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Abstract  The montado is a traditional agroforestry 
system in Portugal that combines cork or holm oak 
trees with pastures and crops. It provides multiple 
ecosystems services and supports rural livelihoods. 
However, in recent decades, the montado has faced 
several threats that have caused its decline and deg-
radation. Here, we analyse the recent changes in mon-
tado cover—between 2006 and 2018—and assess 

the main drivers and processes of change. We used 
a 2006 montado cover map as a baseline and over-
layed it with aerial photographs of 2018, examining 
the montado areas for land use shifts by installa-
tion of intensive crops, wildfire occurrences or tree 
plantations. Our results show that the montado cov-
ered 1,189,390 hectares (ha) in 2018, and that there 
was a decrease of the montado area from 2006 by 
31,312  ha (95% CI 29,706–32,943  ha), declining at 
an annual loss of 2609  ha (0.21% year−1; 95% CI 
0.201–0.223% year−1). Although this is a slower rate 
compared to an early analysis, the impact of large-
scale events (record burned areas) and infrastructure 
(large dam) likely explains it. The montado area shifts 
were mainly caused by wildfires (70%), the opening 
or broadening of clearings due to tree mortality (18%) 
and the new installations of intensive crops (olive or 
almond groves and irrigated cereals—8.4%). Most 
of the analysed quadrats (60%) exhibited one cat-
egory of loss in montado patches: perforation, loss 
of area, fragmentation or decrease in the number of 
patches; but fragmentation was the type of dynamic 
with higher value of area loss. The perforation spe-
cific analysis revealed that this phenomenon of the 
early phase of decline is prevalent throughout the 
montado land cover. The main process identified was 
tree mortality linked to pathogens, pests, and inade-
quate management, while wildfires and the establish-
ment of intensive agricultural practices were ranked 
second and third, respectively. Despite the efforts to 
slow the decline of the montado, we have observed 
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its continuing transformation into smaller, more frag-
mented and less connected montado patches. These 
resulting patches are considerably less resilient to the 
pressures they are facing. In a scenario of the continu-
ation of the decline and loss pressures, the evolving 
transformation will continue and may even accelerate.

Keywords  Landscape dynamics · Montado 
decline · Spatial distribution · Clearing

Introduction

The montado in Portugal and the dehesa in Spain are 
the preponderant silvo-pastoral systems in southern 
Iberian Peninsula; these are distinct farming systems 
in the European context, typified by their multifunc-
tionality that integrates agriculture, forestry and live-
stock raising activities (Fonseca et  al. 2019; Pinto-
Correia et al. 2011). The montado has an open canopy 
woodland structure of cork or holm oaks, with natural 
or cultivated pastures and scattered small shrubs in 
the understory (Godinho et  al. 2016c), which forms 
an heterogeneous and complex landscape supporting 
economic activities, high biodiversity and cultural 
values (Ferraz-de-Oliveira et  al. 2016; Pinto-Correia 
et  al. 2011). The montado most important products 
are cork, wood and meat. Due to its heterogeneous 
vertical and horizontal structure and its extensive use, 
the montado also provides a wide range of ecosystem 
services, as biodiversity, water infiltration, carbon 
storage, and supports activities such as hunting, bee 
keeping and mushroom picking. This led to the clas-
sification as a High Nature Value Farming system, 
by the European Environmental Agency (Paracchini 
et al. 2008; Pinto-Correia et al. 2018).

Regardless of its importance, several pressures 
are threatening the montado (Acácio et  al. 2021; 
Arosa et  al. 2017; Pinto-Correia et  al. 2019; Sevil-
lano et  al. 2017): the intensification of agricultural 
practices such as mechanical shrub cleaning with 
deep ploughing, high livestock grazing pressure, 
localized prevalence of tree diseases and pests, shrub-
land encroachment in the most marginal conditions, 
increasing frequency and severity of droughts and 
soil degradation. The complexity of managing mon-
tado areas is also increasing by decision-making con-
flicts resulting from different stakeholder perspectives 
and governance strategies (Pinto-Correia et al. 2019; 

Pinto-Correia and Azeda 2017). Several policy instru-
ments influence the management and activities in the 
montado (Fatahi et al. 2026). However, they have top-
down character and single purpose focus (Plieninger 
et al. 2021) and thus, fail to consider its multi-func-
tional role. As a consequence, they can contribute to 
the lack of sustainability of numerous montados in 
the medium-term (Pinto-Correia and Azeda 2017). 
Therefore, the monitoring of the system essential 
to correctly inform public policies, design effec-
tive landscape management plans, foster restoration 
initiatives and conservation strategies. Tracking the 
changes occurring in the landscape, and specifically 
the montado progress or decline (trends and rates) is 
also instrumental to assess the effectiveness of ongo-
ing policies and environmental laws that directly or 
indirectly affect this valuable system.

The area covered with montado in Portugal 
has been assessed to cover a large area of 1.2 mil-
lion hectares (ha) in 2006, according to Godinho 
et  al. (2016d). However, the authors also revealed a 
reduction at an annual rate of 5624 ha from 1990 to 
2006. A literature review shows also a correspond-
ing decline registered at local case study level (e. g. 
Plieninger 2006; Plieninger and Schaar 2008), where 
fine scale variations are detected (Acácio et al. 2021; 
Costa et  al. 2010; van Doorn and Pinto-Correia 
2007). Several of the factors mentioned above have 
shown to have a significant relationship with this 
decline, in particular intensification of grazing and 
replacement of sheep by cattle. Since 2006, a few 
significant factors have shifted that may influence 
this declining trend: (1) the legislation to protect the 
montado areas has been strengthened—in 2004 a new 
law clarified and reinforced the protection of cork 
and holm woodlands covering a minimum area of 0.5 
hectares (Dec. Lei 155/2004); (2) rapid expansion of 
irrigated olive and almond groves in former montado 
areas, in between scattered oaks in low density mon-
tado areas (Morgado et al. 2022; Muñoz-Rojas et al. 
2024); and (3) further abandonment of marginal areas 
(Heider et al. 2021; Romero-Díaz et al. 2024; Suess 
et al. 2018).

The montado has been thoroughly studied in dif-
ferent aspects, from structural ones like genetics 
(Usié et  al. 2023), to more circumstantial ones like 
pests (Tiberi et  al. 2016), soil conditions and water 
balance, or economic viability (Fragoso et al. 2011), 
and recently on the policy tools that could support 
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the regeneration of the system (Guimarães et  al. 
2023; Pinto-Correia et  al. 2022a). A strong research 
focus has been put on biodiversity, management and 
long-term sustainability (Acácio et  al. 2010; Arosa 
et al. 2017; Chozas et al. 2022; Godinho and Rabaça 
2011; Pinto-Correia et  al. 2018; Plieninger et  al. 
2021; Simonson et  al. 2018). However, the study of 
the montado spatial variation has not continued so 
far. Such an assessment is crucial to properly moni-
tor the overall montado condition, evaluate possible 
causes of decline or regeneration, anticipate trends, 
and consequently design solutions in particular public 
policy interventions at the national level. It is essen-
tial to track the variations in its amount and spatial 
distribution through reliable mapping procedures, 
which identify the dynamics of the montado even 
within montado areas and patches. Due to the catego-
ries used in the currently available official land use/ 
landcover maps (COS and Corine Land cover) even a 
thorough analysis cannot show the fine grain dynam-
ics that are happening in the montado areas.

Remote sensing data (i.e. satellite images, aerial 
photographs) is highly suited for the regional assess-
ments of land use change (Acácio et al. 2021; Allen 
et al. 2018; Carreiras et al. 2006). From the available 
datasets, aerial photographs offer significant advan-
tages for mapping changes in the montado over large 
areas (e. g. Sevillano et al. 2017). These advantages 
stem from the high spatial resolution and detailed 
landscape information that they provide, allowing 
for comprehensive analysis of landscape features and 
changes across scales.

Aerial photographs can also support a variety of 
analytical techniques (Gennaretti et  al. 2011; Wentz 
et  al. 2006), including human interpretation, object-
oriented segmentation and automated methods such 
as neural network analysis. These techniques can be 
tailored to specific research needs, enhancing the 
versatility of aerial photographs for different types 
of landscape analysis and at different spatial scales 
(Acácio et al. 2021; Morais et al. 2023). On the other 
hand, the interpretation of aerial photographs requires 
expertise and can be time-consuming, particularly 
when dealing with historical images that may have 
varying quality and coverage. Despite these chal-
lenges, they enable detailed mapping of land-cover 
baselines and long-term changes, providing a valu-
able tool for the quantification of the change from one 
land-cover to another (Plieninger and Schaar 2008).

Therefore, the objectives of the work we show in 
this paper are to (i) apply a detailed spatial analysis 
to the montado area to reveal the spatial dynamics 
which the official registers and other national level 
assessments based on existing land cover maps, do 
not consider; (ii) conduct a comprehensive mapping 
of the montado land cover as in 2018 and evaluate the 
changes observed between 2006 and 2018 and, (iii) 
assess the spatial distribution of these changes, differ-
entiating the types of dynamics identified, either gain 
and loss categories. As referred above, the last spa-
tial assessment of the montado was for the period up 
to 2006. As for 2018, it was the last year of available 
aerial photographs covering the full extension of the 
montado in Portugal. These three objectives can be 
summarized into two main research questions:

How have the spatial extent and distribution of 
the montado in Portugal changed between 2006 and 
2018 based on a detailed land cover analysis? and 
What spatial dynamics (gains, losses, and patterns of 
change) characterize the montado landscape over this 
period?

