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▪ #1. Biomass accumulation under forest cover 
▪ #2. Fire risk modeling
▪ #3. Fire damage modeling
▪ #4. Fire behaviour modeling
▪ #5. Optimizing time-scaling fuel treatments
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|  Introduction

I. Reviewing the evidence  



I. BACKGROUND  

Wilfires have a substantial impact on forest landscape composition and
constrain the economic viability

Understanding wildfire behavior first at stand-level and landscape-level is
critical to address wildfire impacts in Portuguese forest management
planning
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425,000 ha

I. BACKGROUND  

❑ Increase in the no. and area

fo forest fires over the last

three decades

❑ Over 3.8 x 106 ha (40%  

of the country’s territory

was burned by wildfires)

Year 2016 = 155,000 ha



I. EVIDENCE

(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3631631/)

Five types of Fire regimes ("pyromes") at International level (1997-2010) 

➢ RIL type [rare–intense–large ]: high-intensity, larger fires = Portugal (Green)   
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I. EVIDENCE

Three factors comprise the 
fire behavior triangle : 
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❑ the area’s topography

❑ weather conditions

❑ the amount of fuel
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We can lower fire risk and

wildfire damage by

removing or reducing fuels

in strategic locations…



How proper management can potentially change fire behavior, 
fire damage and the difficulty of fire suppression?

Ideas

Problems

challenges
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I. MOTIVATION : AIMS ?
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Provide forest managers, policy makers with tools to support their
decisions, and more effectively align management policies, plans, and
practices across fire-prone landscapes

Fire
Occurence

Fire
effects

Stand 
structure

Fire
behavior



II. Objectives  
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II. Developing wildfire risk probability models for Eucalyptus 
globulus stands in Portugal

I. A model of shrub biomass accumulation as a tool to 
support management of Portuguese forests

III. Modelling post-fire damage and tree mortality in forest stands 
in Portugal. A forest planning-oriented model

Phase I | Portugal mainland  



II. Objectives
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V. Optimizing time-scaling fuel treatments in eucalyptus
plantation in Portugal

IV. Coupling fire behaviour modelling and stand
characteristics to assess and mitigate fire hazard in
Portuguese Forest

Phase II: specific case studies 
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|  Biomass accumulation

I. A model of shrub biomass accumulation 
under tree cover
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2.1| Shrub biomass accumulation under forest cover   

. 

421 NFI plots with forest cover

1995-1998 NFI :102 stands 

2005-2006 NFI : 319 stands
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▪ W : shrub biomass (Mg ha-1);

▪ Resp : resprout percentage (%);

▪ G : stand basal area (m2 ha-1);

▪ T: annual mean temperature (ºC);

▪ t: shrub age

➢ numbers of years between
the occurrence of the last fire
or the plantation of stand and
the inventory measurement
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W =(32.72 - 0.239 * resp-0.1528 * G) * (1-exp(-(0.00108 * resp+0.00249 *T)*t)

❑higher values of G and percentage of resprouters, 
the total amount of shrub biomass decreased  

Variables descriptions

2.2| Shrub biomass accumulation under forest cover  
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▪ Bio1, Bio2 : shrub biomass at times
t1 and t2(Mg ha-1);

▪ Resp : resprout percentage (%);

▪ G1, G2 : stand basal area (m2 ha-1)
at t1 and t2(Mg ha-1);

▪ slope (%);

▪ T: mean annual temperature (ºC);
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Variables descriptions

2.3| Shrub biomass accumulation under forest cover  

Difference equation form: Application

when age at time t1 is known
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|  Fire Risk

II. An annual wildfire risk probability model for 
pure and even-aged eucalypt stands
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Pure and even-aged eucalypt stands

835 NFI plots

Sub-set Burnt Plots (red): 107

3.1| Probability of wildfire risk occurence

Fire perimeters > 5 ha during two periods (1997 – 2004 and 2005 – 2007)

Stand-scale level information
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• Biomass load

1.2| Modeling biomass accumulation 

Non-linear regression Wshrub =  (shrubs , biometric, environmental)

Stand-scale level information

3.2| Probability of wildfire risk occurence

Evaluation of biometric 

stand’s variables 

Wildfire Perimeters

1998 – 2004

2005-2007

Inventory plots

3rd NFI 1995/98

5 th NFI 2005/06 

Dependent variable: 
occurrence of fire (1 = 
burnt, 0= unburnt plot)1.1| Modeling Fire Probability

