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Influence of potential climate change on forest
landscape dynamics of west-central Alberta

C. Li, M.D. Flannigan, and |.G.W. Corns

Abstract: Changes in climatic conditions may influence both forest biomass accumulation rates and natural disturbance
regimes. While changes in biomass accumulation of forests under various climatic conditions have been described by
yield equations, large uncertainties exist with regard to disturbance regimes. Under the doubling carbon diexide sce
nario, global warming impacts have been predicted from simulation results of the first generation of coupled global cli
mate model (CGCMI). The calculated fine fuel moisture code (FFMC) distribution from the simulation results showed

a one-point increase compared with the distribution under current climate conditions. The impact of predicted changes
in FFMC distributions on fire disturbance patterns, forest volume, and landscape structure was investigated by using the
spatially explicit model for landscape dynamics (SEM-LAND). The simulation results showed increases in fire distur
bance frequency and decreases in forest volume. The simulations also showed decreases in landscape fragmentation anc
landscape diversity, whereas total availability of core habitat for wildlife increased.

Résumé: Les changements dans les conditions climatiques peuvent influencer le taux d’accumulation de biomasse fo
restiere et le régime de perturbations naturelles. Alors que les variations dans I'accumulation de biomasse dans les fo
réts soumises a des conditions climatiques variées ont été décrites par des équations de rendement, il existe de
sérieuses incertitudes quant au régime de perturbations. Considérant le scénario qui fait doubler la quantité de dioxyde
de carbone, les impacts du réchauffement global ont été prédits a partir des résultats du modéle climatique global de
premiére génération. La distribution de I'indice du combustible léger calculé a partir de la simulation montre une aug-
mentation d’'un point comparativement a la distribution qui correspond aux conditions climatiques actuelles. Limpact
des changements prédits dans la distribution de I'indice du combustible 1éger sur les patrons de perturbation par les
feux, le volume de bois et la structure du paysage, a été étudié a l'aide d’'un modele (SEM-LAND) de la dynamique

du paysage explicite du point de vue spatial. Les résultats de la simulation montrent une augmentation de la fréquence
des perturbations dues au feu et une diminution du volume de bois. Les résultats de la simulation montrent aussi une
diminution dans la fragmentation et la diversité du paysage, tandis que la disponibilité totale d’habitats fauniques en
forét profonde a augmenté.

[Traduit par la Rédaction]

Introduction (1991) observed that reduced drought frequency caused a

Vari dicti £ 5 . h der th 34% decrease in fire frequency during 1870-1989 than the
arious predictions of fire regime changes under the po, oqqging 74 years. Bergeron and Flannigan (1995) predicted
tential climate change scenarios have been reported in ﬂ%at under climate change the average fire weather index
literature. Under the projected global warming for the nexteyyy would increase over western Canada but decrease
century, fire frequency may increase (e.g., Clark 1988). Iy, o ‘eastern Canada. Regions with increased and decreased
Canada, fire seasonal severity rating may increase by 469

) ) Is were also found over large regions of the Northern
(Flannigan and Van Wagner 1991), and fire season lengt isph for th Elanni |1
may increase 28 or 29 days (Wotton and Flannigan 1993); in emisphere for the next century (Flannigan et al. 1998).

the United States, lightning fire ignitions may increase 44% These predictions were obtained mainly through twe ap

area burned may increase 78% (Price and Rind 1994) ar}tyoaches. One is historical data analysis, in which historical

frequent small fires may appear in Some ecosystems (Swetnarrﬁcords of fire occurrence are stratified by warm and cool

1993). Stocks et al. (1998) also predicted large increases ip]eriods and fire frequency is then calculated for these differ

the areal extent of extreme fire danger in Canada and Russ%[1t climatic regimes. However, .SUCh f'r.e freqqency estimates
are dependent upon the sampling design during the compila

under a 2 x CQclimate scenario. On islands on Lac Duparquet.; Lo X
in the southern boreal forest of Quebec, however, Bergero on of historical fire records (Johnson and Gutsell 1994).
he other approach is modeling of changes in potential fire

