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A B S T R A C T 

Vegetation can modify the planetary surface albedo via the Charney mechanism, as plants are usually darker than the bare 
surface of the continents. We updated ESTM ( Earth-like surface temperature model ) to incorporate the presence, distribution 

and evolution of two dynamically competing v e getation types that resemble grasslands and trees (the latter in the double stages 
of life: adults and seedlings). The ne wly de veloped model was applied to estimate how the climate-v e getation system reaches 
equilibrium across different rocky planetary configurations, and to assess its impact on temperature and habitability. With respect 
to a world with bare granite continents, the effect of v e getation-albedo feedback is to increase the average surface temperature. 
Since grasses and trees exhibit different albedos, they affect temperature to different degrees. The ultimate impact on climate 
depends on the outcome of the competition between these v e getation types. The change in albedo due to v e getation e xtends the 
habitable zone and enhances the o v erall planetary habitability be yond its traditional outer edge. This effect is especially rele v ant 
for planets that have a larger extension of continents than Earth. For Earth, the semimajor axis d = 1.04 au represents the turning 

point where v e getation enhances habitability from h = 0.0 to 0.485 (in the grass-dominance case), to h = 0.584 (in the case 
of coexistence between grasses and trees), and to h = 0.612 (in the tree-dominance case). This illustrates the transition from a 
snowball state to a planet with intermediate habitability at the outer edge of the circumstellar habitability zone. 

Key words: astrobiology – planets and satellites: surfaces – planets and satellites: terrestrial planets – methods: numerical –
software: simulations. 
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 I N T RO D U C T I O N  

he study of exoplanetary climates plays a crucial role in astro-
iology, the science that investigates the origin, evolution, and 
istribution of life in the Universe (see e.g. Williams & Kasting 
997 , and references therein). The climate of a rocky planet is of
aramount importance to establish the possible presence of liquid 
ater at its surface (Dole 1964 ; Hart 1979 ; Kasting, Whitmire &
eynolds 1993 ), and thus, in the wide sense generally accepted 
y the scientific community , its habitability . Climate depends on 
 great number of factors and parameters, both astrophysical (e.g. 
uminosity of the central star(s), distance of the planet to the star, and
rbital eccentricity) and planetary (inclination of the rotation axis, 
ay duration, atmospheric composition and pressure, presence and 
raction of oceans, presence and distribution of continental masses, 
 E-mail: erica.bisesi@inaf.it (EB); giuseppe.murante@inaf.it (GM); 
ntonello.pro v enzale@cnr.it (AP) 
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ype of soil and orography, etc.). Some of these parameters have been
r will be measured in the near future; data on the others will not be
vailable in short time, and maybe not even in the far future (Li et al.
022 ). 
Gi ven the le vel of uncertainty on many of such planetary char-

cteristics, simple conceptual climate models lend themselves to 
etter serving at parameter space exploration than the more complex 
lobal climate models (GCM; see e.g. Pro v enzale 2014 , for a simple
iscussion of the hierarchy of climate models), for example in 
eason of their much lower computational cost. ‘Simple’ models 
llow running thousands of numerical experiments at the same 
omputational time of a single GCM’s run. Within the broad family
f EBMs (energy balance models), a representative example of such a
treamlined model is ESTM ( Earth-like surface temperature model : 
ladilo et al. 2013 , 2015 − V13, V15 from now on, Biasiotti et al.
022 ). As all EBMs, ESTM is a type of climate tool commonly
mployed in studies of the so-called habitable zone (Kasting 1988 ;
asting et al. 1993 ), and is based on the numerical solution of a
odified diffusion equation for the meridional heat transfer, coupled 
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ith a radiativ e-conv ectiv e atmospheric column model to account
or the vertical transport of radiation (downward and upward). This
odel has been used for studying a number of characteristics of

ossible exoplanets candidates (see e.g. Silva et al. 2017 ; Murante
t al. 2020 , and references therein). It has also been used to explore
ow the outer edge of the habitable zone varies by modifying basic
lanetary parameters (Biasiotti et al. 2022 ). 
On Earth, a well-known regulator of planetary climate is its

 e getation co v er. Ve getation can modify the planetary surface albedo,
s it is usually darker than the bare surface of the continents (Charney
echanism: Charney, Stones & Quirk 1975 ; see also Baudena,
’Andrea & Pro v enzale 2009 − B09 from now on, Cresto Aleina

t al. 2013 , and references therein). Other rele v ant v e getation–
limate interactions include the effects on the ‘fast’ and ‘slow’
arbon cycles, the former through the way in which plants, or more
enerally the biosphere, can absorb (by photosynthesis) and emit (by
espiration) carbon into the atmosphere, and the second relating to
he way terrestrial v e getation can alter the speed of rock weathering
nd thus the pace of the geological carbon cycle. Both processes
hange the carbon dioxide or methane fraction in the atmosphere
nd, as a consequence, the global greenhouse effect. Vegetation
 v apotranspiration is also important, both in reason of its direct
urface cooling effect and of the emission of water vapour that can
articipate in the hydrological cycle (Cresto Aleina et al. 2013 ; Tr ̈ostl
t al. 2016 ; Zhao et al. 2017 ). 

While a complete understanding of the effects of v e getation
ould require consideration of all three effects, in this work we

ocus on the albedo effect of v e getation, and adopt the ESTM
pproach to investigate the rele v ance of the Charney mechanism
n exoplanet’s habitability. A central aspect of our exploration is
he inclusion of v e getation competition and coexistence, considering

ore than one type of v e getation – namely, tree- and grass-like
lants. We thus introduce an updated version of ESTM, which takes
nto account the presence, distribution, and temporal dynamics of
ifferent v e getation types. Dif ferential equations describing ho w
hanges in the v e getation distribution impact changes in temperature
ia the albedo feedback, and vice v ersa, hav e been implemented
nto the model. The ne wly de v eloped v ersion of ESTM, which
ncludes v e getation dynamics, has been applied to estimate (i) how
ifferent and dynamically competing v e getation types (inspired by
errestrial trees and grasses) reach an equilibrium distribution on a
lanet depending on its main properties (the most straightforward of
hese being the insolation, i.e. a combination of stellar luminosity
nd planet distance from the star), and (ii) how the presence of
 e getation impacts the planet’s surface temperature and habitability,
hus modifying the corresponding circumstellar habitable zone. 

