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ABSTRACT

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 vegetation types that resemble grasslands and trees (the latter in the double stages
of life: adults and seedlings). The newly developed model was applied to estimate how the climate-vegetation 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 vegetation-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 vegetation types. The change in albedo due to vegetation extends the
habitable zone and enhances the overall planetary habitability beyond its traditional outer edge. This effect is especially relevant
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 vegetation enhances habitability from 2 = 0.0 to 0.485 (in the grass-dominance case), to 2 = 0.584 (in the case
of coexistence between grasses and trees), and to 4 = 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.

type of soil and orography, etc.). Some of these parameters have been

1 INTRODUCTION or will be measured in the near future; data on the others will not be

The study of exoplanetary climates plays a crucial role in astro-
biology, the science that investigates the origin, evolution, and
distribution of life in the Universe (see e.g. Williams & Kasting
1997, and references therein). The climate of a rocky planet is of
paramount importance to establish the possible presence of liquid
water at its surface (Dole 1964; Hart 1979; Kasting, Whitmire &
Reynolds 1993), and thus, in the wide sense generally accepted
by the scientific community, its habitability. Climate depends on
a great number of factors and parameters, both astrophysical (e.g.
luminosity of the central star(s), distance of the planet to the star, and
orbital eccentricity) and planetary (inclination of the rotation axis,
day duration, atmospheric composition and pressure, presence and
fraction of oceans, presence and distribution of continental masses,

*E-mail: erica.bisesi@inaf.it (EB); giuseppe.murante@inaf.it (GM);
antonello.provenzale @cnr.it (AP)
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available in short time, and maybe not even in the far future (Li et al.
2022).

Given the level of uncertainty on many of such planetary char-
acteristics, simple conceptual climate models lend themselves to
better serving at parameter space exploration than the more complex
global climate models (GCM; see e.g. Provenzale 2014, for a simple
discussion of the hierarchy of climate models), for example in
reason of their much lower computational cost. ‘Simple’ models
allow running thousands of numerical experiments at the same
computational time of a single GCM’s run. Within the broad family
of EBMs (energy balance models), a representative example of such a
streamlined model is ESTM (Earth-like surface temperature model:
Vladilo et al. 2013, 2015— V13, V15 from now on, Biasiotti et al.
2022). As all EBMs, ESTM is a type of climate tool commonly
employed in studies of the so-called habitable zone (Kasting 1988;
Kasting et al. 1993), and is based on the numerical solution of a
modified diffusion equation for the meridional heat transfer, coupled
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with a radiative-convective atmospheric column model to account
for the vertical transport of radiation (downward and upward). This
model has been used for studying a number of characteristics of
possible exoplanets candidates (see e.g. Silva et al. 2017; Murante
et al. 2020, and references therein). It has also been used to explore
how the outer edge of the habitable zone varies by modifying basic
planetary parameters (Biasiotti et al. 2022).

On Earth, a well-known regulator of planetary climate is its
vegetation cover. Vegetation can modify the planetary surface albedo,
as itis usually darker than the bare surface of the continents (Charney
mechanism: Charney, Stones & Quirk 1975; see also Baudena,
D’Andrea & Provenzale 2009— B09 from now on, Cresto Aleina
et al. 2013, and references therein). Other relevant vegetation—
climate interactions include the effects on the ‘fast’” and ‘slow’
carbon cycles, the former through the way in which plants, or more
generally the biosphere, can absorb (by photosynthesis) and emit (by
respiration) carbon into the atmosphere, and the second relating to
the way terrestrial vegetation can alter the speed of rock weathering
and thus the pace of the geological carbon cycle. Both processes
change the carbon dioxide or methane fraction in the atmosphere
and, as a consequence, the global greenhouse effect. Vegetation
evapotranspiration is also important, both in reason of its direct
surface cooling effect and of the emission of water vapour that can
participate in the hydrological cycle (Cresto Aleina et al. 2013; Trostl
et al. 2016; Zhao et al. 2017).

While a complete understanding of the effects of vegetation
would require consideration of all three effects, in this work we
focus on the albedo effect of vegetation, and adopt the ESTM
approach to investigate the relevance of the Charney mechanism
on exoplanet’s habitability. A central aspect of our exploration is
the inclusion of vegetation competition and coexistence, considering
more than one type of vegetation — namely, tree- and grass-like
plants. We thus introduce an updated version of ESTM, which takes
into account the presence, distribution, and temporal dynamics of
different vegetation types. Differential equations describing how
changes in the vegetation distribution impact changes in temperature
via the albedo feedback, and vice versa, have been implemented
into the model. The newly developed version of ESTM, which
includes vegetation dynamics, has been applied to estimate (i) how
different and dynamically competing vegetation types (inspired by
terrestrial trees and grasses) reach an equilibrium distribution on a
planet depending on its main properties (the most straightforward of
these being the insolation, i.e. a combination of stellar luminosity
and planet distance from the star), and (ii) how the presence of
vegetation impacts the planet’s surface temperature and habitability,
thus modifying the corresponding circumstellar habitable zone.