behavior using simulation results of general circulation mod
els (GCMs). However, the interaction between fire distur
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conditions (Li et al. 1999). The rate of forest biomass accu0.25, 5, and 25 kg/A respectively. The three fuel moisture
mulation is affected by weather conditions, so climatecontent codes, especially the FFMC, are important in-esti
change will influence forest productivity directly. As cata mating the instantaneous rate of fire spread (ROS) at a given
strophic disturbances, forest fires create new patches gpoint, and the ROS is one of the primary products of the Ca
landscapes and interrupt normal processes of forest biomasgadian forest fire behavior prediction system (FBP) (For
accumulation. Since fire behavior is largely determined byestry Canada Fire Danger Group 1992; Hirsch 1996).
weather conditions, any changes in climate would probablyVithout a wind effect, a fire will spread in all directions
alter the general pattern of fire disturbances. Therefore, cliwith the same speed, and would result in a circular fire
mate change could alter existing fire disturbance patternshape on level terrain.

and, thus, influence forest biomass accumulation in ar-indi  When wind is present, however, a fire will have a higher
rect way. rate of spread in the downwind direction than in other direc

This paper attempts to address the question of how foregitons, which typically results in an elliptical fire shape {Al
landscapes could be altered by potential climate change scexander 1985). Alexander (1985) then proposed a simplified
narios, by bringing the studies of the dynamics of forest bio empirical approach where the length/breadth ratio of an el
mass and fires together. Our efforts were mainly to explordiptical fire shape was assumed to be proportional to wind
the landscape consequences of the two processes interactisygeed when the fuel type is homogeneous. This method ade
with each other under the influences of different weathemuately describes wind effects on fire shape but is less-capa
conditions. We shall present a brief overview on descriptorble of estimating the details of fire behavior within an
of Canadian forest fire danger rating system (CFFDRS) irelliptical fire shape. The inclusion of forest age as a factor
relation to weather conditions, as well as the first-generatioraffecting probability of fire spread may provide a more real
coupled global climate model (CGCMI) and a model experi istic estimation of final fire shape than the one offered by the
ment that provided the description of potential fire behaviorfixed elliptical fire shape assumption (Li and Apps 1995; Li
under a climate-change scenario. The results were then used al. 1997; Li 2000). The ROS will vary according to fuel
as input information of a spatially explicit model for forest type. A total of 16 discrete fuel types were identified in the
landscape dynamics (SEM-LAND) that enabled us to ex+BP system and organized into five major groups: conifer-
plore the potential forest landscape dynamics. The modeabus, deciduous, mixedwood, slash, and open. The calcula-
validation and sensitivity analysis of the SEM-LAND has tion of the ROS is then based on the fuel type, and the ROS
been summarized in Li (2000). is a key factor that determines fire intensity. Therefore, a
spatially heterogeneous distribution of fuel type may con-
tribute to the nonuniformly distributed fire intensity across a
landscape.

It has been widely recognized that fire behavior could be In summary, one can calculate fire behavior potential
altered under various climatic conditions. Empirical databased on these physical relationships, with appropriate input
have shown a general pattern that frequent small fires weref weather conditions. The weather conditions under the sce-
more frequent under dry and warm climate conditions,hario of climate change (expressesl 2 x CQ) can be ob-
whereas less frequent but more widespread fires occurrei@ined from running GCMs.
during wet and cool periods (e.g., Clark 1988; Swetnam
1993). Exceptions were also observed, such as the study @fanadian GCM and simulated FFMC distribution
Bergeron (1991) mentioned at the beginning of this paper. One of the Canadian GCMs is a first-generation coupled
Bergeron and Flannigan (1995) further predicted differenglobal climate model, often called CGCMI. It is a coupled
scenarios for eastern and western Canada by calculating tl@mosphere—ocean model with a transform grid spacing of
FWI. The assumptions for this approach include that3.75 x 3.75° and full diurnal and annual cycles (Flato et al.
(i) weather conditions will influence the probability of fire 2000). The model is a transient GCM model, i.e., the model
ignition; (ii) wind conditions will influence the process of output is available at times betwed x CO, and 2 x CQ.
fire spread; ifi) weather conditions will change the moisture The spatial resolution of this GCM is about 400 km, which
content of fuel; andi¢) the potential fire behavior is core means topographical features like the Rocky Mountains are
lated to the level of fuel moisture content. The first three as not resolved well. This simulation is not a forecast but rather
sumptions have been widely tested in fire behavior studiess a possible outcome. Despite the shortcomings of GCMs
and the fourth assumption may still need to be further investhey are one of the best tools in assessing the impacts-of cli
tigated, because the potential fire behavior might also be inmatic change.
fluenced by other factors such as the spatial configuration of We used this model to estimate fire weather conditions
different fuels and the presence of fire ignition sources.  under tle 2 x CQ scenario: the mean temperature change

for west-central Alberta (our study area, see the next section)
Canadian forest fire behavior increases by 3-4°C, and the precipitation ratio increases by