Simulating stand growth

(When the year of the inventory was not the same as the year of the wildfire

occurrence)

• Biometric variables (Growth models, e.g: Globulus)

Unburned plots
Burned plots

Logistic regression

Pfire = ( biometric , shrubs biomass, environmental , socioeconomic )

Evaluation proximity of 

fire ignition  

ArcGIS overlay 

Evaluation of landsat 

images 
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(PROC Logistic, SAS 9.1 )

)RoadDist.Biomass.G/dg.+ Hdom..(e
PburnEc

53720395903166005400400551

1
++−−−+

=





=

=

kmIfRoadDist

kmIfRoadDist

1ceRoadDistan1

1ceRoadDistan0

Botequim et al. 2013

3.3| Probability of wildfire risk occurence

Annual Probability of wilfire occurency 

➢ easily obtainable by forest inventories or forest simulators 

Hdom : Dominant stand height (m)

Biom : the total biomass of shrubs load (Mg ha-1),

The predictor G/dg is non-linearly related to the
number of trees per hectare G: basal area (m2 ha-

1); dg : quadratic mean diameter of trees (cm)

RoadDist: is a dummy variable indicating the 
proximity to the road network. if the 
distance to the network is less than 1 km, 
RoadDist takes the value “0” otherwise it 
takes the value “1”.
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Altitude:  217 m

Slope:  11.5º

Annual precipitation: 650mm

Shrubs biomass: 50% resprouters

1250 trees 

Cutting cycles: 10 years

Rotation (n): 3 

Cleanning : 1 or 2 per rotation
The annual fire occurence probability in a
pure even-aged eucalypt stand ranged from:

➢0% e 0.2% if cleaned once in every
cutting cycle

➢0 % a 0.04% if fuel treatments are
prescribed to occur twice every cutting
cycle

3.4| Probability of wildfire risk occurence

Eucalypt stands: Application



Technical University of Lisbon

The Institute of Agronomy of Lisbon

|  Fire effects

III. A post-fire model at stand level and the 
individual tree survival probability to mitigate 

damage in any forest stand structure 
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Management-oriented post-fire 
mortality stand-level models
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4.1 |Fire damage models

Post fire inventory considered

measurement of biometric variables

Measurement of fire effect characteristics

degree of stump destruction

burned stump height

burned canopy height



Technical University of Lisbon

The Institute of Agronomy of Lisbon

Burnt plots: burnt  stump (a); burnt Pinus pinaster stands (b)
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Burnt plots: pine stand burnt with low severity (c); high severity damage in

a pinus stand (d).
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4.2|Fire damage models

Fire perimeters >5ha in the period 2006-2008

241 burnt plots

38NFI +2013 non NFI

Inventoried trees = 2520 (1905 dead trees)
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4.3|Fire damage models

three-step modelling strategy (Logistic Regression) 



Management-oriented post-fire mortality stand-level models

#1. Predict whether mortality will occur in a stand after wildfire

#2. Proportion of trees that died in stands where mortality did occur (0≤Pr≥1)

#3. Probability of a tree to die if fire occurs 
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4.4|Calculate the impact of wildfires
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Management-oriented post-fire mortality tree-level



• 0 ≤ Pcover type ≤1, proportion of cover type in the stand 
PBr : proportion of broadleaves (“0” indicating no presence and “1” indicating that stand 
is purely occupied by broadleaves 
PEc : proportion of eucalypt
PC : proportion of conifers

The predictor G/dg is non-linearly related to the number of trees per hectare 
G: basal area (m2 ha-1); dg : quadratic mean diameter of trees (cm)

N: number of trees per hectare

The predictor Sd/dg expresses the relative variability of tree diameters

▪ sd : the standard deviation of trees’ diameters at breast height (cm)

▪ AVGdbh the mean tree diameter at breast height of the stand (cm) 

▪ Alt: altitude (m); Slope : declive (º) 

[tree level ]
Broad, Con, Ec, Oak : dummy variable to identify presence of cover type (Take value “1” when 
the tree is from one of the cover types)

18

Variables descriptions

4.5|Calculate the impact of wildfires
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4.6|Calculate the impact of wildfires
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➢ The probability of death to occur is smaller in 
Eucalypt stands and higher in conifer stands when 
compared to the broadleaves For a stand located:  
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Stand – level models : Application

