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The growth of higher plants on buildings and stone monuments can cause various biodeterioration phe-
nomena. Along with careful management of higher plants in archeological sites and monumental areas,
a comprehensive method for assessing the risk they pose to stone conservation still needs to be de-
veloped. We propose, therefore, a multi-factorial index of risk from higher plants which will evaluate
relevant threats to stone structures and local conditions of vulnerability (RHV). We suggest associating
such threats with the environmental conditions (defined by bioclimate and environmental context) and
with the plant growth characteristics (defined by life forms, root systems and stem development fea-
tures, ecological preference, and physiological characteristics). We also suggest associating vulnerability
with edaphic factors (stone typology and colonization microsites) and with conservation status, including
management activities. The proposed index was tested at a number of international sites in a biocli-
matic gradient varying from a temperate climate (Lucca, Italy) to Mediterranean (Rome, Italy) and sub-
Mediterranean xeric (Pasargadae, Iran) and tropical (Angkor, Cambodia) conditions. The results show how
useful such an index can be in performing analytical assessments of the risk posed by ruderal plants in
cultural heritage sites.

© 2023 Consiglio Nazionale delle Ricerche (CNR). Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The study of plant colonization on buildings and monuments
often involves a specific focus on floristic features and how they
vary over time [1-8] such as the ecological characteristics of
species [9-11] as well as on plant communities [12-16] and on the
microhabitats of ruderal plant settlements [17-19]. Increasing an-
thropic pressures in cities and at archeological sites has meant that
the protection of biodiversity and the naturalistic features of flora
has become a critical issue [20-23].

Conversely, the growth of higher plants on monuments is
viewed negatively by cultural heritage conservators due the effects
of weathering, which occurs when roots interact with stone struc-
tures [17-19]. Such damage arises trough exchange processes of
hydrogen ions present on the root tips, (varying among pH 4 and 6
[24]), or through the net of colloidal particles, following the well-
known lyotropic series (Ba?t > Ca%?* >MgZt > Cst >Rb* > NH*t
>K* > Nat > Li*) and partly from the emission of various chem-
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ical exudate [24-29]. The mechanical pushing of root is, however,
the main mechanism, and it arises from the increase in root diam-
eter of wooden species and also from the physical alteration of the
soil volume by radical absorption [25,30,31]. When these phenom-
ena occur in the fissures or cracks of stones, they cause erosions
by decreasing the cohesion between stones and increasing the size
of the fissures and cracks [19,24,26,30].

Of all biodeterioration phenomena, in fact, the growth of higher
plants on buildings and monuments has been recognized as a sig-
nificant hazard for monuments [2,10,12,28,31,32]. Higher plants in-
teract significantly with stone, especially in the case of certain
woody species such as Capparis spinosa [33], Ailanthus altissima
[26,34], Ficus carica [25], Ficus elastica, Tetrameles nudiflora, Ceiba
pentandra [10,28]. These biodeterioration phenomena seem to be
particularly pronounced in tropical regions, such as Meso-America
[10,35], India, and SE Asia, where the abandonment of monuments
and buildings gives way to fast higher plant colonization [10,28].
Even in arid or semi-arid bioclimates, though, higher plants can
colonize pioneer substrata such as stones and buildings [19,36].

A risk assessment was performed at a UNESCO site [37] in or-
der to evaluate natural and anthropic hazards, where several site-
specific methodologies were developed. Studies of this kind sup-
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port comprehensive risk assessments and related management ac-
tivities in archeological areas aimed at preventing the development
of damaging circumstances [38]. It is, therefore, crucial to identify
the risk parameters, defined as ‘hazard’ and ‘vulnerability’, and to
assess their indicators [39,41-43]. Furthermore, it is useful to dis-
tinguish between ‘hazard’ and ‘danger’, a distinction which is not
always correctly understood [44]. ‘Hazard’ is a circumstance where
a threat is posed (in our case, to a monument), while ‘danger’ is a
situation where the monument is put at risk or is susceptible to a
possible hazard [45]. In general, and as proposed in previous stud-
ies [39,40], the risk of damage can be calculated by multiplying the
values of factors that give rise to a hazard by the values of factors
that cause vulnerability (Risk = Hazard x Vulnerability).