The Canadian FWI system (Van Wagner 1987) describesp to 10%. This resulted in a calculated decrease mean in
how various weather conditions can be translated into &WI of about 20%, but the maximum FWI increases by at
number of indexes of fuel moisture codes that are importanteast 50%. The changes in calculated FWI indicated that
in predicting potential fire behavior. The indexes include thevariation in fire behavior potential would be increased.
fine fuel moisture code (FFMC), the duff moisture code In this study, the fire season was defined as 1 May to 30
(DMC), and the drought code (DC). They represent theSeptember. Historical daily weather conditions in Edson
moisture content of fuels with different dry mass: about(west-central Alberta) from 1980 to 1989 (expressed as 1 %) CO

Fire behavior under global warming
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Fig. 1. The daily fine fuel moisture code (FFMC) distribution FFMC values from 75 to 95 was significantly different from
moves by one-point increase umde 2 x CQ scenario: §) the the one undea 2 x CQ scenario, by applying the two-

daily FFMC distributions undel x CO, and 2 x CQ scenarios  sample Kolmogorov—Smirnov test. The result of the test in
and ) the daily FFMC distribution after a one-point increase of dicated that the two distributions were not significantly- dif

the 1 x CQ scenario. Solid and broken lines indieat x CQ ferent © = 0.0352,p = 0.6132,n = 847). This statistical test
and 2 x CQ scenarios, respectively. suggested that the daily FFMC distribution may increase one
- point (i.e., towards higher FFMC values) umnde 2 x CG
801 (a) .-"'-_. scenario, especially for the FFMC values from 75 to 95. The

FFMC scale is not linear in terms of impact on fire behavior,
for example, it is hard to get a widely spreading fire until
FFMC is about 88. Furthermore, a one-point difference be
tween FFMC 94 and 95 is much different than an FFMC
change of 80-81. Therefore, we investigated how fire distur
bance patterns and their associated forest dynamics could be
changed with this predicted daily FFMC distribution, by
applying the SEM-LAND model on a study area in west-
central Alberta.

— T T L— " Fire disturbance patterns and forest
- dynamics

Frequency

The study area

A 7432-ha area (Athabasca Working Circle Compartment
24) of the Weldwood of Canada Ltd. (Hinton Division) in
the Rocky Mountain foothills of west-central Alberta, was
chosen as our study area. Lodgepole piR&s contorta
ssp.latifolia Dougl.) dominated forests occupy 58% of the
study area, whereas hardwood (primarily trembling aspen,

Populus tremuloideMichx.) dominated forests are uncom-

L mon (only about 1% coverage) (C. Li, unpublished data).

40 -

20 1

T Other forest types include black sprucPigea mariana
0 20 40 60 80 100 (Mill.) BSP) (16%), white spruceRicea glauca(Moench)
FFMC \Voss) (4%), and balsam fiNoigs balsamedL.) Mill.) (2%). _
The rest of the area (19%) is covered by other vegetation
_ . . . types, such as timbered muskegs, open muskeg or swamp,
were used as initial conditions for the designed GCM simu 3nd brushland.
lation. The simulation was used to obtain a prediction of Ty gifferent fire regimes were identified based on a fire-
daily weather conditions undereh2 x CG, scenario. The  qyigin map: one with a fire cycle of 106 years appeared be
simulation was run from 1980 until 2099, and the results ofqy e 1900; the other with a much longer fire cycle was
the 2090-2099 simulation were used as an approximation Qfhown after 1900 (0.28% of the study area was burned by
weather conditions underei2 x CQ scenario. Three Simu  hree fires since then: see Li 2000). This dramatic change in
lations were available from the GCM output; the averagggre cycle could be a result of many factors, such as & suc
daily values from the three simulations were used in thissegsfyl fire suppression program, iess fire ignition sources,
analysis. _ o _ and a wetter climate.
Since FFMC is crucial in calculating the ROS, the results * The Alperta vegetation inventory (AVI) has data layers of
from the CGCMI simulation were translated into the daily vegetation cover type, forest age, site index, and the digital
FEMC by using the formulas of the FWI system, and thus, &jeyation model (DEM) for the study area, which was used

daily FFMC distribution was compiled to represent the al j; the SEM-LAND simulation experiment as an initial land
tered fire behavior potential. This distribution was then eom gcapne structure.