 SCIENTIFIC  QU ESTIONS  

he aim of this study is to analytically and numerically combine
STM (V13, V15) with an idealized model for tree–grass dynamics
uch as that described in B09, to estimate how dynamically com-
eting v e getation types impact the surface albedo, and consequently
he temperature and habitability of rocky, terrestrial-type exoplanets.
his endea v our should be seen as a first step of a research program
imed at including the main climate-v e getation feedbacks known for
arth in exoplanetary habitability assessments. 
On Earth, v e getation gro wth depends on se veral environmental

actors, including temperature and soil moisture. Given the structure
f ESTM, in keeping with previous works (Charney et al. 1975 ;
on Bloh, Block & Schellnhuber 1997 ) we relate v e getation growth
nd mortality to the surface temperature, which is well handled by
NRAS 534, 1–11 (2024) 
STM. The use of temperature as a simplified proxy for the intensity
f the water cycle was often used in conceptual models of climate–
iosphere interactions, see, for example, Von Bloh et al. ( 1997 ),
iven the difficulties in properly handling a full hydrological cycle
n simplified energy balance models. 

The surface temperature of a planet depends, in turn, on a number
f stellar, orbital, and geographic parameters. F or e xploring the role
f v e getation, we inv estigated a set of standard configurations in
he parameter space: (i) the Earth as a reference benchmark, (ii) a
seudo-Earth with its rotation axis perpendicular to the orbital plane,
ero orbital eccentricity, and a simplified geography with the same
raction of continents (0.3) at every latitude, and (iii) a similar pseudo-
arth with a different percentage of continents versus oceans than

ound on Earth. For each configurations, we compared the latitudinal
emperature profiles without v e getation to those with v e getation-
lbedo feedback, for different values of the semimajor orbital axis
nd of eccentricity. 

The rest of this work is structured as follows. After a schematic
ummary of the ESTM and v e getation models, the last part of Section
 illustrates how the two approaches have been analytically com-
ined. Validation of B09’s results within ESTM and calibration of
he updated Earth’s model are summarized in Section 4 . Presentation
f results is structured into two main parts. After showing how
ombination with ESTM may implement new pieces of information
n the B09 model (Section 4.2 ), we address the impact of v e getation
n the climate and habitability for a terrestrial-type planet as a
unction of different configurations in the parameter space (Section
 ). Section 6 provides a summary and a general discussion of the
esults, ending up with an o v erview of possible model extensions
nd impro v ements. 

 T H E  M O D E L  

.1 Climate model 

he ESTM climate model belongs to the category of EBMs, that is, it
s an energy balance model reproducing the latitudinal dependence of
he energy balance between the incoming and outgoing radiation and
he energy transport across latitudes. ESTM discretizes the planet
urface into N latitudinal bands, and models the meridional heat
ransport across them by a modified diffusion equation: 

 

∂ T 

∂ t 
− ∂ 

∂ x 

[
D (1 − x 2 ) 

∂ T 

∂ x 

]
= [ S(1 − A ( V ))] − I . (1) 

Equation ( 1 ) accounts for both the latitudinal heat transport and
he heat exchange between the surface, the atmosphere and the
uter space. Its different terms and parameters can be understood
s follows: 

(i) t is orbital time. 
(ii) x = sin ( θ ) is the sine of the average band latitude. 
(iii) T = T ( t, x) is the latitudinal band temperature. 
(iv) C represents the ef fecti ve thermal capacity of the planetary

urface per unit area (J m 

−2 K 

−1 ), calculated by summing up the
ontributions of lands, oceans, ice o v er lands, and ice o v er oceans.
ach of these contributions is weighted according to the zonal
o v erage of each component. 

(v) The second term on the left hand describes the meridional
nergy transport along the coordinate x, modulated by the diffusion
oefficient D (W m 

−2 K 

−1 ), which go v erns the efficienc y of the
atitudinal heat transport. 
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(vi) On the right hand of equation ( 1 ), the term S = S( t, θ )
epresents the insolation, that is, the incoming stellar radiation (W 

 

−2 ) which is calculated taking into account the stellar luminosity, 
he orbital parameters, and the inclination of the planet rotation axis. 

(vii) A is the albedo at the top of the atmosphere, that is, the
raction of incoming photons that are reflected back in space without 
arming up the planet. In the original version of the model (V13,
15), A was specified by the surface distribution of continents, 
ceans, continental ice, ice on oceans, and clouds. In V13 and V15,
 potential (static) contribution of v e getation was also accounted for
y lowering the average albedo of land from 0.3 to 0.35 (bare granite;
Dobos 2003 )) to 0.2 (Williams, Kasting & Wade 1997 ). 

(viii) I (W m 

−2 ) is the outgoing long-wave radiation. 

Terms A and I are computed using single-column radiative- 
onv ectiv e calculations. A is computed as a function of the tem-
erature T , the surface albedo, the zenith angle, and I is computed
s a function of the temperature T . Recently, ESTM has been coupled
ith EOS 

1 (Simonetti et al. 2022 ), allowing the use of both different
tmospheric types (with their respective abundances) and different 
tellar spectra (Biasiotti et al. 2022 ). A full presentation of the model,
ncluding detailed description of the terms C, D, S, A, and I that
haracterize the astroph ysical, geoph ysical and atmospheric prop- 
rties of the planet can be found in V15. 

.2 Vegetation model 

he model for a single v e getation type is based on the introduction
f a second partial differential equation, coupled to equation ( 1 ) and
escribing the growth, death, and colonization of v e getation as a
unction of the temperature T . Here, the temperature is taken as a
implified proxy of precipitation as the intensity of the hydrological 
ycle grows with temperature in the typical range of habitable 
emperatures – see for example Von Bloh et al. ( 1997 ). The v e getation
quation reads: 

∂ V 

∂ t 
= s 

1 

C 

∂ 

∂ x 

[
D (1 − x 2 ) 

∂ V 

∂ x 

]
+ G ( T ) V (1 −V ) − d( T ) V . (2) 

In equation ( 2 ), V is the fraction of continental surface co v ered
y v e getation, 0 ≤ V ≤ 1, G , and d are, respectively, the coloniza-
ion rate of bare areas by v e getation and the v e getation mortality
Lenton & Lo v elock 2001 ; Lenton 2002 ; Wilkinson 2003 ; Wood
t al. 2008 ; Baudena et al. 2009 ; Cresto Aleina et al. 2013 ), and
 represents the seed dispersal term across latitudinal bands. The 
 e getation growth factor G ( T ) is described by a truncated parabola
cf. Von Bloh et al. 1997 ; Wood et al. 2008 ): 