Materials and methods

Study area

The study area comprised the region of southern Por-
tugal, which is predominantly covered by cork oak 
and holm oak montado (Godinho et al. 2016d; Pinto-
Correia 1993; Pinto-Correia et  al. 2011). This large 
region is mainly located south of the Tagus River, 
except for most of the southwestern and southern 
coastal areas (Fig. 1).

The montado area is based on the biogeographic 
boundaries drawn by Costa et al. (1998), which inte-
grate the information of vegetation (phytogeography), 
geomorphology, soil and bioclimate (Fig.  1). The 
often-poor soils of montado originate from palaeo-
zoic siliceous bedrock.

Data collection and montado map production

The montado baseline map of 2006 was sourced from 
the information published by Godinho et al. (2016d). 
This map has a minimum mapping unit of 25 hec-
tares and combined data from several data sources 
at different spatial scales: Corine Land Cover (scale 
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1:100,000), national land cover map (scale 1:25,000), 
Portuguese Forest Inventory (year 2005) and in a few 
specific areas, human interpretation of high resolution 
orthophotos (year 2005). For further details on the 
integration of these different data and the resulting 
map see Godinho et al. (2016d).

To obtain the montado cover map of 2018, we 
screened all the areas identified as montado in the 
baseline map (year 2006) and visually interpreted the 
overlayed aerial photos of 2018 (pixel size 25  cm, 
available at DGT (https://​carto​grafia.​dgter​ritor​io.​gov.​
pt/​wms/​ortos​2018?​servi​ce=​wms&​reque​st=​getca​pabil​
ities), using QGIS 3.28—Firenze (QGIS.org, 2022). 
We collected data for the montado change analysis 
by recording if the land use of each montado patch 
remained unchanged or shifted between the two time 
points, 2006 and 2018 (Fig. 2A). In the case of land 
use shift in only part of the patch, the perimeter of 
the remaining patch was re-drawn and updated to the 
2018 new boundary thus, excluding the lost mon-
tado areas (Fig. 2B). So, when changes affected only 
part of a patch, the altered area was delineated and 
assigned to the corresponding land-use category. 
However, in patches where multiple, spatially dis-
tinct changes occurred, each sub-area was deline-
ated and classified according to its specific land-use 
category shift. This patch-based and within-patch 

delineation approach enabled a more precise quan-
tification of land-use change by capturing fine-scale 
spatial heterogeneity. Moreover, by explicitly separat-
ing unchanged and shifting sub-areas within patches, 
we aimed to avoid double counting of changed areas. 
As a consequence, we also avoided the use of priority 
hierarchy in a montado patch subject to several non-
overlapping land use change processes, a common 
issue in land-change studies when spatial units are 
treated as homogeneous (Olofsson et al. 2014).

Land use changes that converted montado patches 
to other uses were categorized as installation of inten-
sive crops, wildfires, building of medium and small 
dams or plantations of trees. The visual cues used to 
differentiate each of these land use categories were 
as follows: 1—Intensive or permanent crops—regu-
lar patches (rectangular or circular) with even spac-
ing of vegetation and irrigation lines, included olive 
orchards, vineyards, central irrigation; 2—Clear-
ing in the montado—distinctly open areas without 
tree cover in 2018 but that had tree cover in 2006; 
3—Wildfire—presence of burnt vegetation, either 
trees, shrubs or grasses; the limits of these areas 
were cross referenced with the Portuguese wildfire 
data base available from ICNF. We considered wild-
fires between 2006 and 2018 with burnt area equal 
or larger than 100 hectares, (e. g. Bermudez et  al. 
2009, Ganteaume and Barbero 2019). 4 -Tree plan-
tation (Pine, Eucalyptus spp.)—even spacing of the 
trees lines following the terrain contour, stone pines 
show rounded tree crowns whereas Eucalyptus trees 
show pointed shape tree crowns and the plantations 
have a very high tree density, covering almost all plot 
area; 5—Dams—small and medium size earth barrier 
dams; 6—Buildings—houses and farm buildings; 7—
Scrubland—loss of tree cover while the undergrowth 
remained; 8—Solar plants—extensive area covered 
with solar panels. The ambiguous cases were resolved 
by consensus with more experienced co-authors. We 
also identified new areas of montado, mainly from 
the mature plantations of cork and holm oaks. To 
aid in the screening and photointerpretation of larger 
patches of montado, we used an auxiliary squared 
grid (100 m) to avoid image overlap in the analysis.

Uncertainty analysis of land‑use change

To assess the uncertainty land-use maps for 2006 
and 2018 produced by visual interpretation of 

Fig. 1   Study area—montado cover in southern Portugal. Map 
projection—ETRS89—TM06

https://cartografia.dgterritorio.gov.pt/wms/ortos2018?service=wms&request=getcapabilities
https://cartografia.dgterritorio.gov.pt/wms/ortos2018?service=wms&request=getcapabilities
https://cartografia.dgterritorio.gov.pt/wms/ortos2018?service=wms&request=getcapabilities
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aerial photographs we employed a bootstrap analy-
sis. Although photo-interpretation typically yields 
accurate delineation of land-use classes, spatially 
structured data of this kind can violate the assump-
tion of pixel independence, as land uses occur in 
contiguous patches where neighbouring pixels are 
likely autocorrelated. Treating pixels as independ-
ent observations in such contexts leads to underes-
timation of uncertainty in area estimates and change 
statistics (Legendre 1993; Dormann et  al. 2007; 
Olofsson et  al. 2014). Thus, to account for spatial 
autocorrelation, we quantified uncertainty in mon-
tado area differences between the two dates using 
a spatial block bootstrap approach (Lahiri 2013). 
This method also enabled us to assess the robust-
ness of the observed land-use changes by generating 
an empirical distribution of area change estimates 
under spatial resampling, without imposing para-
metric assumptions about the error structure of the 
maps.

Initially, we rasterized both montado land cover 
maps, 2006 and 2018, to a pixel size of 20  m and 
partitioned the study area into contiguous squared 
blocks of 1 km, which were resampled with replace-
ment to produce bootstrap replicates of the land-
scape (Efron and Tibshirani 1994). For each repli-
cate, randomly sampled blocks were reassembled 
to form a representation of the study area, from 
which the total area of montado was recalculated 
for each year. Pairwise differences in montado 
area between 2006 and 2018 were then computed 
across all replicates, resulting in an empirical dis-
tribution of land-use change estimates. Blocks were 
set to 1 km × 1 km — substantially larger than the 
20 m raster resolution, yet small enough to capture 
local landscape heterogeneity and to provide large 
number of resampling units across the study area. 
Selecting block sizes that exceed the range of spa-
tial autocorrelation reduces bias in uncertainty esti-
mates derived from spatially structured data (Lahiri 
2013). A total of 10,000 bootstrap iterations were 
performed, and the resulting empirical distribu-
tions were used to derive 95% confidence intervals 
for the observed differences in the area of montado 
between 2006 and 2018. All analyses were con-
ducted in R (version 4.5.2) using the packages terra, 
dplyr, and tidyr. The R code is available as supple-
mentary material.

Montado dynamics assessment

Spatial patterns of land transformation are useful 
not only to diagnose and understand past changes in 
the landscapes but also to predict future alterations. 
Given the functional and temporal continuity among 
the different types of dynamic it is possible to infer 
(or at least exert informed speculation) about the 
future, assuming the trend will continue. For exam-
ple, if two close patches are increasing in size, it is 
expected that they will merge into a single patch in 
the future.

A comparison between the two montado maps, 
that by themselves represent discrete snapshots, adds 
a temporal dimension which provides additional ana-
lytical and interpretative value. We used the LDT4Q-
GIS (Paixão and Machado 2023) to conduct this 
analysis, applying the LDT method developed by 
Machado et  al. (2018). The tool LDT4QGIS com-
pares binary layers or shapefiles of two time points 
and calculates the Types of Dynamics (ToD) that 
occurred in the time span between them. The differ-
ent ToD categories result from the combination of the 
variation of two metrics—land use area and number 
of patches (NP)—and therefore can be strictly related 
to area amount (gain or loss), strictly geometric (frag-
mentation or aggregation) or, more often, reflect both 
(fragmentation due to area loss, etc.). The analysis 
was conducted between two time points (montado 
cover shapefiles of 2006 and 2018) and using 5  km 
UTM quadrats as analytical units (AU) for a detailed 
mapping of the changes (option “Districts provided 
by user”). All patches smaller than 5000 square 
meters were discarded from the analysis to avoid spu-
rious and/or meaningless polygons resulting from 
geoprocessing operations. Additionally, the area dif-
ferences (variations from 2006 to 2018) smaller than 
1 ha in a 5 km UTM square, were re-classified as ToD 
A—No change. For the sake of an effective compari-
son with the map built by (Godinho et al. 2016d), the 
procedure was reproduced using 10 km UTM quad-
rats as AU (see maps in the Supplementary Mate-
rial). The QGIS Version used for this analysis was 
3.34.10-Prizren.