pared with the daily FFMC distribution of the observations

during the 1980s (1 x C{. Figure 1 shows the comparison q; ; : ; i}

of the two daily FFMC distributions. Figurealis the origk Simulation experiment using SEM-LAND model

nal FFMC distributions under betl x CO, and 2 x CQ  The SEM-LAND model

scenarios. A two-sample Kolmogorov—Smirnov test (Venables The SEM-LAND model was designed to simulate the dy
and Ripley 1994) performed on the two data sets indicatediamics of a forest landscape under various disturbance re
that the two distributions are significantly differenD (=  gimes (Li 2000). The current version of the model contains
0.0869,p < 0.01,n = 1530). Figure b is the one-point in  mainly three components: forest growth, fire disturbance,
crease of the FFMC distributions unde 1 x CQ scenario  and forest regrowth after fires.

against the FFMC distributions unda 2 x CQ scenario. A forest landscape was simulated as a grid of rectangular
We examined whether this one-point increased FFMC districells. Each cell represents an area of 1 ha that could be cov
bution undera 1 x CG scenario within a particular range of ered by a specific type of forest, a lake, or a type of -non
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Fig. 2. The procedure for calculating the scale factors for the  Fig. 3. The scale factor for the baseline fire probability under
baseline fire probability. different fine fuel moisture code (FFMC) values for the fuel type
C-3 (mature jack or lodgepole pine).

Alberta Weather Historical
vegetation forecast fire & weather
inventory data data
|
4 v z
. Fine Fuel . -
Vegetation . Wind = 15 T
Moisture Code <- [ '
cover type speed = .
ype (FFMC) T i g R "
\\\\‘\“\*““:“‘:“.‘f:": '
v * = eSS s .
0.5 R D S S S eSS S S S S 2oeosas
Initial Spread ' R S SIS IIRISsSs iy
Topography Fuel type Index F()ISI) 0
T 7
Scale factor Rate of Spread Wind ¢
due to slope (ROS) T direction
~7
L Scale factor Head fire ROS
Baseline fire due to weather [« Back fire ROS _ . .
P y and fuel type Flank fire ROS species have been adapted to the frequent fire environment.

A detailed description of the SEM-LAND model can be
found in Li (2000).

forest cover. The forest growth in a given cell was expresse&imylation experiment

according to the projected inventory under average climatic The simulation experiment was carried out for two differ-

conditions, which was published by the Alberta Forest Serant scenarios. One was for the common situation in the
vice (1984). _ o boreal forest with a fire cycle of about 100 years. It was

A fire process was simulated as two stages: initiation andichieved by using the observed daily FFMC distribution of
spread (Li and Apps 1995, 1996). The initiation stage startghe 1980s (1 x C§ as model input. For every individual
from a fire ignition until most trees in a cell are burned. fie ignition event, the FFMC value was randomly sampled
Whether a fire ignition would result in a fire initiation will  fromthe distribution. The other scenario was for the poten-
be determined by a fire initiation probability, which is a tja] 2 x CO, situation from the climate change prediction.
function of weather and forest conditions in the cell. Once agince the predicted daily FFMC distribution was about a
ing cells. Whether a given cell would be burned because og 0, situation as examined in the previous section, the base
its adjacency to a burning cell will be determined by a firé|ine fire probability unde 2 x CO, situation was modified by
spread probability, that is a function of weather, topographyg scale factorF, calculated as
and forest conditions in the cell. The fire-spread process will
continue until it stops in all directions or reaches the beund E = ROS, x co,
ary of the landscape. Fires from outside the region were not ROS x co,
allowed to spread into the study area in this simulation.