2 SCIENTIFIC QUESTIONS

The aim of this study is to analytically and numerically combine
ESTM (V13, V15) with an idealized model for tree—grass dynamics
such as that described in B09, to estimate how dynamically com-
peting vegetation types impact the surface albedo, and consequently
the temperature and habitability of rocky, terrestrial-type exoplanets.
This endeavour should be seen as a first step of a research program
aimed at including the main climate-vegetation feedbacks known for
Earth in exoplanetary habitability assessments.

On Earth, vegetation growth depends on several environmental
factors, including temperature and soil moisture. Given the structure
of ESTM, in keeping with previous works (Charney et al. 1975;
Von Bloh, Block & Schellnhuber 1997) we relate vegetation growth
and mortality to the surface temperature, which is well handled by
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ESTM. The use of temperature as a simplified proxy for the intensity
of the water cycle was often used in conceptual models of climate—
biosphere interactions, see, for example, Von Bloh et al. (1997),
given the difficulties in properly handling a full hydrological cycle
in simplified energy balance models.

The surface temperature of a planet depends, in turn, on a number
of stellar, orbital, and geographic parameters. For exploring the role
of vegetation, we investigated a set of standard configurations in
the parameter space: (i) the Earth as a reference benchmark, (ii) a
pseudo-Earth with its rotation axis perpendicular to the orbital plane,
zero orbital eccentricity, and a simplified geography with the same
fraction of continents (0.3) at every latitude, and (iii) a similar pseudo-
Earth with a different percentage of continents versus oceans than
found on Earth. For each configurations, we compared the latitudinal
temperature profiles without vegetation to those with vegetation-
albedo feedback, for different values of the semimajor orbital axis
and of eccentricity.

The rest of this work is structured as follows. After a schematic
summary of the ESTM and vegetation models, the last part of Section
3 illustrates how the two approaches have been analytically com-
bined. Validation of B09’s results within ESTM and calibration of
the updated Earth’s model are summarized in Section 4. Presentation
of results is structured into two main parts. After showing how
combination with ESTM may implement new pieces of information
in the BO9 model (Section 4.2), we address the impact of vegetation
on the climate and habitability for a terrestrial-type planet as a
function of different configurations in the parameter space (Section
5). Section 6 provides a summary and a general discussion of the
results, ending up with an overview of possible model extensions
and improvements.

3 THE MODEL

3.1 Climate model

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

oT 0 ,, 0T
C——-——|D(—-x")—|=[SA-AWV)]—-1I. (€))

or Ox ox

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

(i) t is orbital time.

(i1) x = sin(0) is the sine of the average band latitude.

(iii) T = T(t, x) is the latitudinal band temperature.

(iv) C represents the effective thermal capacity of the planetary
surface per unit area (J m~2 K~!), calculated by summing up the
contributions of lands, oceans, ice over lands, and ice over oceans.
Each of these contributions is weighted according to the zonal
coverage of each component.

(v) The second term on the left hand describes the meridional
energy transport along the coordinate x, modulated by the diffusion
coefficient D (W m~2 K~'), which governs the efficiency of the
latitudinal heat transport.
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(vi) On the right hand of equation (1), the term S = S(z, 0)
represents the insolation, that is, the incoming stellar radiation (W
m~2) which is calculated taking into account the stellar luminosity,
the orbital parameters, and the inclination of the planet rotation axis.

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

(viii) 7 (W m~2) is the outgoing long-wave radiation.

Terms A and [ are computed using single-column radiative-
convective calculations. A is computed as a function of the tem-
perature 7', the surface albedo, the zenith angle, and / is computed
as a function of the temperature 7. Recently, ESTM has been coupled
with EOS' (Simonetti et al. 2022), allowing the use of both different
atmospheric types (with their respective abundances) and different
stellar spectra (Biasiotti et al. 2022). A full presentation of the model,
including detailed description of the terms C, D, S, A, and /that
characterize the astrophysical, geophysical and atmospheric prop-
erties of the planet can be found in V15.

3.2 Vegetation model

The model for a single vegetation type is based on the introduction
of a second partial differential equation, coupled to equation (1) and
describing the growth, death, and colonization of vegetation as a
function of the temperature 7. Here, the temperature is taken as a
simplified proxy of precipitation as the intensity of the hydrological
cycle grows with temperature in the typical range of habitable
temperatures — see for example Von Bloh et al. (1997). The vegetation
equation reads:
ov 19 5, 0V
o =% C o {D(l —x )a] +G(TMVA-V)—=dT)V. (2)
In equation (2), V is the fraction of continental surface covered
by vegetation, 0 < V < 1, G, and d are, respectively, the coloniza-
tion rate of bare areas by vegetation and the vegetation mortality
(Lenton & Lovelock 2001; Lenton 2002; Wilkinson 2003; Wood
et al. 2008; Baudena et al. 2009; Cresto Aleina et al. 2013), and
s represents the seed dispersal term across latitudinal bands. The
vegetation growth factor G(T') is described by a truncated parabola
(cf. Von Bloh et al. 1997; Wood et al. 2008):

G(T) = gmax {1 —[w(T, — T}, A3)

where gmax 1S the maximum value for the growth factor, w is
the width of the parabola, and T, is the optimal temperature for
vegetation growth G(T)—which is set to zero for T < 0.