A general hazard index was proposed by Fitzner [46-48], pri-
marily in reference to the weathering of surfaces, where biodete-
rioration phenomena were evaluated generically as “Biological col-
onization to crust” [48]. It is true that, when considering a haz-
ard, generic damage can be taken into account but the identi-
fication of a specific risk obviously benefits from a better def-
inition of the typology of damage. In his Monument Mapping
Method (MMM) Fitzner [46-48] lists 25 possible typologies of
damage called “weathering forms” (WF) at “level 1I". In following
his method regarding biodeterioration due to the growth of climb-
ing plants on monuments, we have decided to use only 9 typolo-
gies of possible damage [49]. For a general assessment of hazards
caused by plant colonization, Signorini [50] proposed a numeri-
cal index (HI) in the 1990s based on the most relevant charac-
teristics of the plants present at a site such as life forms, inva-
siveness, and vigor, giving a numerical scale of increasing poten-
tial dangerousness. This hazard index was later applied to a num-
ber of archeological and monumental sites in Italy [5,22,51-55].
However, this index provides only a tentative and partial evalua-
tion of risk, and contains some shortcomings in the evaluation of
damage.

In particular, the values attributed to lichen and moss coloniza-
tion as a whole do not seem to represent their fundamental inter-
actions. A different index was subsequently proposed for lichens by
Gazzano [56]. Recently, Motti et al. [58] proposed the Deteriogenic
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Index (DI), updating the previous HI and adding the cover degree
for each species as an additional parameter. However, both indices
ignore several of the parameters that influence hazard, including
those related to a site’s environmental parameters or the ecology
of the species examined. Also, they do not take into consideration
the vulnerability of the substrate and, in particular, microsites of
colonization, as highlighted by Lisci et al. [18] and, more recently,
by Hosseini & Caneva [19]. A proper risk assessment also requires
an evaluation of a heritage site’s vulnerability. ‘Vulnerability’ refers
to a site’s susceptibility or exposure to a disturbance or threat, and
is related to the inherent weakness of the monument in question
[39,41-45]. In this context vulnerability is a result of the param-
eters that influence the site’s susceptibility to plant colonization.
Due to the need for a more comprehensive evaluation of risk, such
indices need to be improved.

1.1. Research aims

This paper aims to propose a more comprehensive risk assess-
ment method regarding higher plant colonization at archeologi-
cal sites and on monuments. The assessment will evaluate vari-
ous hazard typologies, including intrinsic hazard parameters due
to plant colonization and those related to environmental condi-
tions as well as vulnerability resulting from stone and microsite
characteristics and conservation status. This assessment proposal
will be tested worldwide so as to take into consideration a diver-
sity of bioclimatic conditions, building materials and microsites of
growth.

2. Materials and methods

2.1. Classification of damages

With regard to plant colonization we suggest using Fitzner’s
Monument Mapping Method (MMM) [46-48], but with a simpli-
fied list of possible damages that considers only the following
types (Fig. 1), ordered according to incremental levels of interac-
tion:

ki, ¥
Collapse

Fig. 1. Selection of weathering patterns which can be caused by higher plants: Soiling (SO) due to the growth of ephemeral plants at the Pasargadae site, Iran; Superficial
erosion (SE) due to ephemeral plants at the Pasargadae site, Iran; Discoloration (DI) due to the exudates of aerial roots of H. helix at the Villa of Maxentius in Rome, Italy;
Fracturing (FR) due to the aerial roots of Hedera helix in Glasgow cemetery, United Kingdom; Disruption (DS) due to woody species at the Etruscan Necropolis of Cerveteri,
Italy; Collapse (CO) due to Tetrameles nudiflora R.Br. trees at the Angkor temple complex, Cambodia.
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Table 1
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Set of general indicators for hazards related to the Environmental condition of the site.

Indicators / Values

Very

Low Medium
Low

High Very high

Class 1

Class 2 Class 3 Class 4 Class 5

1. Bioclimatic conditions (Bc)

Polar; Tropical desertic; Medit. Desertic

Tropical xeric; Medit. Xeric; Temperate xeric; Boreal xeric; B.
continent.

Medit. Pluvioseasonal; Temperate Continental; Boreal oceanic

Temperate Oceanic

Tropical pluvial

2. Environmental context (EC)

Industrial, Urban (high pollution)

X X)

Green spaces in polluted urban context

Green spaces and Gardens in urban context

Rural

Forest

1. Very Low (VL); Soiling (SO) = Facilitation of soil deposits
on stone surfaces (usually caused by the presence of small
ephemeral plants that favor soil deposition but do not interact
significantly with the surface; such phenomena can also be pro-
duced by other plants, but in association with additional phe-
nomena)

2. Low (L); 2a Superficial erosion (SE) = Detachment of small grain
aggregates from the surface, or Granular disintegration (GD)
(where interaction between plants and stone is not easily de-
tectable, though with a measurable increase in roughness)

3. Low (L); 2b Discoloration (DI) = Alteration of the original stone
color (interaction between plants and substrate represented by
the deposition of plant exudates or metabolites)