The baseline fire initiation and spread probabilities repre  Figure 3 shows how th& value changes with different
sented the overall susceptibilities of fire initiation and spread=FMC values for the fuel type C-3 (mature jack or lodge
for the landscape. They were assumed to be dependent @ole pine) under different FFMC distributions. Although the
time since last fire for the forest stands younger than 3(igherF values are in the range of lower FFMC values, they
years and to be independent of time since last fire once may not have a significant impact on baseline fire probabili
stand reached 30 years. The baseline fire probabilities werges because of low values of ROS corresponding to the
modified by a number of scale factors such as slopelower FFMC values. In contrast, in the situations of higher
weather, and fuel type. The simulation of a fire disturbanceFFMC values, even a slight change Fnvalue would cause
incorporated the known physical relationships summarizeaignificant modification to the baseline fire probabilities be
in the FBP system, and used the ROSs calculated for variousause of high values of ROS corresponding to the higher
fuel types under different wind speeds as approximations oFFMC values.
scale factors for the baseline fire probability. Figure 2 sum  Various curves for th& value can be calculated for differ
marizes the procedure of calculating these scale factors. ent types of fuels, and the scale factors represented by these

After a fire, the forest cover type was assumed to remaircurves were used in the simulation experiment. The daily
unchanged. This was a black box type assumption based on thend speed distribution was assumed to remain unchanged
published succession pathways of favoring self-replacement farnder tle 2 x CQ scenario (Flato et al. 2000), so the-ob
closed-crown forest types in the boreal forest (e.g., Payetteerved daily wind speed distribution during the 1980s was
1992). This assumption is suitable for the study area, beused in the simulations under both scenarios. The wind di
cause coniferous forest types are dominant. These forest treection was randomly determined for each individual fire
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Fig. 4. The dynamics of mean forest aga) @nd mean gross volumé)(under tle 1 x CG and 2 x CQ scenarios. Solid lines are the
simulation results fol x CO,, and broken lines are the results  x CO..

140 -
120 1
100 -
80 1
60 o

Time since last burn (years)

Gross volume (m¥ha)
z

Years

Table 1. The comparison of fire disturbance patterns under the 2 X CO, scenario of potential climate change. The number

1 x CO, and 2 x CQ scenarios for a 1000-year simulation. of years with mean annual burned area larger than 1000 ha
is significantly higher under 12 x CQ scenario (15) than

ltems 1xCQ 2xCO  that under tk 1 x CG situation (3), during the 1000-year

Fire cycle (year) 108.08 64.84 simulation. Thus, the fire cycle is shortened, i.e., the fire fre-

Mean annual fire number 0.37 0.38 quency increases.

Mean annual burned area (ha) 75.17 122.19 Figure 4 demonstrates the dynamics of mean forest age

No. of years with annual burn >1000 ha 2 15 and mean gross volume, defined as the average volume per

hectare across the landscape and provided information on
tanding biomass in average. According to the model, both
e mean forest age and mean gross volume will be signifi

Ig:iantly lowerunder tle 2 x CQ scenario than underdtl x CQ.

from eight directions. This treatment was reasonable for th
purpose of comparing simulation results, although it was no
a true representation of the real world. For the same reaso
the fire ignition sources were assumed to be unchanged un
der climate change scenario. Potential changes in landscape pattern

Since most forest stands in the study area were older than Potential landscape structure changes were investigated
80 years, a single fire initiation might result in a large areamainly for landscape fragmentation, landscape diversity, and
been burned, given the conditions of weather favors thevildlife habitat availability. The level of landscape fragmen
spread process and without any fire management operatiotation was indicated by the number of patches (NP), the
Therefore, the model behavior needs a period of time to stamean patch size (MPS), and the edge density (ED) defined
bilize. Ten replications were carried out for the stochasticas the average length (metres) of all edge segments mnvolv
simulation for each scenario, and the 1000-year simulatiomng the corresponding patch type per hectare; the landscape
results of forest volume and fire disturbances were averagediversity was indicated by the Shannon diversity index
at each year of the simulations. A number of landscape indi(SHDI); and the wildlife habitat availability was indicated
ces were calculated from the simulated forest age-mosaily the total core area (TCA) and the number of core areas
maps (with an interval of 20 years) by using FRAGSTATS (NCA). The formulas for calculating these indexes can be
(McGarigal and Marks 1995). The indices were used to infound in McGarigal and Marks (1995).
vestigate how the landscape structure could be altered underUnder tre 2 x CQ scenario, the level of landscape frag
the climate change scenario. mentation is decreased, as indicated by lower NP (F&y. 5

and ED (Fig. 8), as well as higher MPS (Figb} The land

Fire disturbance patterns and associated forest dynamics scape diversity (SHDI) is decreased (Figl).5The wildlife