 ( T ) = g max 

{
1 − [ w ( T v − T ) ] 2 

}
, (3) 

where g max is the maximum value for the growth factor, w is
he width of the parabola, and T v is the optimal temperature for
 e getation growth G ( T ) −which is set to zero for T < 0. 
Following B09, we introduced a hierarchical model (see e.g. 

ilman 1994 ) describing the competition between trees and grasses, 
ith two stages of tree life: adults and seedlings. The habitat is thus
ccupied by three types of life forms − adult trees, grasses, and 
 EOS is a code designed for studying the atmospheric radiative transfer in 
abitable worlds. It is based on another atmospheric radiative tranfer code 

HELIOS, whose name corresponds to that of the Greek God of the Sun. 
ccording to Greek mithology, Eos is one of the sisters of Helios, the Greek 
oddess of the Da wn. F or consistenc y purposes, EOS (like HELIOS) was 

apitalized. 

t  

o
w  

i
(  

t
b
c

ree seedlings. B09 (p. 2) reads: ‘These three types of life forms
re represented by the fraction of space they occupy in the habitat,
nd thus the model represents spatial dynamics, although implicitly’. 
he total dynamics is the sum of all these individual processes: tree
eedlings compete for resources with grasses, which can limit their 
rowth by causing local extinction and replacement, while adult 
rees outcompete grasses. Such model was originally developed in 
09 to simulate the dynamics of savanna ecosystems. In addition, 
e introduced meridional (tree and grass) seed dispersal. 
By assuming that trees do not propagate themselves but generate 

eeds which, in turn, disperse to produce new seedlings, and 
rasses generate seeds that also disperse, the v e getation dynamics
s described by a set of three differential equations (equations 4–7 ): 

∂ V t 

∂ t 
= c t ( T ) V ts − d t ( T ) V t ; (4) 

∂ V g 

∂ t 
= 

{
s g 

1 

C 

∂ 

∂ x 

[
D (1 − x 2 ) 

∂ V g 

∂ x 

]
+ c g ( T ) V g 

}
· (5) 

· (
1 − V t − V g 

) − d g ( T ) V g ; 

∂ V ts 

∂ t 
= 

{
s ts 

1 

C 

∂ 

∂ x 

[
D (1 − x 2 ) 

∂ V t 

∂ x 

]
+ c ts ( T ) V t 

}
· (6) 

· (
1 − V t − V g − V ts 

) − d ts ( T ) V ts − c t ( T ) V ts − c g ( T ) V g V ts ; 

 i ( T ) = c i 
{

1 − [ w i ( T i − T ) ] 2 
}

, i = t, g , ts . (7) 

ndices t, g, and ts in equations ( 4 )–( 7 ) refer, respectively, to
rees, grasses, and tree seedlings. In this model, G depends on the
emperature T , and c are the colonization/growth rates as introduced
y B09 (in particular, c ts measures the colonization success of new
reas by tree seedlings generated by adult trees, c g is the colonization
ate of grasses, and c t is the success of tree seedling in growing into
dult trees). For a more detailed description of the model and the
arameter setup, see B09 and Table 2 . For simplicity, we considered
 e getation mortality to be independent of temperature. Although d 
epends on T in the general model of equation ( 2 ), after a number
f experiments we opted for fixing it for each v e getation specie as
ndicated in Table 2 . 

Using the abo v e model, we allowed competition for resources
etween two types of v e getation, each having its own albedo and
rowth properties. In general, trees and grasses will have different 
ptimal temperatures T ( i), and we shall al w ays choose the widths
 /w( i) of the growth rates of the different v e getation types to be large
nough to assure the presence of significant competition. Thus, the 
 e getation distribution and, consequently, the value of the surface
lbedo is not fixed a priori, but it is a result of the competition
ynamics controlled by the local temperature which is, in turn, a
unction also of the albedo. This leads to nonlinear temperature- 
 e getation feedback which, in turn, can lead to multiple climatic
quilibria. Notice, also, that the v e getation considered here only
wells on land. Therefore, the v e getated fraction must be interpreted
s a land fraction; to obtain the total v e getation fraction at a latitudinal
and, V i ’s has to be multiplied by the continent fraction of the band.
The growth rate dependencies adopted here, chosen to maximize 

he coexistence between different vegetation types, is different from 

hat made by Wood et al. ( 2008 ). In our case, the smaller effect
f the difference between the optimal temperatures and the larger 
idths of the two growth rate curves allow for fully activating the

nteraction/competition dynamics between the v e getation species 
trees and grasses), and lead to a rich dynamical behaviour in
he parameter space (tree or grass dominance, coexistence, and 
istability). Indeed, a stronger difference between the growth rate 
urves would lead to rather obvious conclusions, where at each 
MNRAS 534, 1–11 (2024) 
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to its equilibrium latitudinal profile after 25 orbits. We here adopted a ‘cold 
start’, that is, we set the initial temperature at a constant value of 275 K o v er 
the entire planet. Ho we ver, as the system of differential equations is such 
that at T < 0 ◦C v e getation is prev ented from growing an ymore and carries 
o v er death (as specified abo v e), it may happen that during this transient it 
completely disappears and, in the absence of seed transport, cannot be restored 
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atitude the outcome of competition would be completely defined
y the large difference between the growth rates, and conditions of
oexistence or bistability would be extremely limited or absent. With
ur choice, instead, the competition dynamics can fully reveal itself
nd can lead to a more complex behaviour. Necessarily, the growth
ates are limited by a cut-of f belo w zero Celsius (as stated abo v e),
nd also at larger temperatures. On the other hand, in the planetary
onfigurations to be explored in our work, such larger temperatures
re never obtained. 