Following B09, we introduced a hierarchical model (see e.g.
Tilman 1994) describing the competition between trees and grasses,
with two stages of tree life: adults and seedlings. The habitat is thus
occupied by three types of life forms — adult trees, grasses, and

'EOS is a code designed for studying the atmospheric radiative transfer in
habitable worlds. It is based on another atmospheric radiative tranfer code
— HELIOS, whose name corresponds to that of the Greek God of the Sun.
According to Greek mithology, Eos is one of the sisters of Helios, the Greek
Goddess of the Dawn. For consistency purposes, EOS (like HELIOS) was
capitalized.
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tree seedlings. BO9 (p. 2) reads: ‘These three types of life forms
are represented by the fraction of space they occupy in the habitat,
and thus the model represents spatial dynamics, although implicitly’.
The total dynamics is the sum of all these individual processes: tree
seedlings compete for resources with grasses, which can limit their
growth by causing local extinction and replacement, while adult
trees outcompete grasses. Such model was originally developed in
B09 to simulate the dynamics of savanna ecosystems. In addition,
we introduced meridional (tree and grass) seed dispersal.

By assuming that trees do not propagate themselves but generate
seeds which, in turn, disperse to produce new seedlings, and
grasses generate seeds that also disperse, the vegetation dynamics
is described by a set of three differential equations (equations 4-7):

oV

S = allVe —d(T)Ve )
%_{ 13[0(1— 2)%}+ (T)V}- )
o \Cox ST

. (1 —V,— Vg) — dg(T)Vy;
aVls _ ii _ 42 % .
5 = {sls C o {D(l x?) 6x} +cls(T)Vt} ©)

(1= V= Vg = Vo) = dulT)Vis = &T)Vis = co(T)V, Vi

ci(T)=c¢; {1 — [wi(T; — T},

Indices t, g, and ts in equations (4)—(7) refer, respectively, to
trees, grasses, and tree seedlings. In this model, G depends on the
temperature 7', and ¢ are the colonization/growth rates as introduced
by BO9 (in particular, c¢,;measures the colonization success of new
areas by tree seedlings generated by adult trees, ¢, is the colonization
rate of grasses, and c, is the success of tree seedling in growing into
adult trees). For a more detailed description of the model and the
parameter setup, see BO9 and Table 2. For simplicity, we considered
vegetation mortality to be independent of temperature. Although d
depends on 7 in the general model of equation (2), after a number
of experiments we opted for fixing it for each vegetation specie as
indicated in Table 2.

Using the above model, we allowed competition for resources
between two types of vegetation, each having its own albedo and
growth properties. In general, trees and grasses will have different
optimal temperatures 7'(i), and we shall always choose the widths
1/w(i) of the growth rates of the different vegetation types to be large
enough to assure the presence of significant competition. Thus, the
vegetation distribution and, consequently, the value of the surface
albedo is not fixed a priori, but it is a result of the competition
dynamics controlled by the local temperature which is, in turn, a
function also of the albedo. This leads to nonlinear temperature-
vegetation feedback which, in turn, can lead to multiple climatic
equilibria. Notice, also, that the vegetation considered here only
dwells on land. Therefore, the vegetated fraction must be interpreted
as a land fraction; to obtain the total vegetation fraction at a latitudinal
band, V;’s has to be multiplied by the continent fraction of the band.

The growth rate dependencies adopted here, chosen to maximize
the coexistence between different vegetation types, is different from
that made by Wood et al. (2008). In our case, the smaller effect
of the difference between the optimal temperatures and the larger
widths of the two growth rate curves allow for fully activating the
interaction/competition dynamics between the vegetation species
(trees and grasses), and lead to a rich dynamical behaviour in
the parameter space (tree or grass dominance, coexistence, and
bistability). Indeed, a stronger difference between the growth rate
curves would lead to rather obvious conclusions, where at each

i=t,g,ts. (@)
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latitude the outcome of competition would be completely defined
by the large difference between the growth rates, and conditions of
coexistence or bistability would be extremely limited or absent. With
our choice, instead, the competition dynamics can fully reveal itself
and can lead to a more complex behaviour. Necessarily, the growth
rates are limited by a cut-off below zero Celsius (as stated above),
and also at larger temperatures. On the other hand, in the planetary
configurations to be explored in our work, such larger temperatures
are never obtained.

The vegetation dynamics depends also on seed dispersal. In the
model, we considered seed transport as due to the production of
the seeds themselves and to their transport by ‘winds’ (modelled in
ESTM by the diffusion coefficient D). In such sense, the colonization
rate at a given latitude includes the ‘local’ seed propagation inside
a latitude band, while the seed dispersion across latitude bands is
associated with the long-range meridional atmospheric transport (as
represented by D) and proportional to the area covered by plants.
Clearly, there is the assumption that seed production is proportional
to the plant fractional cover.