Table 1 summarizes a number of characteristics for firehabitat availability of those species strongly associated with
disturbance patterns under the two scenarios. While havingatch interiors is increased, as indicated by higher TCA
small changes in the mean annual fire number, the mean afFig. 5¢). However, the NCA is lower (Fig.f resulting in a
nual burned area would be significantly increased under th@igher mean core area and lower ED (Fig).5
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Fig. 5. Temporal dynamics of landscape indexes untle« CO, and 2 x CQ scenarios: § number of patches (NP)pY mean patch
size (MPS) (ha); @) edge density (ED) (m/ha)df Shannon’s diversity index (SHDI)g) total core area (TCA) (ha); and) (number
of core area (NCA). Solid lines are the simulation results¥o<x CO,, and broken lines are the resulty & x CO,.
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Discussion (about A.D. 500-1000 and after A.D. 1300) periods. The
statistical results from the stratified data sets revealed histor
The potential impact of climate change on various aspectgal fire disturbance patterns in different periods. By assum
related to human life has been addressed at different spatiadg that the potential climate change scenario will be similar
contexts such as globally (IGBP Terrestrial Carbon Workingto the historical warm period, Swetnam (1993) was able to
Group 1998), regionally (land use planning), and locallypredict that the potential global warming may result iA in
(landscape design). It has been recognized that, in Canadi@neased fire frequency with smaller fires in sequoia groves.
forests, the climate change will influencg growth rate of One limitation of this empirical data-based analysis ap
trees (e.g., Hogg 1999; Zhang et al. 1999)) (atural dis roach is that the results are dependent upon the locations
turbance regimes such as fire (Weber and Flannigan 199¢yhere the data sets were collected. For example, Bergeron’s
Weber and Stocks 1998), which reset the process of foregt991) conclusion from an analysis of a data set collected
biomass accumulation; andiij tree species distributions from islands on Lac Duparquet in the southern boreal forest
(e.g., Zoltai et al. 1991). of Quebec was different from that of Swetnam (1993). Thus,
The potential impact of climate change has been studied bBergeron (1991) presented a different prediction of the po
analyzing collected empirical data sets. For example, Swetnatential climate change impact. Because of the difference in
(1993) collected a fire scar data set from giant sequSe ( the upper limit of the area burned by a single fire event, the
guoiadendron giganteur(Lindl.) Buchholz), which covered fire disturbance patterns on islands might be different from
warm and cool periods in history. The data set was thernhose on large forested areas, and this phenomenon has also
stratified according to warm (A.D. 1000-1300) and coolbeen noticed on the island of Hokkaido, Japan. These results
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suggest that the change in fire regime with global change The simulation results presented in this paper are consis
will depend on fuel type and location (weather and topegratent with the ones reported in the literature, i.e., global
phy) with some areas showing increases in fire activitywarming scenarios can result in increased fire frequency,
while other areas may show decreases in fire activity. without considering human interventions. Our results
Two kinds of simulation models have been used to studyshowed that, undea 2 x CQ scenario, the climate condi
the potential climate change impact: meteorological and fortions for the study area would be changed, and such changes
est landscape models. The meteorological models are thosan be translated into a one-point shift in FFMC distribution
aimed at simulating changes in temperature, precipitationtowards higher values. The shift in FFMC distribution could
etc., at a global scale. These models are called GCMs. Morehange the fire regime considerably, if no fire suppression
detailed simulations can be carried out by using regional cliaction is taken. Consequently, forest biomass, the level of
mate models (RCMs). The general predictions of future cli landscape fragmentation, and landscape diversity could be
mate conditions from GCMs can then be used to predictlecreased, and the total availability of wildlife habitat for
future vegetation cover types, based on the relationshipthose species strongly associated with patch interiors could
among current climate patterns and vegetation cover types ibe increased. We did not consider human intervention during
different regions. This approach, however, does not- adethe current investigation because of the complexity of its im
quately consider the impact of changing disturbance regimegact presentation, but this will be one of our future studies.
that influence vegetation dynamics, and hence species com
position of vegetation cover. A possible way of improvement
is to include a module of vegetation dynamics into theAcknowIedgments
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