The v e getation dynamics depends also on seed dispersal. In the
odel, we considered seed transport as due to the production of

he seeds themselves and to their transport by ‘winds’ (modelled in
STM by the diffusion coefficient D). In such sense, the colonization

ate at a given latitude includes the ‘local’ seed propagation inside
 latitude band, while the seed dispersion across latitude bands is
ssociated with the long-range meridional atmospheric transport (as
epresented by D) and proportional to the area co v ered by plants.
learly, there is the assumption that seed production is proportional

o the plant fractional co v er. 
As in V13 and V15, spatial integration of temperature and

quations ( 1 ) and ( 4 ) −( 6 ) were performed using a staggered grid. 2 

or the temporal dynamics, we used a fourth-order Runge–Kutta
ntegrator. Since we are performing a great number of runs, we
dopted an HTC (High-Throughput Computing) approach. To this
im, we wrote a master/slave code able to run simultaneously a large
umber of cases. The code was written in PYTHON (using the library
PI4PY ), and also implements check pointing and restarting. The runs
resented in this work took place on a number of cores ranging from
6 to about 200, on local facilities (e.g. amonra@inaf ). Trivially,
uch an HTC parallelization scales with the number of cores. A run
s considered to have converged to its equilibrium solution when the
lobal annual average surface temperature does not change by more
han �T /T (o v er two consecutiv e orbits), and the global annual
 e getated fractions of trees, grasses, and seedlings do not change by
ore than �V /V . Convergence of the v e getation fractions may be

lo wer − e ven much slo wer − than that of the surface temperature,
epending upon the values of v e getation parameters. 

 M O D E L  VA LIDATION  A N D  C A L I B R AT I O N  

.1 Model validation 

he model was validated by reproducing the equilibrium states in
he subset of parameter space spanned by the colonization rate of
rasses and tree seedlings, c g and c ts respectively, while c t was kept
xed to 0.2 − according to B09 (Fig. 1 , therein). At the stage of
odel validation, v e getation-albedo feedback was turned off and

eed transport was set to zero (i.e. s t = s g = s ts = 0). The first choice
mplied that the temperature profile at the equilibrium only depended
n planetary parameters, that is, not on v e getation − which played a
assive role in all the validation runs. This was obtained by setting
 ( V ) = A in equation ( 1 ). Here, A on land is kept fixed as in V13,

nd does not depend on the v e getation fraction. 
In our model, colonization rates depend on temperature through

quation ( 7 ), and for each temperature provided by ESTM in a given
atitudinal band, we have a unique set of colonization rates once
he functional dependencies of the v e getation parameters are chosen.
NRAS 534, 1–11 (2024) 

 In a few cases, our staggered-grid space integration method may introduce 
symmetries in the v e getation profiles. Such cases were thus re-run by 
oubling the spatial resolution. 

−
c
e
f
t
s

hus, a given latitudinal band in a given ESTM run provides a set
f colonization rates that define a single point in the parameter plane
f Fig. 1 . By producing several runs of the ESTM for different
hoices of the optimal temperatures (for passive vegetation), and
hecking what type of v e getation behaviour was obtained when
tationarity was reached, we populated the parameter space of
olonization rates with the corresponding asymptotic v e getation
ehaviour. All other parameters were set as reported in Tables 1 and
 , respectively, for the climate and the vegetation model. In particular,
ach simulation started from initially constant values of T = 275 K,
 g = 0.9, and c ts = 0.09. As for bistability, the last two values were
nverted (values in brackets at the top of Table 2 ). The choice of
dopting a totally symmetrical geographic configuration, with orbit
ccentricity and axis inclination both set to zero (a planet setup named
seudo-Earth ) is moti v ated by the requirement of having a simple,
ymmetric surface temperature profile without seasonal variations
or the purpose of model validation. 

The left panel of Fig. 1 shows the results of validation (for the
ase without seed transport; seeds OFF). Each run provided a triplet
f v e getated land fractions (trees, grass, and tree seedling), one
or each latitudinal band. Dependence of trees/grasses v e getation
ractions on latitude are e x emplified in Fig. 2 . As a consequence,
ach run produced many points ( ≤ 54) in Fig. 1 , one per each band
here v e getation fractions were not null. As in B09, we found that

he system can display four different types of behaviour: in some
ortions of the parameter space only trees are found (forest, green /
iddle dark points in the figure), while other parameter values led

o a dominance of grasses (grassland, yellow / light points). On the
ther hand, stable coexistence of grasses and trees (black points) is
lso possible. Here, we requested a value of at least 1 per cent for
he fraction of area occupied by each v e getation type for declaring
oe xistence. F or other parameter sets, bistability (red / higher dark
oints) between grassland and forest was observed. In bistable
ases, the system converged either to a completely herbaceous state
grassland) or to a woody equilibrium (forest) depending on the initial
alue of the tree and grass fractions (set in Table 2 ). Higher grass
olonization rates make the planet grassland-dominated; conversely,
hen tree seedlings enhance their ability to occupy new space, a

orested planet is formed. For intermediate values of the colonization
arameters, either coexistence or bistability were found. These
esults fully agree with those of B09. 3 

.2 Seed dispersal 

he right panel of Fig. 1 shows how the parameter space reproduced
n the validation stage is affected by seed dispersal (seeds ON). The
arametric setup is the same of Tables 1 and 2 , apart from the seed
ispersal coefficients that were set to 0.1 (values in brackets at the
especially when the initial v e getated fraction is low. Surface temperatures 
an therefore temporarily drop below 0 ◦C, especially at high latitudes. This 
ffect can make it appear some anomalous bistable points: not only transitions 
rom trees to grasses, and/or vice versa, but also from coexistence between 
rees and grasses to trees, or grasses. To correct such anomalies, the adopted 
olution was freezing v e getation evolution during the first 25 orbits. 
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Figure 1. Left panel: model validation. Reproduction of the results of Baudena et al. ( 2009 ) for v e getation growth factors depending on temperature and in the 
absence of seed transport. Right panel: extension of the Baudena’s model by the introduction of seed transport. 

Table 1. Model validation: ESTM parameters for our pseudo-Earth 
configuration. 

Parameter Value Comment 

smaP 1.0 au Semimajor axis of the planet 
eccP 0.0 Eccentricity of the planet’s orbit 
obliq 0.0 ◦ Obliquity of the planet rotation axis 
f 0 const 0.70 Constant fraction of ocean a 

a sl 0.20 Surface albedo of lands a 

a sil 0.70 Surface albedo of ice on lands 
a sio 0.70 Surface albedo of ice on ocean 
f cw 0.70 Cloud co v erage on water b 

f cl 0.60 Cloud co v erage on lands b 

f ci 0.60 Cloud co v erage on ice 

Notes. a As in V13. 2 As in V15. 

Table 2. Model validation: ESTM parameters for v e getation. Seed dispersal 
is set to zero for model validation, to 0.1 afterwards. 