As in V13 and V15, spatial integration of temperature and
equations (1) and (4)—(6) were performed using a staggered grid.?
For the temporal dynamics, we used a fourth-order Runge—Kutta
integrator. Since we are performing a great number of runs, we
adopted an HTC (High-Throughput Computing) approach. To this
aim, we wrote a master/slave code able to run simultaneously a large
number of cases. The code was written in PYTHON (using the library
MPI4PY), and also implements check pointing and restarting. The runs
presented in this work took place on a number of cores ranging from
36 to about 200, on local facilities (e.g. amonra@inaf). Trivially,
such an HTC parallelization scales with the number of cores. A run
is considered to have converged to its equilibrium solution when the
global annual average surface temperature does not change by more
than AT /T (over two consecutive orbits), and the global annual
vegetated fractions of trees, grasses, and seedlings do not change by
more than AV /V. Convergence of the vegetation fractions may be
slower — even much slower — than that of the surface temperature,
depending upon the values of vegetation parameters.

4 MODEL VALIDATION AND CALIBRATION

4.1 Model validation

The model was validated by reproducing the equilibrium states in
the subset of parameter space spanned by the colonization rate of
grasses and tree seedlings, ¢, and cirespectively, while ¢, was kept
fixed to 0.2 — according to B09 (Fig. 1, therein). At the stage of
model validation, vegetation-albedo feedback was turned off and
seed transport was set to zero (i.e. s, = s, = s = 0). The first choice
implied that the temperature profile at the equilibrium only depended
on planetary parameters, that is, not on vegetation — which played a
passive role in all the validation runs. This was obtained by setting
A(V) = A in equation (1). Here, A on land is kept fixed as in V13,
and does not depend on the vegetation fraction.

In our model, colonization rates depend on temperature through
equation (7), and for each temperature provided by ESTM in a given
latitudinal band, we have a unique set of colonization rates once
the functional dependencies of the vegetation parameters are chosen.

%In a few cases, our staggered-grid space integration method may introduce
asymmetries in the vegetation profiles. Such cases were thus re-run by
doubling the spatial resolution.
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Thus, a given latitudinal band in a given ESTM run provides a set
of colonization rates that define a single point in the parameter plane
of Fig. 1. By producing several runs of the ESTM for different
choices of the optimal temperatures (for passive vegetation), and
checking what type of vegetation behaviour was obtained when
stationarity was reached, we populated the parameter space of
colonization rates with the corresponding asymptotic vegetation
behaviour. All other parameters were set as reported in Tables 1 and
2, respectively, for the climate and the vegetation model. In particular,
each simulation started from initially constant values of T =275 K,
¢g = 0.9, and ¢ = 0.09. As for bistability, the last two values were
inverted (values in brackets at the top of Table 2). The choice of
adopting a totally symmetrical geographic configuration, with orbit
eccentricity and axis inclination both set to zero (a planet setup named
pseudo-Earth) is motivated by the requirement of having a simple,
symmetric surface temperature profile without seasonal variations
for the purpose of model validation.

The left panel of Fig. 1 shows the results of validation (for the
case without seed transport; seeds OFF). Each run provided a triplet
of vegetated land fractions (trees, grass, and tree seedling), one
for each latitudinal band. Dependence of trees/grasses vegetation
fractions on latitude are exemplified in Fig. 2. As a consequence,
each run produced many points (< 54) in Fig. 1, one per each band
where vegetation fractions were not null. As in B09, we found that
the system can display four different types of behaviour: in some
portions of the parameter space only trees are found (forest, green /
middle dark points in the figure), while other parameter values led
to a dominance of grasses (grassland, yellow / light points). On the
other hand, stable coexistence of grasses and trees (black points) is
also possible. Here, we requested a value of at least 1 percent for
the fraction of area occupied by each vegetation type for declaring
coexistence. For other parameter sets, bistability (red / higher dark
points) between grassland and forest was observed. In bistable
cases, the system converged either to a completely herbaceous state
(grassland) or to a woody equilibrium (forest) depending on the initial
value of the tree and grass fractions (set in Table 2). Higher grass
colonization rates make the planet grassland-dominated; conversely,
when tree seedlings enhance their ability to occupy new space, a
forested planet is formed. For intermediate values of the colonization
parameters, either coexistence or bistability were found. These
results fully agree with those of B09.?

4.2 Seed dispersal

The right panel of Fig. 1 shows how the parameter space reproduced
in the validation stage is affected by seed dispersal (seeds ON). The
parametric setup is the same of Tables 1 and 2, apart from the seed
dispersal coefficients that were set to 0.1 (values in brackets at the

3In the absence of feedback, on the pseudo-Earth the temperature converges
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 over
the entire planet. However, as the system of differential equations is such
that at 7 < 0°C vegetation is prevented from growing anymore and carries
over death (as specified above), it may happen that during this transient it
completely disappears and, in the absence of seed transport, cannot be restored
— especially when the initial vegetated fraction is low. Surface temperatures
can therefore temporarily drop below 0°C, especially at high latitudes. This
effect can make it appear some anomalous bistable points: not only transitions
from trees to grasses, and/or vice versa, but also from coexistence between
trees and grasses to trees, or grasses. To correct such anomalies, the adopted
solution was freezing vegetation evolution during the first 25 orbits.
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Temperature dependent vegetation model
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Figure 1. Left panel: model validation. Reproduction of the results of Baudena et al. (2009) for vegetation 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
foconst 0.70 Constant fraction of ocean®

ag) 0.20 Surface albedo of lands“

asil 0.70 Surface albedo of ice on lands
dsio 0.70 Surface albedo of ice on ocean
few 0.70 Cloud coverage on water?

fa 0.60 Cloud coverage on lands?

fei 0.60 Cloud coverage on ice

Notes.” As in V13. 2As in V15.