According to Forman (1995b), the transforma-
tion of a land type, or habitat in a decreasing trend 
(i.e., losing area), by natural or human causes, is a 
sequence of five spatial processes: perforation, dis-
section, fragmentation, shrinkage and attrition (or 
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disappearance). These processes overlap in time but 
peak in different phases of the overall change. Perfo-
ration—the process of making holes in a habitat or 
a land type (Forman 1995a) -, and dissection—sub-
dividing of an area using lines, usually peak at the 
start of the transformation process. Fragmentation—
breaking the patch into smaller, uneven patches—
and shrinkage—eduction of patch size—are more 
frequent in the middle phase, and attrition or disap-
pearance of patches, peaks near the end of the land 
transformation (Forman 1995b). Thus, by identifying 
the main spatial process or type of dynamic acting in 
an area, it is possible to determine which phase of the 
land transformation that area is subject to, making 
the analytic procedure more robust and more likely to 
produce concrete and actionable outputs.

Perforation analysis

The land transformation pattern “perforation” is par-
ticularly relevant in the early stage of habitat loss. 
Whether due to natural causes (e.g. storms, blow-
down clearings or tree death) or provoked by human 
activities (e.g. logging), once the habitat or land type 
is perforated, succeeding area losses have a higher 
probability of producing fragmentation. Because the 
process of montado degradation and area loss often 
involves concentrated tree mortality, resulting in the 
formation and enlargement of clearings in the mon-
tado patches (Godinho 2016b; Pinto-Correia et  al. 
2019), we separately calculated the total area and 
land use transitions associated to these perforations. 
We performed this specific analysis using the script 
Perforation.py from the LDT4QGIS tool (Paixão and 
Machado 2023).

Results

Montado cover of 2018

We estimate that the montado of 2018 covered 
1,189,390 hectares (ha) in southern Portugal (num-
ber of patches = 1707; mean patch size = 679  ha) 
(available from Marques et  al. 2025). Compared to 

the earlier estimate of 1,220,702 ha of 2006, accord-
ing to Godinho et  al. (2016d), this indicates that 
between 2006 and 2018 there was a reduction of the 
montado area by 31,312  ha (95% confidence inter-
val: 29,706–32,943 hectares). Thus, the area annual 
loss of montado is approximately 2610  ha (2609.3 
hectares/year), which amounts to an annual percent 
loss rate of 0.21% (95% CI 0.201–0.223% per year). 
Our mapping also shows that the loss of montado 
coverage is widespread and extends to large areas of 
southern Portugal (Fig.  2A). The areas of montado 
loss are almost continuous and more numerous in the 
eastern regions of the study area (central and northern 
Alentejo).

The montado area shifts were mainly caused 
by wildfires (approximately 70%), the opening or 
enlargement of clearings due to tree mortality or cuts 
(18%) and the installation of intensive crops such as, 
olive or almond groves and irrigated cereals (8.4%) 
(Table 1). Tree plantations (Eucaliptus spp. and pine 
trees), medium or small dams, and buildings contrib-
uted to a combined montado loss value lower than 
3.5%.

Types of dynamics in the montado

The areas of montado loss are almost continuous and 
more numerous in the eastern regions of the study 
area (central and northern Alentejo). The southern 
region shows a contrasting pattern: there are large 
areas that showed no change, but, on the other hand, 
many montado areas experienced dynamics of loss 
of montado patches, fragmentation of the patches or 
the reduction of patch area (Fig.  3). In fact, in the 
southernmost region there are two large areas where 
we observed patch disappearance or number of patch 
decrement by loss (dynamic H). Categories of gain 
dynamics were only identified in a few and scattered 
quadrats in the study region however, in two regions 
in central and northern Alentejo there was an increase 
in the number of patches by gain (dynamic F).

The type of dynamic of the montado areas assessed 
in UTM 5 km squares is shown in Fig. 4. A very high 
number of the quadrats had no change in the montado 
cover or these changes were less than 1 ha (ToD A; 
n = 558), whereas in a few areas (n = 13 quadrats), 
there was an increase on the number of patches of 
montado (ToD F) or aggregation by gain, only in 1 
quadrat (ToD G). It is noteworthy that we observed 

Fig. 2   A Montado cover in 2006 and 2018. B Inset shows the 
the montado change analysis performed. Map projection—
ETRS89—TM06

◂
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types of dynamics related to loss of montado cover-
age in almost 60% of the quadrats. Specifically, in 276 
squares there was a decrease of the patch size (ToD 
E), and in 410 quadrats this loss occurred with patch 
perforation (ToD E1) The two remaining categories 
of the decline dynamics of montado, fragmentation 
by loss (ToD I) and the reduction of the number of 
patches by loss (ToD H), were observed in 126 and 
35 quadrats, respectively.

Going beyond the quadrat analysis numbers and 
considering the areas involved, we observed that 
the fragmentation by loss was the dynamic that con-
tributed most to the decrease in montado cover, 
accounting for approximately 54% of the montado 
area lost (ToD I, Fig. 5). It was followed by perfora-
tion (E1, 21.9%), loss of patch area (ToD E, 14.5%) 
and a reduction in the number of patches associated 
to area loss (ToD H, 12.3%). The dynamics related 
to the increase in montado coverage—gain, increase 
in the number of patches or aggregation of patches 
by gain—accounted for very low area percentage 
changes, only 2.4% of the montado shifts.

Perforations in the montado

We observed that perforations are common and wide-
spread across the montado distribution area (Fig. 3). 
This early phase of transformation usually leads to 
further degradation and loss, requires tracking and 
close monitoring to correctly anticipate near future 
occurrences. The large contiguous regions showing 
perforation are in the eastern and central Alentejo. 
The transition areas for this dynamic are different 

from south to the central and northern regions. In the 
south, many areas with perforation are in the vicinity 
of areas with no change or where montado is absent. 
In contrast, in the central and eastern regions, perfo-
rations are interspersed within the montado areas that 
also show loss of patch area thus, indicating that these 
are critical areas of decline where multiple decline 
dynamics are at play, resulting in very large areas of 
montado loss.

The perforations in the montado were mostly 
due to changes to or induced by similar processes 
that occurred in the overall loss of montado cover 
(Table 2). The highest value was due to clearings in 
montado patches (approximately 67% of area loss in 
perforations) but, the impact of wildfires was also 
marked, accounting for approximately 19% of the 
perforation area. The installation of intensive/perma-
nent crops resulted in the conversion of more than 8% 
of the perforation total area.

Discussion

This study follows on previous research that track the 
montado cover and its transformation in the recent 
decades (e.g. Acácio et  al. 2017, 2021; Costa et  al. 
2009, 2010, 2011; Godinho et  al. 2016d; Plieninger 
2006). Our results reveal that the montado area con-
tinues the ongoing process of decrease; we observed 
a decrease of over 31,000 hectares between 2006 and 
2018, which results in an annual area loss of 2600 ha 
or 0.21% year−1. This annual rate is comparable to 
the range of montado loss values reported by other 
authors for previous periods, 0.16–0.22% year−1 for 
cork oaks and 0.26% year−1 for holm oaks (Costa 
et al. 2011) and 0.04–0.27% year−1 (Plieninger 2006). 
Nevertheless, there is a noticeable difference between 
the values we recorded between 2006 and 2018, and 
the montado annual loss of 5670  ha (0.43% year−1) 
reported for the same study region between 1990 and 
2006, according to Godinho et al. (2016d).

This marked decrease in the rate of loss is likely the 
result of multiple, complex, non-exclusive and inter-
connected factors. We propose four factors to explain 
this rate decrease, three contributing in an integrated 
fashion to the reported higher value of montado loss 
between 1990 and 2006 compared to recent times, 
and one factor that probably is linked to the decreas-
ing value observed between 2006 and 2018. First, we 

Table 1   Distribution of the shifts in montado coverage and 
losses between 2006 and 2018

Land use/process Area loss (ha) Coverage 
loss (%)

Wildfire 21,981.0 70.2
Opening/clearing 5636.2 18.0
Intensive/permanent crops 2630.2 8.4
Tree plantation (Pine, Eucalyp.) 688.9 2.2
Dams 156.6 0.5
Buildings 125.3 0.4
Scrubland 62.6 0.2
Solar plants 31.3 0.1
Total 31,312.1 100
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consider a potential overestimation effect of the pro-
cess in the previous time interval (1990–2006) due 
to the lower quality of the information available at 
the time, satellite images and CORINE Land Cover 
maps, compared to the higher spatial resolution and 
overall image quality of the aerial photographs used 
in this study. The aerial photographs enable a finer-
scale analysis, which is particularly needed in the 
uneven tree cover montado patches and fuzzy bound-
aries of the montado areas (Acácio et al. 2021; Costa 
et al. 2010; van Doorn and Pinto-Correia 2007). Sec-
ond, the higher impact of the tree cutting to build 
large infrastructures between 1990 and 2006, namely 
the Alqueva dam project, which closed the flood 
gates in 2002. This large dam affected more than 
25,000 hectares by tree cutting and shrub clearing in 
the flooded area alone but, its main impact occurred 
before our analysis time frame. The infrastructure 
project also integrated another large dam (Pedrógão), 
several smaller dams and an extensive network of 
canals. Also, during the previous period of analysis, 
the motorway from Lisbon to Spain was built, cross-
ing large montado areas along its route. Third, while 
in our results the wildfires were identified as the 
major factor for montado loss (Table 1), the previous 
wildfire seasons of 2003 to 2005 yielded much higher 
and record areas of montado areas affected. In fact, 
between 1990 and 2006 there were over 48,000 ha of 
burnt area in the Algarve hills (Moreira et  al. 2009; 
Silva and Catry 2006), while we observed a total of 
22,500 ha loss of montado due to wildfire from 2006 
until 2018, a value corresponding to less than 46% 
of the previous time period. More than the largest 
burned area, these fire seasons were characterized by 
large and extreme fires (Guiomar et  al. 2015; Silva 
and Catry 2006). Conversely, we consider that there 
was a marked change in the montado protection laws 
between the two time periods: the legislation protect-
ing the cork and holm oaks was strengthened in 2004 
(Law 155/2004), providing clearer definitions and 
aspects of its application. We argue that the stricter 
law has probably yielded better results since, how-
ever, the impact and effectiveness of policy measures 
are often difficult to evaluate.