Parameter Value Comment 

V t start 0.01 (0.9) Initial fraction of trees 
V g start 0.9 (0.01) Initial fraction of grasses 
V ts start 0.09 Initial fraction of tree seedlings 
T ( V t ) 285 K Optimal temperature for trees 
T ( V g ) 304 K Optimal temperature for grasses 
T ( V ts ) 285 K Optimal temperature for tree seedlings 
c t 0.2 Growth factor for trees a 

d t 0.02 Mortality for trees a 

d g 0.5 Mortality for grasses a 

d ts 0.5 Mortality for tree seedlings a 

w t 0.01 Logistic width for trees 
w g 0.01 Logistic width for grasses 
w ts 0.01 Logistic width for tree seedlings 
s g 0.0 (0.1) Seed dispersal coefficient for grasses 
s ts 0.0 (0.1) Seed dispersal coefficient for tree seedlings 

Note . a As in B09. 
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ottom of Table 2 ). The effects of seed dispersal are: (i) widening the
egion of coexistence between trees and grasses; (ii) changing the 
hape of the region of bistability; and (iii) introducing a new type of
istability. As for (i), trees can now propagate to regions that were
reviously occupied only by grasses. This is due to the fact that, at
igh latitudes (expressed as absolute values), the new source term in
quation ( 6 ): 

 ts 
1 

C 

∂ 

∂ x 

[
D (1 − x 2 ) 

∂ V t 

∂ x 

]
(8) 

llows trees to survive in cases where a tree-dominated initial 
ondition is used. At high latitudes, this transforms the equilibria 
t points ( c g , c ts ) (corresponding to grass dominance without seed
ropagation) into equilibria corresponding to trees. Although less 
ignificantly, an analogous effect is observed for grasses at the 
ower border of the coexistence region. The effect (ii) can be
xplained similarly. (iii) A new type of bistability appears around 
 g ≈ 4 and c ts ≈ 4 (despite 3 ). Here, for an initial condition of grass
ominance, the system evolves towards coexistence − thanks to 
he same mechanism which extends the coexistence region below 

ts lower border. This leads to bistability between coexistence and 
ree dominance − a new behaviour with respect to the original 
ormulation of the B09 model without seed dispersal. 

Upper panels of Fig. 2 show the latitudinal profiles for two repre-
entative cases of vegetation fraction − respectively corresponding to 
 coexistence and a bistable case, for the pseudo-Earth configuration. 
 or coe xistence with initial conditions of grass dominance (upper

eft panel), trees pre v ail at high latitudes (boreal forests), while
rasses pre v ail at lo w latitudes. According to our choice, the optimal
emperatures of trees and grasses differ by 20 ◦ (see Table 2 ).
uch a choice, combined with the relatively wide logistic function 
or the temperature dependence of colonization rates, extends the 
emperature range (and thus the latitudinal range) where trees and 
rasses can co-exist in the same area. A different choice, that is,
 larger optimal temperature difference and/or a narrower logistic 
unction would have produced only trees at high latitudes and only
rasses near the equator. Movies with the complete set of profiles
or all possible configurations in the ( c g , c ts ) parameter space are
ccessible at the links provided in Appendix A. 

The lower panel of Fig. 2 provides the temperature profile for the
ame pseudo-Earth configuration; being this a case characterized by 
ull obliquity and eccentricity, such temperature profile corresponds 
o the annual average. Green (middle dark) and yellow (light) lines,
espectively, illustrate the optimal temperature for trees and grasses; 
he darker line refers to the water freezing temperature. Since in these
uns v e getation is ‘passiv e’, v e getation albedo does not influence the
MNRAS 534, 1–11 (2024) 
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Figure 2. Upper panels: examples of latitudinal v e getation profiles for trees (green / dark lines) and grasses (yellow / light lines): left panel corresponds to a 
case of coexistence; right panel corresponds to a case of bistability. Optimal temperatures for v e getation are as in Fig. 1 . Lower panel: temperature profile (the 
higher dark line refers to the water freezing temperature). All graphs refer to the pseudo-Earth configuration. 
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Table 3. Model calibration for Earth conditions: ESTM parameters a , b and 
v e getation albedo values. 

Parameter Value Comment 

eccP 0.01671022 Eccentricity of the planet’s orbit 
obliq 23.43929 ◦ Obliquity of the planet rotation axis 
a sl 0.35 Surface albedo of lands b 

s t 0.1 Seed dispersal coefficient for grasses 
s ts 0.1 Seed dispersal coefficient for tree 

seedlings 
a t 0.073 Surface albedo of trees 
a g 0.24 Surface albedo of grasses 
a ts 0.073 Surface albedo of tree seedlings 

Notes. a As in V13. b As in V15. 
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urface temperature; such fractions only depend on c( T )of trees and
rasses. 

.3 Model calibration 

he full climate-v e getation model was calibrated for Earth condi-
ions, by selecting a point of coexistence in the validation map (i.e. c g 
 5.92 and c ts = 8.88 in the left panel of Fig. 1 , corresponding to a

oncentration of trees plus tree seedlings approximately equal to that
f grasses). Our target was to find out a triplet of albedo values able to
eproduce, within the full model (i.e. after having switched on both
eed transport and v e getation feedback), the correct global annual
verage temperature. We then looked for the values of vegetation
lbedo (respectively, for trees, grasses, and tree seedlings) able to
eproduce the global annual average temperature as calculated by
he previous version of ESTM (i.e. 289 K; V15), where the land
urf ace albedo w as decreased from that of pure granite (0.35; Dobos
003 ) to a lower value accounting for a contribution by generic
 e getation (0.2; V13). Here, on non-v e getated (bare) land we adopted
he albedo value of granite, thus the o v erall land albedo resulted
rom the combination of v e getation and bare land albedo. Given the
on-unique combinations of trees and grass albedo values able to
chieve such a result, we explored different setups. Our choice here,
llustrated in Table 3 , assumes grass to be lighter and trees darker, in
eeping with standard terrestrial values (e.g. https://www.climate.be/ 
extbook/chapter1$ $node16.html ). When not differently specified,
lanetary parameters in Table 3 are the same as in Table 1 . 
NRAS 534, 1–11 (2024) 
 RESULTS  

.1 Vegetation-albedo feedback 

he main goal of this study was to understand whether and how
he v e getation-albedo feedback influences planetary habitability. As
nticipated abo v e, here this effect was simulated through the Charne y
echanism: as v e getation is darker than the bare surface of the

ontinents, it impacts the surface albedo and therefore warms up the
lanet. In our model, turning on v e getation-albedo feedback means

https://www.climate.be/textbook/chapter1_node16.html
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Table 4. Parametric setup for the three planetary configurations explored in 
this study: Earth , pseudo-Earth , and dry pseudo-Earth . 