➢ Pure stands of broadleaves exhibits a noticeably higher fire 
resistance than mixed stands of broadleaves and others 

species composition. 
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4.7|Calculate the impact of wildfires
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Tree– level model : Application

➢ Trees with higher BAL and less basal area are more prone to die if a wildfire occurs

1st2nd

3rd 4th

less resistant 

Most resistant 
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|  Fire Behavior

IV. A model to quantify the potential crown fire 
occurrence  and difficulty of fire suppression for 
a mosaic of forest stands



5.1|Fire Behaviour Models

Vale de sousa (Vsousa)

❑ A mixed Forest with multiple non-industrial 
private forest owners in the North 

▪ Q. suber, Q. robur, Q. faginea, Fagus sylvatica, 
P.pinaster, P. pinea, E. globulus

▪ ( 12308 ha)

Mata Nacional de Leiria (MNL) 

❑ A maritime pine public forest in the Centre 

▪ Pinus pinaster  Ait (10 881 ha) 

“ Globland Area” (Glob)

❑ A group of pulp mills‘ properties where 
eucalypt is predominant

▪ Eucaliptus globulus ( 11882 ha)

31

Biometric variables from 
2504 inventories plots 
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INPUT
OUTPUT

5.2| Compute Fire Behavior 

Meteorological 

scenarios

Forest

characteristics

Topography FlamMap

Average

Fire behavior 

characteristics

Moderate

Critical

Fuel Model

Crown Fire

Surface fire

Canopy 

Inital Input 

Step 1. 

Fire simulator

Output 

(intermediate results)

Wind speeds

 (10, 20, 40 km/h)

Slope, aspect, altitude



5.3|Vegetation data

33Surface fuel models calibrated to Portugal

Area Fuel Model Description References

MNL

PPIN-05 Mature P.pinaster plantation Cruz , M. 2005

F-PIN Pinus pinaster litter

Fernandes et al., 2009
M-PIN P. pinaster litter and understorey

V-MAb
Small (< 1 m) Erica, Ulex ou Pteropartum tridentatum 
shrubland 

Globland

M-EUC E. globulus litter and understorey

Fernandes et al., 2009 M-EUCd E. Globulus with descontiinuous surface fuel model

V-MAb Mato baixo (< 1 m) de urze, tojo ou carqueja

Vale do 
Sousa

M-CAD Broadleave evergreen 

Fernandes et al., 2009
Cruz, M. 2005

M-EUC E. globulus litter and understorey

M-PIN P. pinaster litter and understorey

V-Hb Herbaceous understory(< 0,5 m)

V-MAb
Small (< 1 m) Erica, Ulex ou Pteropartum tridentatum 
shrubland 

V-MH Young shrubs and grassland

V-MMa
Tall (> 1 m) Q. coccifera, Cistus ladanifer and Cytisus triatus 
and others mediterranean  shrubs
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Crown Bulk Density (CBD,kg/m3)

Stand height (Hdom,m)

Crown Base Height (CBH, m) 

obtained with specific models 
from Mediterranean’s species 

34

Forest Canopy characteristics 

5.4|Vegetation data



ALTITUDE SLOPE ASPECT
VSOUSA

MNL

GLOB

5.4| Input fire simulator



OUTPUTS DATA

Wildfire spread parameters:
❑ Rate of Spread (m/min or feet per hour)

❑ Fireline intensity  (kw/m)
(i.e., how hot it burns and how long its flame is)

Potential occurence of crown Fire:
❑ Surface

❑ Passive

❑ Active 

36
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Maps of specific elements of each fire were produced

5.5| Output fire simulator
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MNL landscapeINPUT : initial landscape data

OUTPUT:  fire behavior characteristics     

+ + + + + + + 

+ 
BIOMETRIC STAND VARIABLES

+ 

Critical Scenario:
4% Humidity * 40 km/h wind speed

Tree density (N, Nº trees per ha) 
Basal area (G, m2/ha 
Quadratic mean diameter in the stand (Dg, m) 
Dominant height (Hdom, m)

5.6| Combine landscape layers

37



5.7|combine Landscape Layers

38
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5.8. |MODELLING PROCEDURES : Logistic Regression

39

I. Binary Logistic Regression

▪ JMP (SAS) version 8.0

Critical scenario 

Two different models depending on the 

available variables :

Predict crown fire occurence 
(PfCrown)