Overall montado dynamics and associated drivers

The most predominant loss in the montado occurred 
in burned areas, while the second and third was 

attributed to openings and clearcuts, and to the instal-
lation of intensive permanent crops, respectively 
(Table 1). Overall, these three categories of landscape 
changes accounted for more than 96% of the montado 
loss (Table 1).

The effect of large wildfires—burnt area larger 
than 100 hectares -, regardless of their human or “nat-
ural” origin, is inherently a stochastic disturbance, 
characterized by random variation in timing, intensity 
(or severity), and spatial extent of the affected land-
scape (e. g. Fernández-Guisuraga et al. 2023). These 
characteristics likely have contributed to the unex-
pectedly severe impact that we found of the wildfires 
on the montado. Agroforestry or silvopastoral land 
use systems, such as montados and dehesas, are con-
sidered land use alternatives to reduce fire hazard at 
landscape scale (Bergmeier et  al. 2021; Damianidis 
et  al. 2021; Wolpert et  al. 2022), given the verti-
cal discontinuity between surface fuels and canopy 
fuels promoted by livestock grazing or annual crop 
production. The dominant trees species of montados, 
cork and holm oaks, developed several fire-resistant 
traits, such as thick bark (cork) and basal or epicor-
mic resprouting ability of burned trees (Pausas 2015; 
Pausas and Keeley 2017). However, the effect of the 
landscape (or the spatial distribution of vegetation 
fuels) on fire behaviour diminishes as fire-weather 
conditions worsen (Cruz et al. 2022). In fact, the 2003 
and 2004 wildfires occurred under extreme weather 
conditions (Trigo et al. 2006), thereby affecting land 
use systems that are less susceptible to fire, such as 
montados.

Our results show that a continuing and widespread 
loss of montado cover is occurring at a large spatial 
extent. Several authors have reported this trend and 
related it to the increasing vulnerability to climate 
and management factors. Camilo-Alves et  al. (2017) 
indicate a declining trend in the montado resilience to 
drought, driven by distinct physiological mechanisms 
responsible for either tree chronic decline or sudden 
death. Additionally, there are several contributing 
factors, which include overgrazing, soil compaction, 
a reduction in understory complexity, altered fire 
regimes, and the abandonment of traditional manage-
ment practices (e. g. Godinho et  al. 2016d). These 
processes compromise not only individual tree vital-
ity but also broader system functions such as nutrient 
cycling, microclimate regulation, and regeneration 
dynamics (Bugalho et al. 2011) and may contribute to 
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the long-term degradation process (Joffre et al. 1988; 
Plieninger et al. 2021).

The decline of the montado is particularly evi-
denced by the expanding presence and spatial distri-
bution of clearings across the landscape. Once scat-
tered and relatively contained, these open areas have 
grown in extent and now form a fragmented mosaic 
that disrupts the continuity of the woodland canopy 
(Godinho et al. 2016b). The clearings in the montado 
have been described from the early research focused 
on the decline of this agro-silvo pastoral system 
(Plieninger 2006). The clearings develop because of 
a decrease in tree cover that often is spatially con-
centrated coupled with a lack of tree regeneration. 
While cork and holm oak decline in vitality and death 
is caused by several factors: poor management of the 
grazing intensity, pests and diseases, low soil health 
and impacts of soil ploughing on tree roots (Acácio 
et al. 2021; Plieninger et al. 2021), these factors can 
also negatively impact the survival of treelets in the 
montado. Moreover, the harsher local soil conditions 
and less shaded areas in the tree and shrub clearings 
can decrease the survival of seedlings (Godinho et al. 
2016a) thus, hindering the tree re-colonization of the 
clearings. At the same time, less trees (or less veg-
etation in general) means lower soil protection, which 
increases erosion, and once the negative feedback 
loop is in place, it is much harder to restore the eco-
system’s balance. Most of the abovementioned fac-
tors derive or are influenced by the increasing aridity. 
Aridity expresses the relationship between precipita-
tion and evapotranspiration (acting as a proxy for tem-
perature) and, among other consequences, is directly 
relatable to drought events. Droughts are a “ramp”-
type disturbance (Nimmo et  al. 2015) that build up 
gradually, putting the system under pressure, until a 
rain event comes that is strong enough to provoke a 
relaxation in the disturbance that allow for at least a 
partial recovery. But other hidden effects can be at 
play besides the obvious immediate negative effect 
of droughts on the vegetation. According to Ramos 
et  al. (2015), long-term normal precipitation can be 
more important for phenology and productivity than 

concurrent precipitation, due to memory effect in the 
response of vegetation to climate—phenology may 
not follow promptly sudden changes (e.g. changes in 
precipitation patterns). The same study suggests that 
montado maintenance can become constrained bel-
low 600–650  mm which can be particularly alarm-
ing since cork and holm oak distribution in Portu-
gal greatly match the semi-arid zone that covers the 
southern part of the country.

Our results also reveal that the installation of 
annual crops in montado areas is a localized process 
and that accounted for a comparatively small area of 
loss. However, we registered locally the crop cultiva-
tion intensification identified long ago (Pinto-Correia 
1993). Indeed, conversion to annual crop farming 
has been pointed out as pressures—one of the five 
top pressures on montado/dehesa reference state as 
a result of land management actions—in a recent 
review of 128 studies (see Plieninger et al. 2021). We 
also observed a low overall value of montado area 
converted to buildings, dams, shrubland and solar 
farms. However, due to the ongoing societal demand 
for decarbonization of the economy, the area dedi-
cated to solar farms in the more marginal farmland as 
the one dedicated to silvo-pastoral systems is under 
growth already and will undoubtedly increase more in 
the future.

Spatial patterns of the montado transformation

While the analysis of type of dynamic of mon-
tado has been reported before for a smaller study 
area (Machado et  al. 2018), we have extended this 
assessment to the overall montado area of occur-
rence in southern Portugal. This assessment of the 
spatial transformation dynamic of the montado 
provides information on which phase of the land-
scape transformation the system is: early, middle or 
final phase (Forman 1995b). By analysing the spa-
tial distribution of each dynamic, from either loss 
or gain, we also identified which regions are in the 
initial phase or have progressed further in the trans-
formation of the montado. Our results show that 
the most frequent types of dynamics were related 
to loss: perforation, patch area loss and patch frag-
mentation by loss. Also, fragmentation by loss was 
the dynamic related to the higher percentage of 
area lost. Therefore, the montado shows signs of 
the first stage of the land transformation across the 

Fig. 3   Type of change dynamics of montado area between 
2006 and 2018 in 5  km squares (UTM). Perforation (E1) is 
widespread in the montado areas. Montado cover change val-
ues < 1 ha were reclassified to A—No Change. NP – Number 
of Patches. Map projection ETRS89 – TM06

◂
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whole coverage, i.e. widespread perforation (For-
man 1995a) but, the high area value of patch frag-
mentation also shows a progressing middle phase of 
the land transformation. Finally, we observed a few 
areas with concentration of loss of montado patches 
in the southernmost regions of the hills of Algarve 
and in the northern part of the study region. The 

transformation of these regions is particularly 
concerning given our minimum mapping unit of 
25 hectares; a decrease in the number of land-use 
patches typically signals the final phase of land-
scape transformation. (Forman 1995a). Therefore, 
we believe that the system montado is near the lim-
its of its sustainability in these marginal regions.