Earth pseudo-Earth dry pseudo-Earth 

eccP 0.01671022 0.0 0.0 
obliq 23.43929 ◦ 0.0 ◦ 0.0 ◦
Geography present Earth a modified b modified b 

f 0 const 0.70 0.70 0.30 
s t 0.0 0.0 0.0 
s g 0.1 0.1 0.1 
s ts 0.1 0.1 0.1 

Notes. a Sampled o v er 46 latitude strips and interpolated to the desired number 
of strips (Murante et al. 2020 ). 
b Constant fraction of oceans at all latitude bands (Murante et al. 2020 ). 
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sing the full equations ( 4 )–( 7 ), thus allowing the albedo on land to
epend on v e getation fractions. Three planetary configurations were 
onsidered: (i) the Earth , as modelled by V15; (ii) a pseudo-Earth
ith its rotation axis perpendicular to the orbital plane, zero orbital 

ccentricity, and a simplified geography (constant fraction of oceans 
t all latitudinal bands, f 0 = 0 . 7); and (iii) a dry pseudo-Earth differ-
ng from the pseudo-Earth in the fraction of continents versus oceans 
 f 0 = 0 . 3). The Earth-like configuration is moti v ated by the need
or testing, as a benchmark, the impact of the simplified v e getation
odel adopted here. The other two configurations (pseudo-Earth and 

ry pseudo-Earth) have the advantage of simplifying interpretation 
f results, by removing complications such as, for instance, seasonal 
ffects and/or planetary geography. In particular, the dry pseudo- 
arth configuration amplifies the effect of the Charney mechanism, 

ncreasing the faction of lands with respect to oceans. Vegetation 
ro wth belo w the water freezing point was prevented by setting to
ero the seed dispersion term whenever the temperature of a latitudi- 
al band fell below T = 0 ◦C. Initial tree, grass, and tree seedlings’
ractions o v er land were respectiv ely initialized at 9 per cent,
0 per cent, and 1 per cent, consistently with previous calculations. 
ifferent parametric setups for these three configurations, when 
ifferent from those reported in Tables 1 and 2 , are summarized in

able 4 . 

igure 3. Global annual average temperature following different (and symmetrica
nd liquid-water habitability (bottom right panel) for the Earth , as a function of d
omparison, the habitability of Earth with bare granite continents is 0.818. Colour s
efined as the difference between the global annual average temperature of each sp
o v er (in Celsius or, equi v alently, in Kelvin); the liquid-water habitability, defined a

/ar
.1.1 The Earth as a benchmark 

he planetary parameters for the Earth configuration are listed in 
he second column of Table 4 , where calibration of the v e getation
lbedo was performed for c g = 5 . 92 and c ts = 8 . 88. Upper panels of
ig. 3 show the global annual average temperature for each of the
4 × 54 numerical runs, after v e getation-albedo feedback had been
urned on. As in Fig. 1 , each run was initialized by setting each c g 
MNRAS 534, 1–11 (2024) 

l) initial conditions (upper panels), temperature anomaly (bottom left panel), 
ifferent combinations of growth factors for tree seedlings and grasses. For 
cales show: the global annual average temperature (in Celsius); the anomaly, 
ecific run and that of a planet with bare granite continents and no v e getation 
s a pure number comprised between 0 and 1 (according to V15). 

ticle/534/1/1/7740470 by Sistem
a Bibliotecario del Politecnico di Torino user on 07 January 2025
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Figure 4. Global annual temperature anomaly (upper panel) and liquid- 
water habitability (lower panel) for the pseudo-Earth , as a function of 
different combinations of growth factors for tree seedlings and grasses. For 
comparison, the habitability of pseudo-Earth with bare granite continents is 
0.802. Colour scales as in Fig. 3 . 
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nd c ts to the values corresponding to their optimal temperatures.
or the sake of completeness, the effect of bistability on the surface

emperature is also shown. When initial conditions return a grass-
ominated solution, the temperature is lower; conversely, when −
or the same values of the growth factor − initial conditions return
 tree-dominated configuration, temperature there is higher. Bottom
eft panel of Fig. 3 shows the temperature anomaly with respect to
he Earth without v e getation on land, that is, the difference between
he global annual average temperature of each run and that of Earth
aving the albedo of granite on the continents. The results indicate
hat both trees and grasslands can significantly impact the global
nnual average temperature. On average, the Earth warms by about
.5 ◦–2 ◦ with respect to the granite case for grasslands, and up to
 

◦ for tree dominance. Since grasslands feature the highest albedo,
he y hav e a smaller impact; a larger effect occurs for tree-co v ered
ontinents. Intermediate behaviours are observed in the tree-grass
oe xistence re gion. At the bottom right of Fig. 3 , we show planetary
iquid-water habitability, h , defined here as the fraction of planetary
urface (av eraged o v er an entire orbit) whose temperature is between
he water freezing and e v aporation points (V15). For comparison,
he habitability of Earth with granite-co v ered continents is h = 0 . 818
nd that of the calibration case without v e getation feedback (constant
and albedo intermediate between v e getation and granite) is h =
 . 877. The fact that the o v erall habitability maps closely follow
hose of the global average temperature is a direct consequence of
ow habitability is defined. Regarding the dependence on the initial
onditions (bistability), observed behaviours concerning the latter
lots are analogous to what is shown in the upper panels of Fig. 3
nd here omitted in order to a v oid redundancy. The same applies to
he next two figures. 