4, Medium (M); Fracturing (FR) = Development of fractures and
fissures, some parallel to the surface (according to the type of
stone), such as Back Weathering (BW) and Flaking (FL) (the in-
teraction between plants and stone is detectable through the
observation of such penetration activity, represented mainly by
the presence of wooden roots or, occasionally, of perennial tap-
roots)

5. High (H); Disruption (DS) = Development of significant damage
resulting in Break Out (BO) or Detachment of large compact
stone pieces of irregular shape (Crumbly Disintegration, CD);
the interaction between plants and stone results in a visible de-
tachment of materials, which can be detected only in the case
of wooden roots)

6. Very High (VH) Collapse (CO) = Significant breakdown of the
building structure (the growth of plants is so dangerous that it
can give rise to severe structural damage of buildings).

2.2. A methodological proposal for plant colonization hazard
assessment

For a comprehensive hazard evaluation, we suggest taking into
account 6 separate indicators. Two of these are related to environ-
mental factors (Table 1), such as Bioclimate (Bc) and the Environ-
mental Context (EC), while the remaining four indicators are re-
lated to the characteristics of plant species such as Life Forms (LF),
Root System (RS), Ecology (Ec) and Physiology (Ph) (Table 2). For

each indicator we have grouped the main typologies of indicators
into 5 hazard classes (Very Low=1; Low=2; Medium= 3; High= 4;
Very High=5).

Hazards arising from the environmental location of the site and
related bioclimatic information can be assessed simply by knowing
its geographical location, whereas the hazards due to colonization
of different species of plant can only be assessed after a careful
field evaluation of their cover and characteristics.

2.2.1. Indicators of hazard related to the bioclimatic conditions of the
site

Bioclimatic conditions exert a significant influence on biological
colonization, since low temperature values and low pluviometry
conditions reduce the potential for plant colonization and related
biodeterioration phenomena [61]. Therefore, the bioclimate of a
site is a primary factor when assessing the potential hazard of
plant colonization. With regard to bioclimate we suggest refer-
ring to the classification proposed by Rivas Martinez et al. [62],
which considers 14 main typologies, ranging from very low in
polar or desert bioclimates to very high in tropical bioclimates
[Appendix 1].

2.2.2. Hazard indicators related to the environmental context of the
site

The local environmental conditions of a site influence the in-
cidence of biological colonization on stone materials, since cer-
tain factors (high humidity, high input of seeds and biological
propagules, high nutrients, adequate lighting and temperatures
and pollution levels) favor or inhibit plant colonization potential
[14,61,63,64]. Such factors vary from very low hazards in highly
polluted areas to very high hazards in forests [Appendix 1]. Tem-
perature and humidity favorable to the most invasive species are
also relevant factors and are related to the specific ecology of the
colonizing species (see also 2.2.5).

2.2.3. Hazard related to plant life forms

Plant life forms are based on their life cycle and the position
of buds [65], and vary from ephemeral plants to vigorous trees.
An assessment of these life forms is the first and foremost step in
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Table 2
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Set of general indicators for hazards linked to the Plants growth on monuments.

Very Low Low Medium High Very high
Indicators / Values
Class 1 Class 2 Class 3 Class 4 Class 5§

3. Life forms (LF)

T: therophytes, annual grasses X(S) X (SE.D)

H biennial (Hemicryptophytes) X (S) X (SE,D) X (F)

H perennial per G (Geophytes) Ch (Chamaephytes) X (S) X (SE,D) X (F)

Lianas (Pian = lanose phancrophytes X® ) ©) )

Trees (Pscap: scapose phanerophytes X) X SED) X® AT X All
(F,.DS*.1)

4. Root systems and stem characters (RS)

Fasciculate annual roots X (S) X (SE,D)

Fasciculate perennial roots X(S) X(SE,D)

Herbaceous Tap root and hypogean organs X(S) X(SE,D) X (F)

‘Wooden roots with limited growths X (S) X (SE.D X (F) X All (DS*)

‘Wooden roots with long and vigorous roots X (S) X (SE,D X ,(F) X All (DS*) X All (F,DS*T)

5. Ecological preference (Ec)

Occasional ephemeral plants X (S)

Occasional perennial plants X (S) X(SE,D)

Ruderal plants with wide tolerance X (S) X(SE,D) X(F*)

Plants with rocky habitat preference X (S) X (SE,D) X All (F*)

Plants of pioneer Forests X©) X SED) X ALE" X ALDS") X All
(F.DS*1)

6. Physiological characteristics (Ph)

Ephemeral plants with limited seedlings X (S) X (SE,D)

Ephemeral plants with high seedlings X (S) X (SE*,D¥)

‘Wooden plants with high vigor and low invasiveness X (S) X (SE.D) X All (F*) X All (F*)

Wooden plants with high vigor and high invasiveness X) X(SED) X All (7% X All (F%) X All
(F.DS*.1)

(Soiling (S), Superficial erosion (SE), Discoloration (D), Fracturing (F), Disruption (DS), Collapse (I).)