Y=1 (Probability of crown fire ocurrence)

Models type I: based on simulator input
data : slope, Hdom, Crown base height,
Fuel model, canopy cover

Models type II: based on easily available
inventory data : aspect, Fuel model, basal
area (G), density (N) , quadratic mean
diameter (Dg), stucture (G/Dg), Hdom (m)

Critical scenario
4% Humidity * 40 km/h wind speed
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Using easily measurable stand characteristics 

Dummy variable

Fmodel type Fmodel 

Mpin_Vmab 1 (Shrub)

Ppin_Fpin 0 (Litter)

)+++( 3210e1

1
area basal HdomFmodel

PfCrownII
−

+
=

Predict potential crown fire occurrence

Fmodel: “0” indicating that is dominated by “litter” and “1” 
indicating that is commonly occupied by “shrubs”

(Eq.3)

5.9|crown Fire Occurrence

(Botequim et al. …) 

Botequim, B., Fernandes, P., Garcia-Gonzalo, J., Silva, A., Borges, J. Coupling fire

behaviour modelling and stand characteristics to assess and mitigate fire hazard

in a maritime pine landscape in Portugal (under review)

Model type II

40



Pfcrownx :Predict potential 
crown fire occurrence
. 

Significance level  p<0,05  
ROC curve:

Eq.3= 0.997 
Eq.4= 0.993 
Eq.5= 0.979
. 

The models give a reasonable characterization of the crown fire activity  
for use in fire management applications

Model type II Forest owners

5.10|Crown fire occurrence

(Botequim et al. …) 
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5.11| Modelling Procedures: CART
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Critical scenario
4% Humidity * 40 km/h wind speed

2. DIFFICULTY OF FIRE SUPRESSION

(adapted from Alexander & Lanoville, 1989)

▪ ILC < 500 (Low)

▪ 500 <ILC< 2000 (Moderate)

▪ 2000 <ILC< 4000 (Hight)

▪ > 4000 (Very Hight)

▪ > 4000 active (Extreme)

II. CLASSIFICATION TREE ANALYSIS

1. FYRE ACTIVITY

❑ surface,

❑passive,

❑active crown fire
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1. Surface (pink)
2. Passive crown fire (green)
3. Active crown fire (blue)

Mata Nacional Leiria 

Crown base height 

Crown bulk density

Fuel model 

Percentagem de coberto 

▪ Illustration of fire behavior according the effect of changes in fuel characteristics with different stand structures

5.12| Fire Activity (CART) 

(Botequim et al. …)
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Increase the canopy base heightReduce surface fuels

Reduce surface fuelsDecrease stand density

CBH < 7 m
CBD < 0,101 kg/m3

Fmodel: Litter
SURFACE FIRE 

CBH < 6 m
CBD ≥ 0,101 kg/m3

Fmodel: Sbrubs 
ACTIVE CROWN FIRE

CBH < 7 m
CBD < 0,101 kg/m3

Fmodel : Shrubs 
PASSIVE CROWN FIRE

CBH ≥ 7 m
CCover < 33%  

ACTIVE CROWN FIRE

CBH≥ 7 m
CCover ≥ 33%

SURFACE FIRE

5.13| Fire behaviour models (application)

Botequim, B., Fernandes, P., Garcia-Gonzalo, J., Silva, A., Borges, J. Coupling fire

behaviour modelling and stand characteristics to assess and mitigate fire hazard

in a maritime pine landscape in Portugal (under review)
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FIRE DANGER CLASS

Low: FLI < 500 kw/m 

Moderate: 500 <FLI < 2000 kw/m 

High: 2000 <FLI< 4000 kw/m

Very high:   FLI > 4000 kw/m

Extreme:  FLI > 4000 kw/m active 

DIFICCULTY OF FIRE SUPRESSION  ACTIVITIES 

Possibility of direct attack on the head or
flanks of the fire with hand tools

Water use or burnout operations are
necessary. Ground supression is effective

Aerial means are necessary for direct
attack on the head fire

Direct attack is possible only with heavy
aerial means. Ground supression crews are
forced to fight the flanks and rear of the
fire. Spotting is expected.