.1.2 Pseudo-Earth 

he third column of Table 4 reports the planetary parameters for
he pseudo-Earth , where all simulations have been initialized as
or the Earth. The results of the simulations are shown in Fig. 4 .
ere, the upper panel shows the temperature anomaly between

he case with v e getation feedback and that with constant granite
lbedo on continents, while the lower panel show the liquid-water
abitability. 
For comparison, the habitability of pseudo-Earth without vege-

ation co v er is 0.802. The pseudo-Earth behav es similarly to the
arth. Since planetary parameters are different, the annual global
verage temperature also does, with a tendency of being higher
han on Earth − an effect mainly related to the more homogeneous
ontinental co v er. As a consequence, the coe xistence re gion becomes
armer. As for the Earth, grass-dominated worlds are colder than

ree-dominated planets. The deviation with respect to the bare-
ock run, as well as the impact of v e getation on habitability, are
imilar to what happens on Earth. In general, ho we ver, pseudo-
arth habitability is slightly lower. This depends on Earth’s seasonal
ariability, which implies that high latitude bands may be frozen for
nly a fraction of the year. Differently, on the pseudo-Earth such
ands are al w ays frozen − making the o v erall habitability lower.
ote that the discrete blocks visible in the lower panel of Fig. 4

re generated by the dichotomy of pseudo-Earth’s latitudinal bands,
hich are either al w ays habitable or al w ays non-habitable. Thus, this

ower habitability is affected more by the lack of seasons than by the
igher homogeneity in the land distribution: indeed, the latter pushes
verage temperature, and therefore habitability, towards higher
alues. 
NRAS 534, 1–11 (2024) 
.1.3 Dry pseudo-Earth 

ig. 5 refers to the dry pseudo-Earth configuration, whose param-
ters are listed in the fourth column of Table 4 . Here, the only
ifference with respect to the pseudo-Earth is that oceans occupy
nly 30 per cent of the planetary surface. Since the planetary surface
ccupied by v e getation is larger, its impact on the average global
emperature is visibly reinforced, with an increase depending on
he type and amount of v e getation co v er. Tree-dominated worlds
re up to 12 ◦ hotter than the bare-rock case with no v e getation;
rass-dominated worlds are about 5 ◦ warmer. As for the Earth and
he pseudo-Earth, the coe xistence re gion corresponds to intermediate
alues between these two values. This makes the impact of v e getation
n the climate of dry worlds somehow extreme as far as the Charney
echanism is concerned, as should be expected by the original
oti v ation of Charney’s work on desert ecosystems. Again, surface

emperature is mirrored by habitability, which now spans a wider
ange of values (here, the habitability of dry pseudo-Earth with bare
ranite continents is 0.727). Note how, in general, the habitability
f these dry worlds is lower than that of pseudo-Earths. This is
ecause their larger land co v er triggers an increase in the albedo and
herefore cools down the planet, even in the presence of trees, as the
lbedo of oceans is generally lower than that of lands. As for the
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Figure 5. Global annual temperature anomaly (upper panel) and liquid- 
water habitability (lower panel) for the dry pseudo-Earth , as a function of 
different combinations of growth factors for tree seedlings and grasses. For 
comparison, the habitability of dry pseudo-Earth with bare granite continents 
is 0.727. Colour scales are as in Fig. 3 , although their ranges differ due the 
large variability introduced by the present setup. 

Figure 6. Impact of v e getation on the liquid-water habitability index h for the 
Earth , as a function of the semimajor axis of the orbit d (in this configuration, 
approximately concei v able as the distance from the star), for the cases of 
tree-dominance (continuous green / dark line), grass-dominance (continuous 
yellow / light line), and coexistence between trees and grasses (continuous 
black line). The dashed black line indicates the case without v e getation. 

p
b
F

Figure 7. Impact of v e getation on the liquid-water habitability index h for 
the pseudo-Earth , as a function of the semimajor axis of the orbit d (in 
this configuration, strictly corresponding to the distance from the star), for 
the cases of tree-dominance (continuous green / dark line), grass-dominance 
(continuous yellow / light line), and coexistence between trees and grasses 
(continuous black line). The dashed black line indicates the case without 
v e getation. 

Figure 8. Impact of v e getation on the liquid-water habitability index h for 
the dry pseudo-Earth , as a function of the semimajor axis of the orbit d (in 
this configuration, strictly corresponding to the distance from the star), for 
the cases of tree-dominance (continuous green / dark line), grass-dominance 
(continuous yellow / light line), and coexistence between trees and grasses 
(continuous black line). The dashed black line indicates the case without 
v e getation. 
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seudo-Earth, lack of seasons is responsible for the discrete blocks 
etween separate regions in the parameter space (lower panel of 
ig. 5 ). 
.1.4 Impact of vegetation on the circumstellar habitable zone 

igs 6 –8 sho w, respecti vely, for the three planetary setups reported
n Table 4 , the impact of v e getation on the liquid-water habitability
ndex h (as defined in Section 5.1.1 ) as a function of the semimajor
xis d (for these configurations, equi v alent to the distance from
he star) and for the following conditions on the v e getation growth
actors: dominance of trees ( c g ( T ) = 2.035 and c ts ( T ) = 9.435);
ominance of grasses ( c g ( T ) = 8.14 and c ts ( T ) = 1.295); and
oexistence between trees and grasses ( c g ( T ) = 5.92 and c ts ( T )
 8.88). For Earth-like conditions, the semimajor axis d = 1.04 au

epresents the turning point where v e getation enhances habitability 
rom h = 0.0 to 0.485 (in the grass-dominance case), h = 0.584
for coexistence), and h = 0.612 (in the tree-dominance case). This
orresponds to the transition from a fully de veloped sno wball to a
lanet with intermediate habitability. A similar effect is observed at d 
 1.052 for the pseudo-Earth, and at d = 1.035 for the dry pseudo-
arth. The latter case is also the one featuring the highest discrepancy
MNRAS 534, 1–11 (2024) 
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Figure 9. Latitudinal temperature profiles for the dry pseudo-Earth at d 
= 1.035 au. Dashed line: case without v e getation. Continuous lines: cases 
with v e getation-albedo feedback. T cong : water freezing temperature. 
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4 Since we explored the impact of vegetation on the snowball edge of the 
habitable zone, the liquid-water habitability index adopted here, h , provides 
the same results of the ‘complex-life’ index of habitability, h 050 , which is 

◦

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/1/7740470 by Sistem
a Bibliotecario del Politecnico di Torino user on 07 January 2025
etween the profiles associated to different biome compositions
Fig. 8 ), again as a consequence of the highest fraction of continents.

This effect is further explored in Fig. 9 . Here, we compare the
emperature profiles without and with v e getation as a function of
he planetary latitude, for the case of dry pseudo-Earth . Again, tree-
ominance, grass-dominance, and coexistence are considered. For
he same values of the semimajor axis, when v e getation is absent,
he planet is in a snowball state; by contrast, v e getation generates
n equatorial habitable belt, where liquid water can persist. This
uggests that a living planet, characterized by a well-developed
iosphere, can ef fecti vely pre vent the onset of a full snowball state. 