*Most probable typology.

establishing plant hazard. The hazard increases in proportion with
the length of the plant life cycle, which is often related to a plant’s
soil penetration potential [Appendix 1].

2.2.4. Hazard related to a plant’s root and stem characteristics

The development and strength of a plant’s root system, and of
its other subterranean organs, can vary widely, achieving very dif-
ferent lengths and creating differential damage as they grow [29-
31,66-70]. In accordance with the indication of HI [50] and our
own observations, we suggest a classification ranging from the very
low hazard of fasciculate annual roots to the very high hazard of
wooden roots with secondary polloniferous roots [Appendix 1].

2.2.5. Hazard related to the ecological preference of a plant
Habitat colonization is related to a plant’s fitness for certain liv-
ing conditions [19,59,71,72]. Archeological and built habitats con-
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stitute pioneer edaphic conditions, being composed of stones and
not mature soils, usually with low humidity levels, low nutrients,
and often a not insignificant overheating of surfaces [15,73]. Such
ecological features are limiting factors for most plants, though not
for ruderal or rocky species. The soil type and pH, then, are also
relevant when considering the ecological preference of a plant.
Suggested categories vary from occasional ephemeral species to
plants belonging to shrubby and forest communities [Appendix 1].

2.2.6. Hazard related to physiological characteristics (invasiveness
and vigor) of a plant

Plant species have evolved different mechanisms to improve
their potential for survival in a given habitat as well as devel-
oping significant reproductive fitness [72,74|. Clonal reproduction,
such as seedling rate, describes physiological features that deter-
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Table 3
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Vulnerability classification of [a] substrate bioreceptivity (Sb) and associated to [b] Microsites of plant colonization (Ms).

Mud brick
Mud/clay mortar
g | Fired brick Gypsum Tuff
§_ Quicklime Travertine CLASS 3
S
£ Hydrate lime Limestone
o Hydraulic lime Sandstone CLASS 3 CLASS 3
=
7]
§ Pozzolan lime Granite, Basalt
2 Portland cement ~ Gneiss, Slate CLASS 2 CLASS 2 CLASS 3
=
T
Concrete Marble
CLASS 1 CLASS 1 CLASS 2
Low Medium High
- Increasing rate of substrate deterioration
[a]
I HORIZONTAL
=
=
& | INcLINED 3 | HorizoNTAL
£ = CLASS 3
< 3
=) 3
& VERTICAL E INCLINED 2 HORIZONTAL
= = 2 CLASS 2 CLAsS 3
=) ~ 3
&) a
2 VERTICAL g INCLINED
£ 3 Crass 1 CLASS 2 CLass 3
O
VERTICAL
CLass 1 CLass 1 CLASS 2
FRACTURES
CRACKS
CAVITIES
DELAMINATION SURFACE COVERED

BY SOIL

DRY-JOINTS OF TWO
VERTICAL
DRY-JOINTS OF TWO

MORTAR-JOINTS OF
o JOINTS O HORIZONTAL

MORTAR-JOINTS OF | TWO HORIZONTAL

TWO VERTICAL DRY-JOINTS OF

HORIZONTAL WITH
VERTICAL/INCLINED

MORTAR-JOINTS OF
HORIZONTAL WITH
VERTICAL/INCLINED

(Classes: 1= Very Low; 2= Low; 3= Medium; 4= High; 5= Very high).
The rate of colonization increases in relation to the ground level (Ground, Middle, Upper), inclination (Vertical,

Inclined, Horizontal), and Typologies of Ms (i.e., Cavities, Cracks, Joints).

(Classes: 1= Very Low; 2= Low; 3= Medium; 4= High; 5= Very high).

[b]

The rate of colonization increases in relation to the ground level (Ground, Middle, Upper), inclination (Vertical, Inclined, Horizontal), and

Typologies of Ms (i.e., Cavities, Cracks, Joints).

mine the invasiveness and vigor of a species in colonizing a habitat
[Appendix 1].