Fig. 4   Type of dynamic of montado between 2006 and 2018, summarized as number of 5 km UTM squares

Fig. 5   Montado area shifts (%) between 2006 and 2018 in southern Portugal. Area values were obtained from LDT4 except the per-
foration, which was computed using perforation.py script (see Materials and Methods)
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The importance of perforations

Although the importance of perforations in the deg-
radation of the montado has been evaluated before 
(Plieninger 2006), this was the first assessment of 
its role and impact at the broader scale. This may 
be a challenging spatial dynamic to track and moni-
tor because of the scattered trees characteristic of the 
montado, the slow change caused by clusters of dead 
standing trees, and the enlargement of the small clear-
ings. As mentioned above, the perforation of the mon-
tado is one of the early phases of the landscape trans-
formation process. These perforations tend to persist 
or increase their size also because the tree regenera-
tion is lower in open areas (Plieninger et  al. 2010), 
probably because of degradation of soil health due 
to soil erosion, the higher soil temperature and less 
favourable micrometeorological conditions (Godinho 
et al. 2016a). By analysing the perforation features we 
can have a much better understanding of what are the 
changes and drivers of the initial phase of the mon-
tado loss. Although there is a considerable overlap 
in the ranking between the processes and changes of 
the perforations and those of the overall change of the 
montado, in the perforations the higher impact cate-
gory was openings or clearings. Thus, it is likely that 
the impact of soil conditions, mobilization and health, 
the high grazing load and the diseases and pests con-
tributes decisively for most of the initial phase of 
transformation. It has been described that the man-
agement activities in the montados are strongly linked 
to their condition (Machado et al. 2018; Pinto-Correia 
and Azeda 2017; Plieninger 2006; Plieninger et  al. 

2021). Our results concur with this point of view and 
the management focused on tackling the montado loss 
drivers can reverse the decline of this system; several 
of these management factors are acting on the initial 
phase of the decline and on the subsequent phases 
(Pinto-Correia et al. 2022b). We argue that this analy-
sis can support and assist in the public policies aim-
ing to maintain and recover the montado.

Despite the advantages of the high spatial resolu-
tion (25 cm) of the aerial imagery used in the assess-
ment of montado cover changes here presented, our 
results can be subject to two important sources of 
uncertainty or biases. The process of visual interpre-
tation introduces observer-dependent bias, influenced 
by individual experience and assessment (Olofsson 
et  al. 2014). Although the visual interpretation was 
mainly performed by a single observer (JTM), differ-
ences in the interpretation of visual cues may affect 
the comparability of the results with other reports in 
the literature. To reduce the impact of this potential 
bias, there was a discussion and consensus process 
with more experienced co-authors, when ambiguous 
or doubtful areas were categorized. Secondly, tempo-
ral comparisons are sensitive to inconsistencies aris-
ing from variations in image characteristics, such as 
resolution and acquisition conditions. As we referred 
above, there are differences between the image data 
sources in quality or acquisition timing that supported 
the montado cover maps of 2006 and 2018. There-
fore, apparent changes in vegetation structure may 
not correspond to land use modifications but instead 
reflect methodological artefacts. This limitation 
may be more frequent when marking out the precise 
patches’ limits. Consequently, these limitations must 
be carefully considered when interpreting temporal 
patterns of montado degradation based on multi-date 
remote sensing imagery.

Going beyond the diagnosis, and trying to unveil 
future possibilities, it is relevant to consider that, 
assuming the current trend will continue (montado 
area loss) the dynamic E—Loss, and especially E1—
Perforation, are predecessors of I—fragmentation by 
loss, and H—number of patches decrement by loss. 
Despite the values associated with this system in 
terms of ecosystem services provided, and isolated 
essays from concerned producers to halt the decay (e. 
g. Guimarães et al. 2023), we have observed its con-
tinuing transformation into smaller, more fragmented 
and less connected montado patches. These resulting 

Table 2   Land uses observed in 2018 from perforations in 
montado areas of 2006

Land use/process Montado area 
loss (ha)

Perforation 
relative loss 
(%)

Opening/clearing 4246.73 66.96
Wildfire 1200.29 18.93
Intensive/permanent crops 546.79 8.62
Tree plantations 241.67 3.81
Buildings 42.84 0.68
Dams 28.70 0.45
Solar plant 25.66 0.40
Scrubland 9.46 0.15
Total 6342.15 100
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patches are considerably less resilient to the pressures 
they are facing (Machado et al. 2020). In a scenario 
of the continuation of the decline and pressures, exac-
erbated by the ongoing climate change, the evolving 
transformation will continue and may even accelerate.

Concluding remarks

This study provides a thorough spatially explicit, 
system-wide assessment of montado transformation 
dynamics across its full range in southern Portugal, 
building on and extending prior localized analyses. 
By integrating quantitative land cover change data 
with a spatial typology of transformation phases, our 
research offers a deeper understanding of where the 
montado stands within a broader degradation trajec-
tory, enabling to identify all the details of a frequently 
and continuously unseen process of decay. Impor-
tantly, it identifies perforation as an early but critical 
signal of systemic decline, demonstrating how local-
ized disturbances like wildfires interact with slow, 
cumulative pressures such as fragmentation and land-
use change. This approach not only clarifies the cur-
rent state of the montado but also improves our ability 
to anticipate and manage future risks to this vulner-
able socio-ecological system.

Our findings confirm the continued decline of 
the montado, though at a slower rate than in previ-
ous decades. Wildfire remains a driver of instant 
loss, revealing a growing system vulnerability, while 
gradual clearing formation contributes to widespread 
fragmentation. Spatial patterns show all phases of 
landscape transformation, with critical thresholds 
nearing in marginal regions. Perforations, as early 
signs of decline, signal continued fragmentation and 
reduced resilience if current trends persist.

Acknowledgements  The authors would like to thank Sérgio 
Godinho for support, advice and extensive discussions on the 
results and implications of the trends of the montado decline. 
JTM and NG would like to thank the continuous support of 
the MED project UIDB/05183 and UID/05183. The authors 
acknowledge the R&D unit MED—Mediterranean Institute 
for Agriculture, Environment and Development (https://​doi.​
org/​10.​54499/​UID/​05183/​2025) and the Associate Labora-
tory CHANGE—Global Change and Sustainability Institute 
(https://​doi.​org/​10.​54499/​LA/P/​0121/​2020).

Author Contribution  N. G., T.P–C. and J.T.M. conceived 
the research, J.T.M, R.M. and N. G. analysed the data. R.M. 
provided software. J.T.M., R.M. and N. G. wrote the main 
manuscript text. All authors reviewed the manuscript.

Funding  Open access funding provided by FCT|FCCN 
(b-on). JTM, NG and RM were funded by FCT under the 
Project UIDB/05183/2020 and UID/05183/2025; Portuguese 
FCT funds the R&D unit MED—Mediterranean Institute 
for Agriculture, Environment and Development (https://​doi.​
org/​10.​54499/​UID/​05183/​2025) and the Associate Labora-
tory CHANGE—Global Change and Sustainability Institute 
(https://​doi.​org/​10.​54499/​LA/P/​0121/​2020).

Data availability  The data collected are available as open 
data via the Zenodo online data repository at: Marques, J. T., 
Guiomar, N., Pinto-Correia, T., Machado, R., Godinho, S. 
(2025). *Montado_land_cover_2018* (Version 1.0.0) [Data-
set]. Zenodo. https://​doi.​org/​10.​5281/​ZENODO.​14899​824

Declarations 

Conflict of interest  The authors declare no competing inter-
ests.

Open Access   This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Acácio V, Holmgren M, Moreira F, Mohren GMJ (2010) Oak 
persistence in mediterranean landscapes: the combined 
role of management, topography, and wildfires. Ecol Soc 
15(4):40. https://​doi.​org/​10.​5751/​ES-​03740-​150440

Acácio V, Dias FS, Catry FX, Rocha M, Moreira F (2017) 
Landscape dynamics in Mediterranean oak forests under 
global change: understanding the role of anthropogenic 
and environmental drivers across forest types. Glob 
Change Biol 23(3):1199–1217. https://​doi.​org/​10.​1111/​
gcb.​13487

Acácio V, Dias FS, Catry FX, Bugalho MN, Moreira F 
(2021) Canopy cover loss of Mediterranean oak wood-
lands: long-term effects of management and climate. 
Ecosystems 24(7):1775–1791. https://​doi.​org/​10.​1007/​
s10021-​021-​00617-9

Allen H, Simonson W, Parham E, Santos EDBE, Hotham P 
(2018) Satellite remote sensing of land cover change in a 
mixed agro-silvo-pastoral landscape in the Alentejo. Port 
Int J Remote Sens 39(14):4663–4683. https://​doi.​org/​10.​
1080/​01431​161.​2018.​14400​95

https://doi.org/10.54499/UID/05183/2025
https://doi.org/10.54499/UID/05183/2025
https://doi.org/10.54499/LA/P/0121/2020
https://doi.org/10.54499/UID/05183/2025
https://doi.org/10.54499/UID/05183/2025
https://doi.org/10.54499/LA/P/0121/2020
https://doi.org/10.5281/ZENODO.14899824
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5751/ES-03740-150440
https://doi.org/10.1111/gcb.13487
https://doi.org/10.1111/gcb.13487
https://doi.org/10.1007/s10021-021-00617-9
https://doi.org/10.1007/s10021-021-00617-9
https://doi.org/10.1080/01431161.2018.1440095
https://doi.org/10.1080/01431161.2018.1440095


Agroforest Syst (2026) 100:188	 Page 15 of 17  188

Vol.: (0123456789)

Arosa ML, Bastos R, Cabral JA, Freitas H, Costa SR, Santos M 
(2017) Long-term sustainability of cork oak agro-forests 
in the Iberian Peninsula: a model-based approach aimed at 
supporting the best management options for the montado 
conservation. Ecol Model 343:68–79. https://​doi.​org/​10.​
1016/j.​ecolm​odel.​2016.​10.​008