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

Parameter Value Comment

Vi_start 0.01 (0.9) Initial fraction of trees

Vg start 0.9 (0.01) Initial fraction of grasses

Vis_start 0.09 Initial fraction of tree seedlings

(V) 285K Optimal temperature for trees

T(Vg) 304 K Optimal temperature for grasses
T(Vis) 285K Optimal temperature for tree seedlings
Ct 0.2 Growth factor for trees?

dy 0.02 Mortality for trees®

dy 0.5 Mortality for grasses®

dis 0.5 Mortality for tree seedlings®

wy 0.01 Logistic width for trees

Wy 0.01 Logistic width for grasses

Wis 0.01 Logistic width for tree seedlings

Sg 0.0 (0.1) Seed dispersal coefficient for grasses
Sts 0.0 (0.1) Seed dispersal coefficient for tree seedlings

Note. “As in B09.

bottom of Table 2). The effects of seed dispersal are: (i) widening the
region of coexistence between trees and grasses; (ii) changing the
shape of the region of bistability; and (iii) introducing a new type of
bistability. As for (i), trees can now propagate to regions that were
previously occupied only by grasses. This is due to the fact that, at

high latitudes (expressed as absolute values), the new source term in
equation (6):

1 0

Sts = 2= {D (1—x?%) (®)

C 0x

o
0x

allows trees to survive in cases where a tree-dominated initial
condition is used. At high latitudes, this transforms the equilibria
at points (cg, ¢is) (corresponding to grass dominance without seed
propagation) into equilibria corresponding to trees. Although less
significantly, an analogous effect is observed for grasses at the
lower border of the coexistence region. The effect (ii) can be
explained similarly. (iii) A new type of bistability appears around
¢y ~ 4 and ¢ ~ 4 (despite 3). Here, for an initial condition of grass
dominance, the system evolves towards coexistence — thanks to
the same mechanism which extends the coexistence region below
its lower border. This leads to bistability between coexistence and
tree dominance — a new behaviour with respect to the original
formulation of the B09 model without seed dispersal.

Upper panels of Fig. 2 show the latitudinal profiles for two repre-
sentative cases of vegetation fraction — respectively corresponding to
a coexistence and a bistable case, for the pseudo-Earth configuration.
For coexistence with initial conditions of grass dominance (upper
left panel), trees prevail at high latitudes (boreal forests), while
grasses prevail at low latitudes. According to our choice, the optimal
temperatures of trees and grasses differ by 20° (see Table 2).
Such a choice, combined with the relatively wide logistic function
for the temperature dependence of colonization rates, extends the
temperature range (and thus the latitudinal range) where trees and
grasses can co-exist in the same area. A different choice, that is,
a larger optimal temperature difference and/or a narrower logistic
function would have produced only trees at high latitudes and only
grasses near the equator. Movies with the complete set of profiles
for all possible configurations in the (cg, ¢s) parameter space are
accessible at the links provided in Appendix A.

The lower panel of Fig. 2 provides the temperature profile for the
same pseudo-Earth configuration; being this a case characterized by
null obliquity and eccentricity, such temperature profile corresponds
to the annual average. Green (middle dark) and yellow (light) lines,
respectively, illustrate the optimal temperature for trees and grasses;
the darker line refers to the water freezing temperature. Since in these
runs vegetation is ‘passive’, vegetation albedo does not influence the
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Figure 2. Upper panels: examples of latitudinal vegetation 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 vegetation 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.

surface temperature; such fractions only depend on ¢(7 )of trees and
grasses.

4.3 Model calibration

The full climate-vegetation model was calibrated for Earth condi-
tions, by selecting a point of coexistence in the validation map (i.e. ¢,
= 5.92 and ¢ = 8.88 in the left panel of Fig. 1, corresponding to a
concentration of trees plus tree seedlings approximately equal to that
of grasses). Our target was to find out a triplet of albedo values able to
reproduce, within the full model (i.e. after having switched on both
seed transport and vegetation feedback), the correct global annual
average temperature. We then looked for the values of vegetation
albedo (respectively, for trees, grasses, and tree seedlings) able to
reproduce the global annual average temperature as calculated by
the previous version of ESTM (i.e. 289 K; V15), where the land
surface albedo was decreased from that of pure granite (0.35; Dobos
2003) to a lower value accounting for a contribution by generic
vegetation (0.2; V13). Here, on non-vegetated (bare) land we adopted
the albedo value of granite, thus the overall land albedo resulted
from the combination of vegetation and bare land albedo. Given the
non-unique combinations of trees and grass albedo values able to
achieve such a result, we explored different setups. Our choice here,
illustrated in Table 3, assumes grass to be lighter and trees darker, in
keeping with standard terrestrial values (e.g. https://www.climate.be/
textbook/chapter1$_$node16.html). When not differently specified,
planetary parameters in Table 3 are the same as in Table 1.
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Table 3. Model calibration for Earth conditions: ESTM parameters®” and
vegetation albedo values.