2.3. A methodological proposal for vulnerability assessment

Vulnerability related to plant colonization is here expressed
through 3 parameters (indicators): the microsites of plant coloniza-
tion (Ms), which can have a positive or a negative influence [59],
the bioreceptivity of the substrate (Sb), which is an augmentative
factor, and its deterioration rate (CS), which can be related to man-
agement practices [37]. Regarding the classification of vulnerabil-
ity, we have again proposed 5 classes (1= Very Low; 2= Low; 3=
Medium; 4= High; 5= Very high).
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2.3.1. Vulnerability related to stone bioreceptivity (edaphic
conditions)

The intrinsic physic-chemical properties of stone materials
(e.g., surface roughness, mineral composition and overall porosity
[75,76] are the primary factors in determining their bioreceptivity,
i.e., their tendency to be colonized by living organisms [77,78]. Fur-
thermore, exposure time determines a natural physic-chemical de-
terioration process resulting in porosity and bioreceptivity [77,78].
In addition to this, vulnerability increases over time because pro-
longed exposure increases the original porosity of materials (usu-
ally classified as low, medium, or high), and can lead to a higher
classification (Table 3a). Substrate vulnerability increases both in
relation to porosity values and to increasing deterioration rates,
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Table 4
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Set of indicators for Vulnerability linked to the site colonization conditions.

Indicators / values

Very Low Low Medium High Very high

Class 1 Class 2 Class 3 Class 4 Class 5

7. Stone bioreceptivity (Sb)

Stone with very low porosity and low degradation rate

Stone with low porosity and increasing deterioration rate

Stone with medium porosity and increasing deterioration rate

Stone with high porosity and increasing deterioration rate

Stone with very high porosity due to deterioration rate

8. Microsites (Ms)

Crack, cavities and joints at ground level for vertical/inclined surface

From cavities to fractures, and joints mainly in vertical/inclined surface
with increased height of walls

height of walls

From cavities to fractures, and mainly in inclined surface with increased

From cavities to fractures, and joints mainly in horizontal surface with
increased height of walls

From cavities to fractures, and joints at middle/upper level for
horizontal/inclined surfaces

9. Conservation Status (CS)

Protected site with regular plants control plan

Protected site with plants control plan limited to some areas

Protected site without regular plants control plan

Abandonment for some years

Abandonment for more than 10 years

with values ranging from very low (less than 1% porosity) to very
high (more than 30% porosity) [Appendix 1].

2.3.2. Vulnerability related to microsites of growth (topographic
conditions)

Different parts of the structure can be subject to different lev-
els of vulnerability to plant colonization. Fissures, cracks, cavities
and structural junctions in stone materials are microsites (Ms) of
growth on stone surfaces because they trap nutrient-rich dust and
organic material [16,79]. Lisci et al. [18] proposed their evalua-
tion of risk factors, which was recently reassessed to include non-
visible damage due to soiling [19]. In accordance with the latter
contribution, we have looked at vulnerability to plant coloniza-
tion based on 3 parameters intended to describe their settlement
(Height, Inclination, and Typologies of Ms) (Table 3b) [Appendix
2]. We also suggest increasing the vulnerability level (raising by 1
class) in the presence of fragile architectural structures like mo-
saics, paintings, inscriptions, and statues.

2.3.3. Vulnerability related to conservation status

The conservation status of a monument is intimately connected
to its management. For this reason maintenance is one of the most
significant parameters when assessing the vulnerability of plant
growth on historical structures and ruins [80,81]. Neglect and lack
of maintenance are discriminating factors, and the vulnerability of
substrates to plant colonization increases when there is no main-
tenance [73]. In general, abandonment and exposure to weathering
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agents favor biological colonization by bacteria, fungi, and lichens.
This accelerates the deterioration of the structure, leading to the
formation of a substrate that favors the germinating seeds of hardy
pioneer plants. Atmospheric dust, bird excrement, plant remains,
and human waste contribute to the enrichment of nutrients and to
thin soil formation, encouraging the growth of other plants [17,18].
As shown in Table 5, we have suggested an average limit of 10
years in order to assessment the highest vulnerability conditions.
This value seems suitable, especially for tropical sites, where dy-
namic evolution is seen to develop quickly. However, in temperate
and Mediterranean climates, evolution towards woody vegetation
needs a longer period of abandonment [17,18], and the vulnerabil-
ity score can be lowered [Appendix 2].

The general set of vulnerability indicators with proposals for
their classification is summarized in Table 4.

2.4. The quantitative application of the index of risk assessment
(RHV) in relation to a plant, and its graphical representation

The main elements in the evaluation of plant colonization risks,
procedure and the associated indicators of hazard and vulnerability
are shown in Fig. 2.