Spotting induces rapid rate of spread.
Direct attacks on the head fire is
ineffective. Ground crews are forced to
fight the flanks and rear of the fire.(adapted from Alexander & Lanoville, 1989)

5.14|Difficulty of fire suppression
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1. Low (pink)

2. Moderate (Green)

3. Hight (Blue)

4. Very hight (Brown)

5. Extreme (Red)
Fuel models

Crown base height

Canopy cover

▪ Stands with litter in the understory, crown base height <11m and canopy cover <66% are more

likely to moderate fire suppression (88,6%).

5.15|difficulty of fire suppression

(Botequim et al. …)
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|  Fuel treatments locations

VI. Optimizing time-scaling fuel treatments in 
eucalyptus plantation in Portugal
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Where to treat?
When to treat? 
How should be applied? 
Shape and size?

6.1. Optimizing time-scaling
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Optimize fuel treatments locations to disrupt fire spread when 
protecting eucalyptus areas

meeting economic, ecological and fire prevention criteria over time 
2015-2018-2021-2024

❑ Four time periods :
❑ 2015 (t=0), 
❑ 2018 (t=1), 
❑ 2021 (t=2) 
❑ 2024 (t=3). 

6.2|Optimizing time-scaling

Set of different stages of eucalyptus plantations in 

Serra do Socorro.
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Property (≈ 174 ha Ec
from gPS).

6.3|Serra do Socorro (Torres Vedras)
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II. Calculate fire behaviour characteristics (ROS & FL metrics)
(FlamMap)

I. Assess Fuel Dynamic Trends
(Growth and Yield model, Dynamic fuel population)

(Web – Globulus/Globulus 3.0) 

III. Explore optimal configurations for fuel treatments 
(LTD New version) 

6.4| three step methodology
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6.5| three step methodology
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I. Fuel Dynamic Trends

Driven by: 
✓Environmental-climatic
✓Stand characteristics 
(management) 
✓Biometric data

Outputs with:
➢Biometric variables (input 
FlamMap by canopy eq.)
➢Dominant Height
➢Wood volume and total 
biomass 

I.I Growth and Yield model (Globulus 3.0., Tomé et al. 2006)
Simulating stand level growth

❑ Understory growth was only consider in terms of fuel type change 
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I. Dynamic fuel population

The fuel model type and CC change over time due to planting
operations, harvesting, and vegetation regrowth and thus was
correspondingly altered.

Followed :
✓Identification fuel model key 
(Fernandes et al., 2009)
✓Fuel load characterisation 
✓Expert knowledge from the mill´s 
pulp and paper company

➢Outputs:
➢Fuel model type
➢CC percentage

I. Fuel Dynamic Trends
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II. Fire Behaviour Characteristics

(Finney 2003)

FireGlobulus project January 2015

✓LCP file
✓Fuel and canopy cover
✓Canopy characteristics: CBD, CBH
✓DTM

✓7% fuel moisture content
✓Wind data-32km/h and 320º
✓Fuel custom type

➢Fire behaviour metrics

Inputs: fire environment
fuel&weather&topography

Outputs
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gPS EU farms

Ager et al 2012

III. Explore optimal levels for fuel treatments

Total area treated 
(budget constrain=70ha)

Max timber 
volume and 

carbon storage
fire characteristics (FL >1.5m and 

ROS>10m/min)

prioritization of project areas for fuel treatments 
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Ager et al 2012

Ager, A.A.; Vaillant, N.M.; McMahan, A. 2013. Restoration of fire in managed forests: a 

model to prioritize landscapes and analyze tradeoffs. Ecosphere 4:art29.

III. Explore optimal levels for fuel treatments
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Optimazing young
plantations

vs 
mature stands

|Assessing strategic fuel location 70 ha / non-aggregate

❑ Ranking of projects in term of maximizing objectives subject to treatment area constrains and 
ROS and FL thresholds

6.6| Results 
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Optimazing young
plantations

vs 
mature stands

|Assessing strategic fuel location 70 ha / non-aggregate

6.7| Results 

❑ Ranking of aggregated treatment plans – treatment to build large patches
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| Some considerations …

| Take home messages 
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Forest 

Inventory

wildfire 
occurrence 
detection 

timber 
salvage 

estimation

Crown fire
detection

Fire
suppresion

Did mortality
occur?

Level of
mortality?

How many
dead trees?

Phase I & Phase II 

Optimize fuel levels of treatment locations

❑Our research is in line with principles of Fire-Resistant Forests

Instrumental for innovative and effective integration of
forest and fire management activities and are valuable to
address the most important forest catastrophic event in
portugal
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Obrigada pela vossa atenção...
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