Parameter Value Comment

eccP 0.01671022 Eccentricity of the planet’s orbit

obliq 23.43929° Obliquity of the planet rotation axis

ag 0.35 Surface albedo of lands”

St 0.1 Seed dispersal coefficient for grasses

Sts 0.1 Seed dispersal coefficient for tree
seedlings

ay 0.073 Surface albedo of trees

ag 0.24 Surface albedo of grasses

Qs 0.073 Surface albedo of tree seedlings

Notes.”As in V13. As in V15.

5 RESULTS

5.1 Vegetation-albedo feedback

The main goal of this study was to understand whether and how
the vegetation-albedo feedback influences planetary habitability. As
anticipated above, here this effect was simulated through the Charney
mechanism: as vegetation is darker than the bare surface of the
continents, it impacts the surface albedo and therefore warms up the
planet. In our model, turning on vegetation-albedo feedback means
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https://www.climate.be/textbook/chapter1_node16.html

using the full equations (4)—(7), thus allowing the albedo on land to
depend on vegetation fractions. Three planetary configurations were
considered: (i) the Earth, as modelled by V15; (ii) a pseudo-Earth
with its rotation axis perpendicular to the orbital plane, zero orbital
eccentricity, and a simplified geography (constant fraction of oceans
at all latitudinal bands, f; = 0.7); and (iii) a dry pseudo-Earth differ-
ing from the pseudo-Earth in the fraction of continents versus oceans
(fo = 0.3). The Earth-like configuration is motivated by the need
for testing, as a benchmark, the impact of the simplified vegetation
model adopted here. The other two configurations (pseudo-Earth and
dry pseudo-Earth) have the advantage of simplifying interpretation
of results, by removing complications such as, for instance, seasonal
effects and/or planetary geography. In particular, the dry pseudo-
Earth configuration amplifies the effect of the Charney mechanism,
increasing the faction of lands with respect to oceans. Vegetation
growth below the water freezing point was prevented by setting to
zero the seed dispersion term whenever the temperature of a latitudi-
nal band fell below T = 0°C. Initial tree, grass, and tree seedlings’
fractions over land were respectively initialized at 9per cent,
90 per cent, and 1 per cent, consistently with previous calculations.
Different parametric setups for these three configurations, when
different from those reported in Tables 1 and 2, are summarized in
Table 4.

Vegetation and habitability 7

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? modified” modified”
Soconst 0.70 0.70 0.30

St 0.0 0.0 0.0

Sg 0.1 0.1 0.1

Sts 0.1 0.1 0.1

Notes.“ Sampled over 46 latitude strips and interpolated to the desired number
of strips (Murante et al. 2020).
bConstant fraction of oceans at all latitude bands (Murante et al. 2020).

5.1.1 The Earth as a benchmark

The planetary parameters for the Earth configuration are listed in
the second column of Table 4, where calibration of the vegetation
albedo was performed for ¢; = 5.92 and ¢ = 8.88. Upper panels of
Fig. 3 show the global annual average temperature for each of the
54 x 54 numerical runs, after vegetation-albedo feedback had been
turned on. As in Fig. 1, each run was initialized by setting each ¢,
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Figure 3. Global annual average temperature following different (and symmetrical) initial conditions (upper panels), temperature anomaly (bottom left panel),
and liquid-water habitability (bottom right panel) for the Earth, as a function of different combinations of growth factors for tree seedlings and grasses. For
comparison, the habitability of Earth with bare granite continents is 0.818. Colour scales show: the global annual average temperature (in Celsius); the anomaly,
defined as the difference between the global annual average temperature of each specific run and that of a planet with bare granite continents and no vegetation
cover (in Celsius or, equivalently, in Kelvin); the liquid-water habitability, defined as a pure number comprised between 0 and 1 (according to V15).
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and ¢ to the values corresponding to their optimal temperatures.
For the sake of completeness, the effect of bistability on the surface
temperature is also shown. When initial conditions return a grass-
dominated solution, the temperature is lower; conversely, when —
for the same values of the growth factor — initial conditions return
a tree-dominated configuration, temperature there is higher. Bottom
left panel of Fig. 3 shows the temperature anomaly with respect to
the Earth without vegetation on land, that is, the difference between
the global annual average temperature of each run and that of Earth
having the albedo of granite on the continents. The results indicate
that both trees and grasslands can significantly impact the global
annual average temperature. On average, the Earth warms by about
1.5°-2° with respect to the granite case for grasslands, and up to
5° for tree dominance. Since grasslands feature the highest albedo,
they have a smaller impact; a larger effect occurs for tree-covered
continents. Intermediate behaviours are observed in the tree-grass
coexistence region. At the bottom right of Fig. 3, we show planetary
liquid-water habitability, 4, defined here as the fraction of planetary
surface (averaged over an entire orbit) whose temperature is between
the water freezing and evaporation points (V15). For comparison,
the habitability of Earth with granite-covered continentsis # = 0.818
and that of the calibration case without vegetation feedback (constant
land albedo intermediate between vegetation and granite) is & =
0.877. The fact that the overall habitability maps closely follow
those of the global average temperature is a direct consequence of
how habitability is defined. Regarding the dependence on the initial
conditions (bistability), observed behaviours concerning the latter
plots are analogous to what is shown in the upper panels of Fig. 3
and here omitted in order to avoid redundancy. The same applies to
the next two figures.