Fig. 3 shows the values of potential damage linked to the nine
suggested indicators, represented by nine points of a star (1 = Very
Low (VL, i.e., limited to soiling); 2 = Low (L, i.e., only superfi-
cial erosion or discoloration); 3 = Medium (M, i.e., fracturing);
4 = High (H, i.e. disruption); 5 = Very High (VH, i.e. collapse).
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_ WHERE IS THE PLANT

GROWING?
1. BIOCLIVIATIC CONDITIONS
HAZARD | RISK
2. ENVIRONMENTAL CONTEXT (SITE CONDITIONS) ( A+B) xC

i WHICH IS THE i | WHICH ARE THE EXPECTED | _
@l COLONIZING PLANT? ] DAMAGES? |
3. LIFE FORMS
B 2. SUPERFICIAL EROSION
HAZARD
5. ECOLOGICAL PREFERENCES (SPECIES CHARACTERISTICS) 3. FRACTURING

4. DISRUPTION

6. PHYSIOLOGICAL CHARACTERISRICS

| INWHICH CONDITION IS |
| THE PLANT GROWING? |

7. BIORECEPTIVITY

8. MICROSITES
i VULNERABILITY

{ IS THERE A MANAGEMENT | (PLACE CONDITIONS)
PLAN? -

9. CONSERVATION STATUS

Fig. 2. The RHV model for the assessment of risk from higher plant colonization on buildings.

RisKk = HAZARD X VULNERABILITY

Bce

VULNERABILITY HAzARD

[l ENVIRONMENTAL PARAMETERS

[l PLANT CHARACTERISTICS

LF

DAMAGE
® Very High
D High

O Medium
OLow Ec
OVery Low

LeGEND oF COVER:
+(0.5-1%) 1(1-5%) 2(5-25%) 3 (25-50%)

Fig. 3. Proposed graphical representation for the 9 parameters describing the risk from certain damage categories (5 classes from superficial erosion to collapse) resulting
from plant growth. For hazard indicators (gray sector), we have shown the Environmental indicators (in blue: Bc ‘Bioclimate’; EC' Environmental Context’) and the Plant
characteristic indicators (in green: LF ‘Life Forms’; RS ‘Root System’; Ec ‘Ecological characteristics’; Ph ‘Physiology’); for Vulnerability indicators (white sector) (in purple: Ms
‘Microsite; Sb ‘Substrate’; CS ‘Conservation Status’). The cover values of plants are expressed by different graphical patterns, with an increasing intensity of color.

4 (50-75%) 5 (75-100%)
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Be
Ccs EC
Ms LF
sb ‘ RS
Ph Ec Ph
Crepis sancta (L.) Bornm. Scorzonera cinerea Boiss.

PAvILION B, PASARGADAE, IRAN

Ph
Parietaria judaica L. Ficus carica L.
CoL0oSSEUM, ROME, ITALY
Be

Ph c c Ph
Campanula erinus L. Parietaria judaica L. Ulmus minor Mill.

WALLS, Lucca, ITaLy

Be Be
cs EC [ EC
Ms LF Ms LF
Sb RS Sb RS
Ph Ph

Ph
Peperomia pellucida (L.) Kunth Adiantum philippense L. Tetrameles nudiflora R. Br.

Ta N1 TEMPLE, ANGKOR, CAMBODIA
LeGenp oF COVER:

S|
051% N 101-5% 2(5-25% Egg -50% 4(50-75% . 75-100%)
+( )( ) ( )-3(255 ) (50-75%) 5075 )

Fig. 4. Graphs of Risk from different species at different sites. In blue the Environmental indicators (Bc ‘Bioclimate’; EC' Environmental Context’); in green the Plant charac-
teristics indicators (LF ‘Life Form’; RS ‘Root System’; Ec ‘Ecological characteristics’; Ph ‘Physiology’); in purple the Vulnerability indicators (Ms ‘Microsite; Sb ‘Substrate’; CS
‘Conservation Status’).
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Table 5

Risk assessment for selected plants colonization in different sites.

