus cover after diﬀerent fire disturbances
After accounting for the presence of spatial autocorrelation,
shrub cover was found to be almost 10% greater after prescribed burning than after repeated prescribed burning on the
same plots 4 y later. Thus, despite the important role of repeated fires in the spread of Cytisus (Debussche et al., 1980)
and contrary to our expectations, a burning frequency of once
every 4 y did not seem to increase Cytisus cover. However,
it is necessary to be cautious with this conclusion because it
emerges from a comparison between two quite similar treatments, since both prescribed burning and repeated prescribed
burning transects were managed by a prescribed burning applied in the early 1990s. Contradictory results concerning the
eﬀect of fire frequency on shrub expansion have previously
been reported. In general, fire suppression is the primary cause
of shrub expansion in many grassland ecosystems. However,
in C4-dominated grasslands of central North America, shrub
cover increases with a fire frequency of once every 4 y (Heisler
et al. 2003), which is similar to the fire frequency in our study.
In contrast, as in our study, repeated burning was reported to
reduce cover for other shrub species in an African savanna
(Roques et al., 2001).
In general, fire intensity induces variations in the regeneration response (Knox and Clarke, 2006). Although the real fire
behaviour was unknown, fire intensity was presumably higher
in the 20 WF burnt plots than in the 5 WF ones, mainly due
to diﬀerences in fuel accumulation. However, contrary to our
expectations, Cytisus cover 4 y after wildfire was almost 14%
greater in 20 WF transects than in 5 WF transects. As the 5 WF
plots were being managed by an earlier prescribed burning,
the lower cover in 5 WF actually suggests that fire frequency
may have a greater influence on Cytisus recovery than fire intensity. Moreover, since resprouting vigor and post-fire survival have been related to the pre-fire size of the individual
(González et al., 2007; Lloret and López-Soria, 1993; Moreno

4.2. Cytisus spatial pattern after diﬀerent
fire disturbances
Cytisus shrub cover had a patchy structure after fire disturbance as indicated by both join count statistics and correlograms for real data. As cyclic patterns present both positive
and negative spatial autocorrelation, a crucial point for their
application to ecological data is that the negative autocorrelation introduced may require inflation of the test statistic rather
than deflation (Dale and Fortin, 2002). In fact, the test statistic
required inflation (n > 1 000) in four transects, all aﬀected
by wildfire (App. 2). This may indicate that fire severity or
the processes (e.g., competition, available resources, etc.) that
limit shrub regeneration may be stronger after a wildfire than
after a prescribed burning or repeated prescribed burnings.
However, not all the transects aﬀected by wildfire required inflation of the test statistic and, therefore, we must be cautious
with these conclusions.
Even though methodology is not the main concern of this
paper, a relevant point in our approach is the study of spatial
structures. Some years ago, Legendre (1993) pointed out that
studying spatial structures was both a requirement and a challenge for ecologists who deal with spatially distributed data.
Several years later, we find that although ecologists have used
Markov models extensively for this purpose (e.g., Dale et al.,
1993; Mark and Wilson, 2005), they have seldom used AR
models (Lichstein et al., 2002), partly because of the mathematically complex implementation of autoregressive models
(Cressie, 1993). In our study the amount of variation explained
with the AR models was high, with adjR2 ranging from 0.51
to 0.79. This high amount of explained variation is usual when
spatial structure is incorporated into models of ecological systems (Legendre, 1993).
It is generally agreed that TTLQV is one of the recommended techniques for pattern analysis (Lepš, 1990) and it has
been used previously to describe spatial pattern in shrubs after a particular disturbance (Dale and Zbigniewicz, 1997). It
should be noted that TTLQV is mathematically identical to
wavelet analysis using the Haar wavelet and 3TLQV is identical to the use of the “French Top Hat” wavelet (Dale and Mah,
1998; Fortin and Dale, 2005). For either approach, local scores
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with positions along the transects can be calculated individually and mapped if that is desirable for the analysis. The scale
of pattern in transects aﬀected by diﬀerent treatments was very
similar (0.8–0.9 m), indicating that the diﬀerent fire perturbations did not impact on the distance between the centres of
neighbouring shrub patches. In contrast, the average size of
shrub patches assessed with NLV may indicate that, 4 y after disturbance, repeated prescribed fires and wildfires reduced
shrub patch size by half in comparison with prescribed burning
(0.5 m vs. 1 m mean patch size). Overall, our results suggest
that the scale of pattern is very stable in these communities
despite being aﬀected by diﬀerent fire disturbances, whereas,
in contrast, patch size may be more sensitive to diﬀerent fire
disturbances.
5. CONCLUDING REMARKS
From the management point of view, these results suggest
that the eﬀects of repeated prescribed burning were similar to
those of a wildfire in reducing Cytisus cover and shrub patch
size and, in consequence, that repeating precribed burning every four o five years may be an eﬀective tool for reducing
Cytisus cover. The decrease in shrub patch size after repeated
prescribed burning may have relevant implications for habitat
occupancy by birds (Pons et al., 2003) as well as for grassland productivity or plant biodiversity (Rigolot et al., 2002).
However, repeating burning may have a negative eﬀect on
other key ecosystem processes (e.g., soil carbon storage or nitrogen availability).
In summary, the use of spatial analysis techniques may help
to decide the best management option to achieve the desired
ecosystem structure. Additional research is required to determine the importance of fire intensity and fire season in the
spatial pattern of Cytisus regeneration after fire although our
study indicates that they are less important than factors such
as perturbation frequency and shrub age before disturbance.
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