Bergmeier E, Capelo J, Di Pietro R, Guarino R, Kavgacı 
A, Loidi J, Tsiripidis I, Xystrakis F (2021) ‘Back to the 
Future’—Oak wood-pasture for wildfire prevention in the 
Mediterranean. Plant Sociol 58(2):41–48. https://​doi.​org/​
10.​3897/​pls20​21582/​04

Bermudez PDZ, Mendes J, Pereira JMC, Turkman KF, Vas-
concelos MJP (2009) Spatial and temporal extremes of 
wildfire sizes in Portugal (1984–2004). Int J Wildland Fire 
18(8):983–991. https://​doi.​org/​10.​1071/​WF070​44

Bugalho MN, Caldeira MC, Pereira JS, Aronson J, Pausas JG 
(2011) Mediterranean cork oak savannas require human 
use to sustain biodiversity and ecosystem services. Front 
Ecol Environ 9(5):278–286. https://​doi.​org/​10.​1890/​
100084

Camilo-Alves CS, Vaz M, Da Clara MIE, Ribeiro NMDA 
(2017) Chronic cork oak decline and water status: new 
insights. New for 48(6):753–772. https://​doi.​org/​10.​
1007/​s11056-​017-​9595-3

Carreiras JMB, Pereira JMC, Pereira JS (2006) Estimation 
of tree canopy cover in evergreen oak woodlands using 
remote sensing. For Ecol Manage 223(1–3):45–53. 
https://​doi.​org/​10.​1016/j.​foreco.​2005.​10.​056

Chozas S, Tapia S, Palmeirim J, Alegria C, Correia O 
(2022) Small rocky outcrops: natural features to pro-
mote biodiversity in oak wood-pastures. Appl Veg Sci 
25(1):e12634. https://​doi.​org/​10.​1111/​avsc.​12634

Costa A, Pereira H, Madeira M (2009) Landscape dynamics 
in endangered cork oak woodlands in Southwestern Por-
tugal (1958–2005). Agrofor Syst 77(2):83–96. https://​
doi.​org/​10.​1007/​s10457-​009-​9212-3

Costa A, Pereira H, Madeira M (2010) Analysis of spa-
tial patterns of oak decline in cork oak woodlands in 
Mediterranean conditions. Ann for Sci 67(2):204–204. 
https://​doi.​org/​10.​1051/​forest/​20090​97

Costa A, Madeira M, Lima Santos J, Oliveira Â (2011) 
Change and dynamics in Mediterranean evergreen oak 
woodlands landscapes of Southwestern Iberian Penin-
sula. Landsc Urban Plan 102(3):164–176. https://​doi.​
org/​10.​1016/j.​landu​rbplan.​2011.​04.​002

Costa JC, Aguiar C, Capelo J, Lousã M and Neto C (1998). 
Biogeografia de Portugal continental. Quercetea, 0, 
5–56.

Cruz MG, Alexander ME, Fernandes PM (2022) Evidence for 
lack of a fuel effect on forest and shrubland fire rates of 
spread under elevated fire danger conditions: Implica-
tions for modelling and management. Int J Wildland Fire 
31(5):471–479. https://​doi.​org/​10.​1071/​WF211​71

Damianidis C, Santiago-Freijanes JJ, den Herder M, Burgess 
P, Mosquera-Losada MR, Graves A, Papadopoulos A, 
Pisanelli A, Camilli F, Rois-Díaz M, Kay S, Palma JHN, 
Pantera A (2021) Agroforestry as a sustainable land use 
option to reduce wildfires risk in European Mediterranean 
areas. Agrofor Syst 95(5):919–929. https://​doi.​org/​10.​
1007/​s10457-​020-​00482-w

Dormann CF, McPherson JM, Araújo MB, Bivand R, Bolliger 
J, Carl G, Wilson R (2007) Methods to account for spa-
tial autocorrelation in the analysis of species distributional 
data: a review. Ecography. https://​doi.​org/​10.​1111/j.​2007.​
0906-​7590.​05171

Efron B, Tibshirani R (1994) An introduction to the bootstrap. 
Chapman & Hall

Fatahi N-E, Pinto-Correia T, Costa Freitas MDB, Marques JT, 
Belhouchette H (2026) Adapting mediterranean agrofor-
estry to global change: trade-offs and lessons from the 
Montado. Sustainability 18(6):2725. https://​doi.​org/​10.​
3390/​su180​62725

Fernández-Guisuraga JM, Martins S, Fernandes PM (2023) 
Characterization of biophysical contexts leading to severe 
wildfires in Portugal and their environmental controls. Sci 
Total Environ 875:162575. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2023.​162575

Ferraz-de-Oliveira MI, Azeda C, Pinto-Correia T (2016) Man-
agement of Montados and Dehesas for high nature value: 
an interdisciplinary pathway. Agrofor Syst 90(1):1–6. 
https://​doi.​org/​10.​1007/​s10457-​016-​9900-8

Fonseca AMP, Marques CAF, Pinto-Correia T, Guiomar N, 
Campbell DE (2019) Emergy evaluation for decision-
making in complex multifunctional farming systems. 
Agric Syst 171:1–12. https://​doi.​org/​10.​1016/j.​agsy.​2018.​
12.​009

Forman RTT (1995a) Land mosaics: the ecology of landscapes 
and regions. Cambridge University Press

Forman RTT (1995b) Some general principles of landscape 
and regional ecology. Landscape Ecol 10(3):133–142. 
https://​doi.​org/​10.​1007/​BF001​33027

Fragoso R, Marques C, Lucas MR, Martins MB, Jorge R 
(2011) The economic effects of common agricultural pol-
icy on Mediterranean montado/dehesa ecosystem. J Policy 
Model 33(2):311–327. https://​doi.​org/​10.​1016/j.​jpolm​od.​
2010.​12.​007

Ganteaume A, Barbero R (2019) Contrasting large fire 
activity in the French Mediterranean. Nat Hazard 
19(5):1055–1066

Gennaretti F, Ripa MN, Gobattoni F, Boccia L, Pelorosso R 
(2011) A methodology proposal for land cover change 
analysis using historical aerial photos. J Geogr Reg Plan 
4(9):542–556

Godinho C, Rabaça JE (2011) Birds like it Corky: the influ-
ence of habitat features and management of ‘montados’ in 
breeding bird communities. Agrofor Syst 82(2):183–195. 
https://​doi.​org/​10.​1007/​s10457-​010-​9345-4

Godinho S, Gil A, Guiomar N, Costa MJ, Neves N (2016a) 
Assessing the role of Mediterranean evergreen oaks can-
opy cover in land surface albedo and temperature using 
a remote sensing-based approach. Appl Geogr 74:84–94. 
https://​doi.​org/​10.​1016/j.​apgeog.​2016.​07.​004

Godinho S, Gil A, Guiomar N, Neves N, Pinto-Correia T 
(2016b) A remote sensing-based approach to estimating 
montado canopy density using the FCD model: a contri-
bution to identifying HNV farmlands in southern Portu-
gal. Agrofor Syst 90(1):23–34. https://​doi.​org/​10.​1007/​
s10457-​014-​9769-3

Godinho S, Guiomar N, Gil A (2016c) Using a stochastic 
gradient boosting algorithm to analyse the effective-
ness of Landsat 8 data for Montado land cover mapping: 

https://doi.org/10.1016/j.ecolmodel.2016.10.008
https://doi.org/10.1016/j.ecolmodel.2016.10.008
https://doi.org/10.3897/pls2021582/04
https://doi.org/10.3897/pls2021582/04
https://doi.org/10.1071/WF07044
https://doi.org/10.1890/100084
https://doi.org/10.1890/100084
https://doi.org/10.1007/s11056-017-9595-3
https://doi.org/10.1007/s11056-017-9595-3
https://doi.org/10.1016/j.foreco.2005.10.056
https://doi.org/10.1111/avsc.12634
https://doi.org/10.1007/s10457-009-9212-3
https://doi.org/10.1007/s10457-009-9212-3
https://doi.org/10.1051/forest/2009097
https://doi.org/10.1016/j.landurbplan.2011.04.002
https://doi.org/10.1016/j.landurbplan.2011.04.002
https://doi.org/10.1071/WF21171
https://doi.org/10.1007/s10457-020-00482-w
https://doi.org/10.1007/s10457-020-00482-w
https://doi.org/10.1111/j.2007.0906-7590.05171
https://doi.org/10.1111/j.2007.0906-7590.05171
https://doi.org/10.3390/su18062725
https://doi.org/10.3390/su18062725
https://doi.org/10.1016/j.scitotenv.2023.162575
https://doi.org/10.1016/j.scitotenv.2023.162575
https://doi.org/10.1007/s10457-016-9900-8
https://doi.org/10.1016/j.agsy.2018.12.009
https://doi.org/10.1016/j.agsy.2018.12.009
https://doi.org/10.1007/BF00133027
https://doi.org/10.1016/j.jpolmod.2010.12.007
https://doi.org/10.1016/j.jpolmod.2010.12.007
https://doi.org/10.1007/s10457-010-9345-4
https://doi.org/10.1016/j.apgeog.2016.07.004
https://doi.org/10.1007/s10457-014-9769-3
https://doi.org/10.1007/s10457-014-9769-3