 DISCUSSION  A N D  C O N C L U S I O N  

n this work, we explored the role of vegetation albedo in determining
he surface temperature of a rocky planet and, as a consequence,
lanetary habitability. By considering different combinations of
rowth factors for trees and grasses, four situations emerged, con-
istent with B09: complete tree dominance (forest worlds), grasses
grassland worlds), tree-grass coexistence, and bidirectionality with
he system converging to grassland or to forest depending on the
nitial v e getation fractions. The propagation of seeds across latitudes
eads to a widening of the coexistence region (Fig. 1 , right panel). 

Due to changes in the albedo caused by v e getation, the habitable
one and o v erall planetary habitability are extended beyond the
raditional outer limits. (Figs 6 –8 ). Although the warming effect
f v e getation due to the lowered albedo is to be expected, in our
pproach the v e getation distribution across latitudes is generated by
he outcome of the dynamical competition for resources between
rees and grasses, which is, in turn, determined by the average
emperature in each latitudinal band. In this way, a full coupling
etween v e getation co v er and temperature is simulated, based on
on-linear feedback between these two variables. In general, thus, the
chiev ed temperature-v e getation state is not imposed, but emerges
rom the dynamics of the v e getation-climate system. 

This effect is especially rele v ant for planets that have a larger
xtension of continents than Earth and a correspondingly smaller
cean co v er, such as the case we called dry pseudo-Earth . In this
ase, in fact, the albedo change induced by v e getation has a stronger
ffect (cf. Abe et al. 2011 ). Ho we ver, the ocean fraction cannot
e too small, as in this case the whole hydrological cycle could be
odified. F or e xample, on a vast continent, precipitation in the centre
NRAS 534, 1–11 (2024) 

d

f the continent could be severely limited. Therefore, if the continents
ere too large, their central parts could be unsuitable as habitats for
 e getation. A complete quantification of these effects should include
 full treatment of the planetary water cycle, which is beyond the
cope of this study. 

Although relatively limited, the effect of v e getation albedo e x-
lored here indicates that the feedback of the biosphere on climate
nd, thus, on habitability itself cannot be discarded when analysing
otential planetary habitability and the role of v e getation co v er on
ontinents. Note that here we are considering a modern Earth-like
hemical composition of the atmosphere, thus we do not include
ny attempt to model the maximum greenhouse limit for a CO 2 -
ich atmosphere as done, for example, in Kasting et al. ( 1993 ) and
opparapu et al. ( 2013 ). In our simulations, the outer edge of the
ircumstellar habitable zone is, in practice, the snowball limit for a
lanet with an Earth-like atmospheric composition. 4 

An important consequence of the introduction of v e getation is
herefore the passage from snowball conditions to a planet with
ntermediate habitability at the outer edge of the circumstellar
abitable zone (Fig. 9 ), which is especially important for habit-
ble planets that are prone to snowball transition (Murante et al.
020 ). We recall that, with respect to a world with bare granite
ontinents, the effect of v e getation albedo is to increase the average
urface temperature. On the other hand, grasses and trees have
ifferent albedo, so they affect temperature to differing degrees. In
 world where both types of v e getation are present, such as the
ase considered here, the dominance of one type o v er another can
ead to temperature changes and, in case the v e getation type with
ower albedo is fa v oured at higher temperature, one can obtain a
emperature-stabilizing effect that is analogous to the homeostatic
ehaviour of white and black daisies of Daisyworld (Watson &
o v elock 1983 ). This situation is especially interesting for planets

n the grassland-forest coexistence regime, where small variations in
xternal conditions (e.g. stellar luminosity or orbital variations) can
e buffered by different latitudinal extensions of grasses and forests.
The dynamics explored here is extremely simplified and represents

nly a first step in the analysis of v e getation-habitability interactions.
he adopted v e getation distribution is stripped at its bare minimum,
nd in reality the relative dominance of grasses and forests is related
lso to other parameters such as the availability of water. The
 e getation types we considered represent boreal forests and low-
atitude grasslands and savannas, and we did not include neither high-
atitude grasslands and steppe, nor (more importantly) equatorial
orests. In particular, grasses expanded in the last tens of million
f years, when the Earth surface temperature decreased from the
igh values of the Eocene and the more arid conditions fa v oured
rasses (Cerling, Wang & Quade 1993 ). Usually, the intensity of
he hydrological cycle is considered to be roughly related to the
verage temperature (Trenberth 1998 ), with colder climates having
ess precipitation than what happens in warmer conditions. Although
he relation between temperature and precipitation is definitely much

ore complicated than this, we could anyway make the hypothesis
hat lower optimal temperatures are associated to grasses (fa v oured
y the more arid conditions), while higher optimal temperatures are
ssociated to trees. In this case, forests would dominate at lower
atitudes and grasses/steppe would dominate at higher latitudes.
efined in the temperature range 0 ≤ T ( C ) ≤ 50 (Silva et al. 2017 ). 
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lso in this case, the effect of v e getation is to warm up the planet
ith respect to bare soil. In coexistence regime, low-latitude trees 
ave lower albedo than low-latitude grasses and, since most solar 
adiation impinges at low latitudes, the warming effect of v e getation
s enhanced. Future work will explore in detail the effects of different
hoices of optimal temperatures and more comple x v e getation 
onfigurations (e.g. trees at both low and high latitudes and grasslands 
t intermediate latitudes). 

Another important question concerns the effect of v e getation 
n the atmospheric concentration of CO 2 . Plants both sequester 
arbon from the atmosphere by photosynthesis, thus lowering the 
reenhouse effect, and emit CO 2 by respiration. To this, one should 
dd the carbon dioxide emission by soil decomposition processes. In 
n equilibrium situation, the two competing effects of CO 2 removal 
nd emission should balance each another, but temperature and CO 2 

hanges can strengthen one of the two components, and the net 
utcome is not easy to predict. The time-scale of this process is
he same of the v e getation life cycle (tens or hundreds of years);
herefore, the feedback associated with the biological carbon cycle 
an be easily studied with ESTM. Future work will also include a
implified carbon balance model in the study of planetary habitability, 
ossibly combined with parametrized descriptions of the much 
lower geological carbon dynamics associated with the carbonate- 
ilicate cycle. 
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