Journal of Cultural Heritage 62 (2023) 217-229

HAZARD VULNERABILITY
(and related hazard values) (and related vulnerability values)
Indicators of Plant species and Plant characteristics
Environmental (their index of . i
factors of Site cover) (Indicators for species)
1.BC 1.EC 3.LF 4.RS 5.Ec 6.Ph 7.SB 8.MS 9.CS
Pavilion B, Pasargadae, Iran
Scorzonera H scap Herr;aotap Ruderal Perennial G/h soil
cinerea Boiss. (0.5) 3 3 3 3 4
. Partial
Medit .
er Rural | Glycyrrhiza G this Wood Rocky Perenmial Sands Ground plant
5 4 glabra L. hypogean 4 horizontal control
) 3 4 4 3 . )
Crepis sancta (L.) T Annual tap Ruderal Ephemeral Ground
Bornm. seap root udera high seedl horizontal
@ ! 2 3 2 4
Colosseum, Rome, Italy
Micromeria graeca Ch Herb Ruderal Perennial Cavities
(L.) Benth. Ex Rehb. | g fyr tap root inclined
A @ 3 3 3 3 3
Medit Green Regular
pluv urban {’ari?taria H Herb Rock b ol Traver = Joint vertical plant
space | judaica L. scap tap root OocKy erennial 4 middle control
4 3
3 2 1 3 3 4 1
Ficus carica L. P sca Wooden Pioneer Tree Joints vertical
©5) P pollonif. forest (high inv) upper
: 5
5 5 5 4
City Walls, Lucca, Italy
Campanula Herb ) M‘ona‘rjoim
erinus L. T scap tap root Rocky Perennial inclined
P middle
[©) 1 3 4 3
3
T Urban o regular
emP - Garden | pgyietaria Brick = Mortarjoint plant
Oce H Herb Rock P ial inclined
3 Judaica L. scap tap root ocKy erennia melne control
4 3 middle
) 3 3 4 3 1
3
. . . Mortar joint
Ulmus minor Mill. Pscap = Wooden Pioneer Tree inclined
forest low inv.
0.5) 5 4 s . upper
4
Ta Nei temple, Angkor, Cambodi
. Dry joint
Adiantum Grhiz | Typogean Rocky Perennial vertical
. philippense L. 3 org . 3 middle
p{;)g Forest 4) 3 Sands 3 Aband;)(r)L
more
5 3 Tetrameles 4 Horizontal years
nudiflora Wooden Pioneer Wooden orizonta
P scap . Lo upper
pollonifer forest high inv.
(€] 5 fractures
5 5 5
5
Peperomia pellucida
(L.) Kunth Annual occasional Ephemeral Gr‘ound
T scap . . horizontal
asciculae = ephemeral igh seed. .
F 1 ph 1 high seed
(1) 1 soil
1 1 2 4

The acronyms refer to: Bc = Bioclimate; EC = Environmental Context; LF = Life Forms; RS = Root System; Ec = Ecology;
Ph = Physiology; Sb = Substrate; Ms = Microsite of plant colonization; CS = Conservation Status. The cover value refers to + =
0.5; 1 = 1-5%; 2 = 5-25%; 3 = 25-50%; 4 = 50-75%; 5 = 75-100%; Hazard and vulnerability indicators:1=Very Low, 2=Low,
3=Medium, 4=High, 5=Very High.
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Table 6
The application of RHV to the analyzed sites.
Bc EC Species Cv LF RS Ec Ph Sb Ms (& RISK
Pavilion B, Pasargadae, Iran
2 4 He L-H (M)
Scorzonera 0,5 3 3 3 3 Hp M-L
cinerea Boiss.
Glycyrrhiza 2,0 3 4 4 3
glabra L.
Crepis sancta 2,0 1 2 3 2
(L.) Bornm.
4 4 2 \% L-H
4 4 2
4 4 2
Colosseum, Rome, Italy
3 2 He M-L
Micromeria 2,0 3 3 3 3 Hp M
graeca (L.) with VH
Benth. Ex potential
Rchb.
Parietaria 1,0 3 3 4 3
Jjudaica L.
Ficus carica L. 0,5 5 5 5 5
4 3 1 \Y L-H
4 4 1
4 4 1
Walls, Lucca, Italy
4 3 Hg H-M
Campanula 1,0 1 3 4 3 Hp M
erinus L. with VH
Parietaria 1,0 3 3 4 3 potential
Jjudaica L.
Ulmus minor 0,5 5 4 5 4
Mill.
3 3 1 \Y L-M
3 3 1
3 4 1
Ta Nei Temple, Angkor, Cambodia
5 5 Hg VH
Peperomia 1,0 1 1 2 Hp M-H
pellucida (L.) with VH
Kunth potential
Adiantum 4,0 3 3 4 3
philippense L.
Tetrameles 1,0 5 5 5 5
nudiflora
4 3 5 \Y H-VH
4 5 5
4 4 5

The acronyms refer to: Bc = Bioclimate; EC = Environmental Context; LF = Life Forms; RS = Root System; Ec = Ecology; Ph = Physiology; Sb = Substrate; Ms = Microsite
of plant colonization; CS = Conservation Status; Cv = Cover; Hg = hazard related to the environmental conditions, V = vulnerability, Hp = hazard related to the plants. The
cover value refers to + = 0.5; 1 = 1-5%; 2 = 5-25%; 3 = 25-50%; 4 = 50-75%; 5 = 75-100%; Hazard and vulnerability indicators:1=Very Low, 2=Low, 3=Medium, 4=High,

5=Very High.