	 Agroforest Syst (2026) 100:188188  Page 16 of 17

Vol:. (1234567890)

application in southern Portugal. Int J Appl Earth Obs 
Geoinf 49:151–162. https://​doi.​org/​10.​1016/j.​jag.​2016.​02.​
008

Godinho S, Guiomar N, Machado R, Santos P, Sá-Sousa P, 
Fernandes JP, Neves N, Pinto-Correia T (2016d) Assess-
ment of environment, land management, and spatial varia-
bles on recent changes in Montado land cover in southern 
Portugal. Agrofor Syst 90(1):177–192. https://​doi.​org/​10.​
1007/​s10457-​014-​9757-7

Guimarães MH, Pinto-Correia T, De Belém Costa Freitas M, 
Ferraz-de-Oliveira I, Sales-Baptista E, Da Veiga JFF, 
Marques JT, Pinto-Cruz C, Godinho C, Belo ADF (2023) 
Farming for nature in the Montado: The application of 
ecosystem services in a results-based model. Ecosyst Serv 
61:101524. https://​doi.​org/​10.​1016/j.​ecoser.​2023.​101524

Guiomar N, Godinho S, Fernandes PM, Machado R, Neves 
N, Fernandes JP (2015) Wildfire patterns and landscape 
changes in Mediterranean oak woodlands. Sci Total Envi-
ron 536:338–352. https://​doi.​org/​10.​1016/j.​scito​tenv.​2015.​
07.​087

Heider K, Rodriguez Lopez JM, Balbo AL, Scheffran J (2021) 
The state of agricultural landscapes in the Mediterranean: 
smallholder agriculture and land abandonment in ter-
raced landscapes of the Ricote Valley, southeast Spain. 
Reg Environ Change 21(1):23. https://​doi.​org/​10.​1007/​
s10113-​020-​01739-x

Joffre R, Vacher J, de los Llanos C, Long G (1988) The dehesa: 
An agrosilvopastoral system of the Mediterranean region 
with special reference to the Sierra Morena area of Spain. 
Agrofor Syst 6(1):71–96. https://​doi.​org/​10.​1007/​BF023​
44747

Lahiri SN (2013) Resampling methods for dependent data. 
Springer Science & Business Media

Legendre P (1993) Spatial autocorrelation: trouble or new par-
adigm? Ecology 74:1659–1673. https://​doi.​org/​10.​2307/​
19399​24

Machado R, Godinho S, Pirnat J, Neves N, Santos P (2018) 
Assessment of landscape composition and configura-
tion via spatial metrics combination: conceptual frame-
work proposal and method improvement. Landsc Res 
43(5):652–664. https://​doi.​org/​10.​1080/​01426​397.​2017.​
13367​57

Machado R, Godinho S, Guiomar N, Gil A, Pirnat J (2020) 
Using graph theory to analyse and assess changes 
in Mediterranean woodland connectivity. Land-
scape Ecol 35(6):1291–1308. https://​doi.​org/​10.​1007/​
s10980-​020-​01014-8

Marques JT, Guiomar N, Pinto-Correia T, Machado R, and 
Godinho S (2025). Montado_land_cover_2018 (Version 
1.0.0) . Zenodo. https://​doi.​org/​10.​5281/​ZENODO.​14899​
824

Morais TG, Domingos T, Teixeira RFM (2023) Semantic seg-
mentation of Portuguese agri-forestry using high-reso-
lution orthophotos. Agronomy. https://​doi.​org/​10.​3390/​
agron​omy13​112741

Moreira F, Catry F, Duarte I, Acácio V, Silva JS (2009) A 
conceptual model of sprouting responses in relation to 
fire damage: an example with cork oak (Quercus suber 
L.) trees in Southern Portugal. Plant Ecol 201(1):77–85. 
https://​doi.​org/​10.​1007/​s11258-​008-​9476-0

Morgado R, Ribeiro PF, Santos JL, Rego F, Beja P, Moreira F 
(2022) Drivers of irrigated olive grove expansion in Medi-
terranean landscapes and associated biodiversity impacts. 
Landsc Urban Plan 225:104429. https://​doi.​org/​10.​1016/j.​
landu​rbplan.​2022.​104429

Muñoz-Rojas J, Guiomar N, Pereda IG, and Pinto-Correia T 
(2024). Historical and social insights into the olive groves 
and landscapes in Alentejo (Portugal): trajectories of 
change and sociocultural perceptions. In Muñoz-Rojas 
J, and García-Ruiz R (Eds), The olive landscapes of the 
mediterranean: key challenges and opportunities for their 
sustainability in the early XXIst century (pp. 281–290). 
Springer Nature Switzerland. https://​doi.​org/​10.​1007/​978-
3-​031-​57956-1_​27

Nimmo DG, Mac Nally R, Cunningham SC, Haslem A, Ben-
nett AF (2015) Vive la résistance: reviving resistance for 
21st century conservation. Trends Ecol Evol 30(9):516–
523. https://​doi.​org/​10.​1016/j.​tree.​2015.​07.​008

Olofsson P, Foody GM, Herold M, Stehman SV, Woodcock 
CE, Wulder MA (2014) Good practices for estimating 
area and assessing accuracy of land change. Remote 
Sens Environ 148:42–57. https://​doi.​org/​10.​1016/j.​rse.​
2014.​02.​015

Paixão L, Machado R (2023) LDT4QGIS: an open-source 
tool to enhance landscape analysis. Eco Inform 
75:102073. https://​doi.​org/​10.​1016/j.​ecoinf.​2023.​
102073

Paracchini M-L, Petersen J-E, Hoogeveen Y, Bamps C, Bur-
field I, Van SC (2008) High nature value farmland in 
Europe—an estimate of the distribution patterns on the 
basis of land cover and biodiversity data. JRC Publ Repos. 
https://​doi.​org/​10.​2788/​8891

Pausas JG (2015) Bark thickness and fire regime. Funct Ecol 
29(3):315–327. https://​doi.​org/​10.​1111/​1365-​2435.​12372

Pausas JG, Keeley JE (2017) Epicormic resprouting in fire-
prone ecosystems. Trends Plant Sci 22(12):1008–1015. 
https://​doi.​org/​10.​1016/j.​tplan​ts.​2017.​08.​010

Pinto-Correia T (1993) Threatened landscape in Alentejo, Por-
tugal: the ‘montado’ and other ‘agro-silvo-pastoral’ sys-
tems. Landsc Urban Plan 24(1):43–48. https://​doi.​org/​10.​
1016/​0169-​2046(93)​90081-N

Pinto-Correia T, Azeda C (2017) Public policies creating ten-
sions in Montado management models: insights from 
farmers’ representations. Land Use Policy 64:76–82. 
https://​doi.​org/​10.​1016/j.​landu​sepol.​2017.​02.​029

Pinto-Correia T, Ribeiro N, Sá-Sousa P (2011) Introducing the 
montado, the cork and holm oak agroforestry system of 
southern Portugal. Agrofor Syst 82(2):99–104. https://​doi.​
org/​10.​1007/​s10457-​011-​9388-1

Pinto-Correia T, Guimarães MH, Moreno G, Acosta R (2022b) 
Governance for Mediterranean Silvopastoral Systems: 
Lessons from the Iberian Dehesas and Montados. Rout-
ledge, UK

Pinto-Correia T, Guiomar N, Ferraz-de-Oliveira MI, Sales-
Baptista E, Rabaça J, Godinho C, Ribeiro N, Sá Sousa P, 
Santos P, Santos-Silva C, Simões MP, Belo ADF, Cata-
rino L, Costa P, Fonseca E, Godinho S, Azeda C, Almeida 
M, Gomes L, Vaz M (2018) Progress in Identifying High 
Nature Value Montados: Impacts of Grazing on Hard-
wood Rangeland Biodiversity. Rangeland Ecol Manag 

https://doi.org/10.1016/j.jag.2016.02.008
https://doi.org/10.1016/j.jag.2016.02.008
https://doi.org/10.1007/s10457-014-9757-7
https://doi.org/10.1007/s10457-014-9757-7
https://doi.org/10.1016/j.ecoser.2023.101524
https://doi.org/10.1016/j.scitotenv.2015.07.087
https://doi.org/10.1016/j.scitotenv.2015.07.087
https://doi.org/10.1007/s10113-020-01739-x
https://doi.org/10.1007/s10113-020-01739-x
https://doi.org/10.1007/BF02344747
https://doi.org/10.1007/BF02344747
https://doi.org/10.2307/1939924
https://doi.org/10.2307/1939924
https://doi.org/10.1080/01426397.2017.1336757
https://doi.org/10.1080/01426397.2017.1336757
https://doi.org/10.1007/s10980-020-01014-8
https://doi.org/10.1007/s10980-020-01014-8
https://doi.org/10.5281/ZENODO.14899824
https://doi.org/10.5281/ZENODO.14899824
https://doi.org/10.3390/agronomy13112741
https://doi.org/10.3390/agronomy13112741
https://doi.org/10.1007/s11258-008-9476-0
https://doi.org/10.1016/j.landurbplan.2022.104429
https://doi.org/10.1016/j.landurbplan.2022.104429
https://doi.org/10.1007/978-3-031-57956-1_27
https://doi.org/10.1007/978-3-031-57956-1_27
https://doi.org/10.1016/j.tree.2015.07.008
https://doi.org/10.1016/j.rse.2014.02.015
https://doi.org/10.1016/j.rse.2014.02.015
https://doi.org/10.1016/j.ecoinf.2023.102073
https://doi.org/10.1016/j.ecoinf.2023.102073
https://doi.org/10.2788/8891
https://doi.org/10.1111/1365-2435.12372
https://doi.org/10.1016/j.tplants.2017.08.010
https://doi.org/10.1016/0169-2046(93)90081-N
https://doi.org/10.1016/0169-2046(93)90081-N
https://doi.org/10.1016/j.landusepol.2017.02.029
https://doi.org/10.1007/s10457-011-9388-1
https://doi.org/10.1007/s10457-011-9388-1