5.1.2 Pseudo-Earth

The third column of Table 4 reports the planetary parameters for
the pseudo-Earth, where all simulations have been initialized as
for the Earth. The results of the simulations are shown in Fig. 4.
Here, the upper panel shows the temperature anomaly between
the case with vegetation feedback and that with constant granite
albedo on continents, while the lower panel show the liquid-water
habitability.

For comparison, the habitability of pseudo-Earth without vege-
tation cover is 0.802. The pseudo-Earth behaves similarly to the
Earth. Since planetary parameters are different, the annual global
average temperature also does, with a tendency of being higher
than on Earth — an effect mainly related to the more homogeneous
continental cover. As a consequence, the coexistence region becomes
warmer. As for the Earth, grass-dominated worlds are colder than
tree-dominated planets. The deviation with respect to the bare-
rock run, as well as the impact of vegetation on habitability, are
similar to what happens on Earth. In general, however, pseudo-
Earth habitability is slightly lower. This depends on Earth’s seasonal
variability, which implies that high latitude bands may be frozen for
only a fraction of the year. Differently, on the pseudo-Earth such
bands are always frozen — making the overall habitability lower.
Note that the discrete blocks visible in the lower panel of Fig. 4
are generated by the dichotomy of pseudo-Earth’s latitudinal bands,
which are either always habitable or always non-habitable. Thus, this
lower habitability is affected more by the lack of seasons than by the
higher homogeneity in the land distribution: indeed, the latter pushes
average temperature, and therefore habitability, towards higher
values.
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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.

5.1.3 Dry pseudo-Earth

Fig. 5 refers to the dry pseudo-Earth configuration, whose param-
eters are listed in the fourth column of Table 4. Here, the only
difference with respect to the pseudo-Earth is that oceans occupy
only 30 per cent of the planetary surface. Since the planetary surface
occupied by vegetation is larger, its impact on the average global
temperature is visibly reinforced, with an increase depending on
the type and amount of vegetation cover. Tree-dominated worlds
are up to 12° hotter than the bare-rock case with no vegetation;
grass-dominated worlds are about 5° warmer. As for the Earth and
the pseudo-Earth, the coexistence region corresponds to intermediate
values between these two values. This makes the impact of vegetation
on the climate of dry worlds somehow extreme as far as the Charney
mechanism is concerned, as should be expected by the original
motivation of Charney’s work on desert ecosystems. Again, surface
temperature is mirrored by habitability, which now spans a wider
range of values (here, the habitability of dry pseudo-Earth with bare
granite continents is 0.727). Note how, in general, the habitability
of these dry worlds is lower than that of pseudo-Earths. This is
because their larger land cover triggers an increase in the albedo and
therefore cools down the planet, even in the presence of trees, as the
albedo 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.
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pseudo-Earth, lack of seasons is responsible for the discrete blocks
between separate regions in the parameter space (lower panel of
Fig. 5).
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5.1.4 Impact of vegetation on the circumstellar habitable zone

Figs 6-8 show, respectively, for the three planetary setups reported
in Table 4, the impact of vegetation on the liquid-water habitability
index & (as defined in Section 5.1.1) as a function of the semimajor
axis d (for these configurations, equivalent to the distance from
the star) and for the following conditions on the vegetation growth
factors: dominance of trees (cg(T) = 2.035 and ¢ (T) = 9.435);
dominance of grasses (cg(T) = 8.14 and c¢(T) = 1.295); and
coexistence between trees and grasses (c(T) = 5.92 and c(T)
= 8.88). For Earth-like conditions, the semimajor axis d = 1.04 au
represents the turning point where vegetation enhances habitability
from & = 0.0 to 0.485 (in the grass-dominance case), h = 0.584
(for coexistence), and 7 = 0.612 (in the tree-dominance case). This
corresponds to the transition from a fully developed snowball to a
planet 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-
Earth. The latter case is also the one featuring the highest discrepancy
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Figure 9. Latitudinal temperature profiles for the dry pseudo-Earth at d
= 1.035 au. Dashed line: case without vegetation. Continuous lines: cases
with vegetation-albedo feedback. Tcong: Water freezing temperature.

between 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
temperature profiles without and with vegetation as a function of
the planetary latitude, for the case of dry pseudo-Earth. Again, tree-
dominance, grass-dominance, and coexistence are considered. For
the same values of the semimajor axis, when vegetation is absent,
the planet is in a snowball state; by contrast, vegetation generates
an equatorial habitable belt, where liquid water can persist. This
suggests that a living planet, characterized by a well-developed
biosphere, can effectively prevent the onset of a full snowball state.

6 DISCUSSION AND CONCLUSION

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

Due to changes in the albedo caused by vegetation, the habitable
zone and overall planetary habitability are extended beyond the
traditional outer limits. (Figs 6-8). Although the warming effect
of vegetation due to the lowered albedo is to be expected, in our
approach the vegetation distribution across latitudes is generated by
the outcome of the dynamical competition for resources between
trees and grasses, which is, in turn, determined by the average
temperature in each latitudinal band. In this way, a full coupling
between vegetation cover and temperature is simulated, based on
non-linear feedback between these two variables. In general, thus, the
achieved temperature-vegetation state is not imposed, but emerges
from the dynamics of the vegetation-climate system.