Agroforest Syst (2026) 100:188	 Page 17 of 17  188

Vol.: (0123456789)

Integr Soc-Ecol Approaches Silvopastoralism 71(5):612–
625. https://​doi.​org/​10.​1016/j.​rama.​2018.​01.​004

Pinto-Correia T, Muñoz-Rojas J, Thorsøe MH, Noe EB (2019) 
Governance discourses reflecting tensions in a multifunc-
tional land use system in decay; tradition versus moder-
nity in the Portuguese Montado. Sustainability 11(12):12. 
https://​doi.​org/​10.​3390/​su111​23363

Pinto-Correia T, Ferraz-de-Oliveira I, Guimarães MH, Sales-
Baptista E, Pinto-Cruz C, Godinho C, Santos RV (2022a) 
Result-based payments as a tool to preserve the High 
Nature Value of complex silvo-pastoral systems: Progress 
toward farm-based indicators. Ecol Soc. https://​doi.​org/​10.​
5751/​es-​12973-​270139

Plieninger T (2006) Habitat loss, fragmentation, and alteration 
– quantifying the impact of land-use changes on a Spanish 
Dehesa landscape by use of aerial photography and GIS. 
Landscape Ecol 21(1):91–105. https://​doi.​org/​10.​1007/​
s10980-​005-​8294-1

Plieninger T, Rolo V, Moreno G (2010) Large-scale patterns of 
quercus ilex, quercus suber, and quercus pyrenaica regen-
eration in central-Western Spain. Ecosystems 13(5):644–
660. https://​doi.​org/​10.​1007/​s10021-​010-​9345-2

Plieninger T, Schaar M (2008) Modification of land cover in a 
traditional agroforestry system in Spain: processes of tree 
expansion and regression. Ecol Soc 13(2):art25. https://​
doi.​org/​10.​5751/​ES-​02521-​130225

Plieninger T, Flinzberger L, Hetman M, Horstmannshoff I, 
Reinhard-Kolempas M, Topp E, Moreno G, Huntsinger 
L (2021) Dehesas as high nature value farming systems: 
a social-ecological synthesis of drivers, pressures, state, 
impacts, and responses. Ecol Soc. https://​doi.​org/​10.​5751/​
ES-​12647-​260323

Ramos A, Pereira MJ, Soares A, do Rosário L, Matos P, Nunes 
A, Branquinho C, Pinho P (2015) Seasonal patterns 
of Mediterranean evergreen woodlands (Montado) are 
explained by long-term precipitation. Agric Forest Mete-
orol 202:44–50. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2014.​
11.​021

Romero-Díaz A, Pérez-Morales A, Marín-Sanleandro P (2024) 
Prevalence, causes, and consequences of agricultural land 
abandonment: a case study in the Region of Murcia. Spain 
CATENA 241:108071. https://​doi.​org/​10.​1016/j.​catena.​
2024.​108071

Sevillano EH, Contador JFL, Pulido M, Schnabel S (2017) 
Spatial patterns of lost and remaining trees in the Iberian 
wooded rangelands. Appl Geogr 87:170–183. https://​doi.​
org/​10.​1016/j.​apgeog.​2017.​08.​011

Silva JS, Catry F (2006) Forest fires in cork oak (Quercus suber 
L.) stands in Portugal. Int J Environ Stud 63(3):235–257. 
https://​doi.​org/​10.​1080/​00207​23060​07208​29

Simonson WD, Allen HD, Parham E, De Basto E, Santos E, 
Hotham P (2018) Modelling biodiversity trends in the 
montado (wood pasture) landscapes of the Alentejo. Por-
tugal Landscape Ecol 33(5):811–827. https://​doi.​org/​10.​
1007/​s10980-​018-​0627-y

Suess S, Van Der Linden S, Okujeni A, Griffiths P, Leitão PJ, 
Schwieder M, Hostert P (2018) Characterizing 32 years of 
shrub cover dynamics in southern Portugal using annual 
Landsat composites and machine learning regression 
modeling. Remote Sens Environ 219:353–364. https://​doi.​
org/​10.​1016/j.​rse.​2018.​10.​004

Tiberi R, Branco M, Bracalini M, Croci F, Panzavolta T (2016) 
Cork oak pests: a review of insect damage and manage-
ment. Ann for Sci 73(2):219–232. https://​doi.​org/​10.​1007/​
s13595-​015-​0534-1

Trigo RM, Pereira JMC, Pereira MG, Mota B, Calado TJ, 
Dacamara CC, Santo FE (2006) Atmospheric conditions 
associated with the exceptional fire season of 2003 in Por-
tugal. Int J Climatol 26(13):1741–1757. https://​doi.​org/​10.​
1002/​joc.​1333

Usié A, Serra O, Barros PM, Barbosa P, Leão C, Capote T, 
Almeida T, Rodrigues L, Carrasquinho I, Guimarães JB, 
Mendoça D, Nóbrega F, Egas C, Chaves I, Abreu IA, 
Saibo NJM, Marum L, Varela MC, Matos J, Ramos AM 
(2023) An improved reference genome and first orga-
nelle genomes of Quercus suber. Tree Genet Genomes 
19(6):54. https://​doi.​org/​10.​1007/​s11295-​023-​01624-8

van Doorn A, Pinto-Correia T (2007) Differences in land 
cover interpretation in landscapes rich in cover gradi-
ents: reflections based on the montado of South Portu-
gal. Agrofor Syst 70:169–183. https://​doi.​org/​10.​1007/​
s10457-​007-​9055-8

Wentz EA, Stefanov WL, Gries C, Hope D (2006) Land use 
and land cover mapping from diverse data sources for an 
arid urban environments. Comput Environ Urban Syst 
30(3):320–346. https://​doi.​org/​10.​1016/j.​compe​nvurb​sys.​
2004.​07.​002

Wolpert F, Quintas-Soriano C, Pulido F, Huntsinger L, 
Plieninger T (2022) Collaborative agroforestry to mitigate 
wildfires in Extremadura, Spain: land manager motiva-
tions and perceptions of outcomes, benefits, and policy 
needs. Agrofor Syst 96(8):1135–1149. https://​doi.​org/​10.​
1007/​s10457-​022-​00771-6

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.rama.2018.01.004
https://doi.org/10.3390/su11123363
https://doi.org/10.5751/es-12973-270139
https://doi.org/10.5751/es-12973-270139
https://doi.org/10.1007/s10980-005-8294-1
https://doi.org/10.1007/s10980-005-8294-1
https://doi.org/10.1007/s10021-010-9345-2
https://doi.org/10.5751/ES-02521-130225
https://doi.org/10.5751/ES-02521-130225
https://doi.org/10.5751/ES-12647-260323
https://doi.org/10.5751/ES-12647-260323
https://doi.org/10.1016/j.agrformet.2014.11.021
https://doi.org/10.1016/j.agrformet.2014.11.021
https://doi.org/10.1016/j.catena.2024.108071
https://doi.org/10.1016/j.catena.2024.108071
https://doi.org/10.1016/j.apgeog.2017.08.011
https://doi.org/10.1016/j.apgeog.2017.08.011
https://doi.org/10.1080/00207230600720829
https://doi.org/10.1007/s10980-018-0627-y
https://doi.org/10.1007/s10980-018-0627-y
https://doi.org/10.1016/j.rse.2018.10.004
https://doi.org/10.1016/j.rse.2018.10.004
https://doi.org/10.1007/s13595-015-0534-1
https://doi.org/10.1007/s13595-015-0534-1
https://doi.org/10.1002/joc.1333
https://doi.org/10.1002/joc.1333
https://doi.org/10.1007/s11295-023-01624-8
https://doi.org/10.1007/s10457-007-9055-8
https://doi.org/10.1007/s10457-007-9055-8
https://doi.org/10.1016/j.compenvurbsys.2004.07.002
https://doi.org/10.1016/j.compenvurbsys.2004.07.002
https://doi.org/10.1007/s10457-022-00771-6
https://doi.org/10.1007/s10457-022-00771-6

	Spatiotemporal analysis of montado land cover dynamics in southern Portugal: the influence of anthropogenic and natural disturbances
	Abstract 
	Introduction
	Materials and methods
	Study area
	Data collection and montado map production
	Uncertainty analysis of land-use change
	Montado dynamics assessment
	Perforation analysis


	Results
	Montado cover of 2018
	Types of dynamics in the montado
	Perforations in the montado


	Discussion
	Overall montado dynamics and associated drivers
	Spatial patterns of the montado transformation
	The importance of perforations

	Concluding remarks

	Acknowledgements 
	References