This effect is especially relevant for planets that have a larger
extension of continents than Earth and a correspondingly smaller
ocean cover, such as the case we called dry pseudo-Earth. In this
case, in fact, the albedo change induced by vegetation has a stronger
effect (cf. Abe et al. 2011). However, the ocean fraction cannot
be too small, as in this case the whole hydrological cycle could be
modified. For example, on a vast continent, precipitation in the centre
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of the continent could be severely limited. Therefore, if the continents
were too large, their central parts could be unsuitable as habitats for
vegetation. A complete quantification of these effects should include
a full treatment of the planetary water cycle, which is beyond the
scope of this study.

Although relatively limited, the effect of vegetation albedo ex-
plored here indicates that the feedback of the biosphere on climate
and, thus, on habitability itself cannot be discarded when analysing
potential planetary habitability and the role of vegetation cover on
continents. Note that here we are considering a modern Earth-like
chemical composition of the atmosphere, thus we do not include
any attempt to model the maximum greenhouse limit for a CO,-
rich atmosphere as done, for example, in Kasting et al. (1993) and
Kopparapu et al. (2013). In our simulations, the outer edge of the
circumstellar habitable zone is, in practice, the snowball limit for a
planet with an Earth-like atmospheric composition.*

An important consequence of the introduction of vegetation is
therefore the passage from snowball conditions to a planet with
intermediate habitability at the outer edge of the circumstellar
habitable zone (Fig. 9), which is especially important for habit-
able planets that are prone to snowball transition (Murante et al.
2020). We recall that, with respect to a world with bare granite
continents, the effect of vegetation albedo is to increase the average
surface temperature. On the other hand, grasses and trees have
different albedo, so they affect temperature to differing degrees. In
a world where both types of vegetation are present, such as the
case considered here, the dominance of one type over another can
lead to temperature changes and, in case the vegetation type with
lower albedo is favoured at higher temperature, one can obtain a
temperature-stabilizing effect that is analogous to the homeostatic
behaviour of white and black daisies of Daisyworld (Watson &
Lovelock 1983). This situation is especially interesting for planets
in the grassland-forest coexistence regime, where small variations in
external conditions (e.g. stellar luminosity or orbital variations) can
be buffered by different latitudinal extensions of grasses and forests.

The dynamics explored here is extremely simplified and represents
only a first step in the analysis of vegetation-habitability interactions.
The adopted vegetation distribution is stripped at its bare minimum,
and in reality the relative dominance of grasses and forests is related
also to other parameters such as the availability of water. The
vegetation types we considered represent boreal forests and low-
latitude grasslands and savannas, and we did not include neither high-
latitude grasslands and steppe, nor (more importantly) equatorial
forests. In particular, grasses expanded in the last tens of million
of years, when the Earth surface temperature decreased from the
high values of the Eocene and the more arid conditions favoured
grasses (Cerling, Wang & Quade 1993). Usually, the intensity of
the hydrological cycle is considered to be roughly related to the
average temperature (Trenberth 1998), with colder climates having
less precipitation than what happens in warmer conditions. Although
the relation between temperature and precipitation is definitely much
more complicated than this, we could anyway make the hypothesis
that lower optimal temperatures are associated to grasses (favoured
by the more arid conditions), while higher optimal temperatures are
associated to trees. In this case, forests would dominate at lower
latitudes and grasses/steppe would dominate at higher latitudes.

4Since we explored the impact of vegetation on the snowball edge of the
habitable zone, the liquid-water habitability index adopted here, &, provides
the same results of the ‘complex-life’ index of habitability, /59, which is
defined in the temperature range 0 < 7(°C) < 50 (Silva et al. 2017).
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Also in this case, the effect of vegetation is to warm up the planet
with respect to bare soil. In coexistence regime, low-latitude trees
have lower albedo than low-latitude grasses and, since most solar
radiation impinges at low latitudes, the warming effect of vegetation
is enhanced. Future work will explore in detail the effects of different
choices of optimal temperatures and more complex vegetation
configurations (e.g. trees at both low and high latitudes and grasslands
at intermediate latitudes).

Another important question concerns the effect of vegetation
on the atmospheric concentration of CO,. Plants both sequester
carbon from the atmosphere by photosynthesis, thus lowering the
greenhouse effect, and emit CO, by respiration. To this, one should
add the carbon dioxide emission by soil decomposition processes. In
an equilibrium situation, the two competing effects of CO, removal
and emission should balance each another, but temperature and CO,
changes can strengthen one of the two components, and the net
outcome is not easy to predict. The time-scale of this process is
the same of the vegetation life cycle (tens or hundreds of years);
therefore, the feedback associated with the biological carbon cycle
can be easily studied with ESTM. Future work will also include a
simplified carbon balance model in the study of planetary habitability,
possibly combined with parametrized descriptions of the much
slower geological carbon dynamics associated with the carbonate-
silicate cycle.
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