We believe that when combining different types of parameters we
cannot simply sum each global risk assessment value, therefore we
prefer to illustrate them with an analytical representation. Further-
more, due to the heterogeneity of such assessments, it is quite im-
possible to give a homogenous numerical scale, so we have opted
for classes instead of numbers.

In order to enhance the role of plant cover, we also suggest em-
ploying the usual scale of phytosociological analysis [60]: + = 0.5;
1 = 1-5%; 2 = 5-25%; 3 = 25-50%; 4 = 50-75%; 5 = 75-100%).
Values are shown graphically using different gradations and color
patterns for the 4 peaks of the stars that represent plant charac-
teristics.

2.5. The application of RHV to a site

Similarly, when applying the RHV to a site, we suggest separat-
ing hazard values related to environmental conditions from those
linked to plant colonization such as values regarding site vulnera-
bility. The results will emphasize those values which appear to be
common geographic and bioclimatic characteristics throughout the
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site, and at the same time will emphasize separately the parame-
ters linked to other plants at the site. For each value, we suggest
considering the average, such as the possible peaks.

2.6. Tested areas and species

In order to test the application of the proposed methodology
we also selected four sites representative of different bioclimatic
and environmental conditions, where we carried out in the past
detailed observations and analysis. The chosen test areas were:
Pavilion B, Pasargadae (Iran) [19], located in a rural context in a
Mediterranean xeric bioclimate; the Colosseum in Rome (Italy) [82],
located in an urban context in a Mediterranean pluvio-seasonal bio-
climate; the walls of Lucca, (Italy) [83], surrounded by gardens in
an urban context in a Temperate Oceanic bioclimate; Ta Nei tem-
ple, Angkor (Cambodia) [84], located in a woody area in a Tropical
pluvial bioclimate (Appendix 3).

In each site, we also selected three plant species, presenting dif-
ferent hazard levels, that were identified through analytical keys of
morphological features, using the local floras. Such comparison will
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highlight the differences between species and the hazards related
to the same species at different sites.

3. Results

The application of the RHV assessment in the different test ar-
eas is shown in Table 5, where all of the observations and classifi-
cations have been collected together. The graphs in Fig. 4 analyze
hazard and vulnerability separately, showing species with elevated
hazards in the same environmental and vulnerability conditions.
They also illustrate how different species at a site can produce
different hazards according to their cover and characteristics, and
how favorable bioclimatic conditions expose sites to increasingly
dangerous conditions. Furthermore, they also show the relevance
of vulnerability parameters (see the different hazards for P. judaica
at the Rome and Lucca sites).

As shown in Table 6, when considering all four sites as a whole
we observed average hazard values related to environmental con-
ditions (HE) for Pavilion B in Pasargadae, and for the Colosseum
as well as the walls of Lucca, but the tropical and forest condi-
tions of Ta Nei Temple in Angkor led to high hazard values. The
hazard values related to the presence of plants at Pasargadae also
presented average values, whereas some plants at the Colosseum
showed a high potential risk, which was even higher for plants at
Angkor, where other plants had a very high potential risk. Vulner-
ability values at Pasargadae were, again, average, as were those at
the Colosseum. Such values were low for the walls of Lucca walls
and high for Ta Nei Temple in Angkor, mainly due to differences in
site management.

4. Discussion

The complexity of evaluating hazards due to plant growth at
archeological sites arises from the need to take into account sev-
eral parameters. The hazard indices [46-50,57] that have previ-
ously been proposed are not comprehensive enough to address all
of the relevant risk parameters. The wider view that we suggest
(nine parameters rather than the previous three or four) provides
a more realistic definition of risk. Both indices (HI and DI) con-
stituted reliable starting points for the identification of potential
danger caused by different plant species. However, the HI [50] as
well as the subsequent DI in Motti et al. [57], both lack any eval-
uation of variability resulting from hazard associated with local
bioclimatic conditions or of vulnerability associated with edaphic
conditions where the plants grow [15,52]. Furthermore, we have
avoided the more common method [51-54], of applying such in-
dices to the calculation of a global numerical evaluation of risk
based simply upon the presence and cover of species. The need for
a sufficient evaluation of physiological and ecological factors adds
further to such complexity. The influence of such factors explains
the variations in aggressiveness for the substrate of the same plant
when the geographical, bioclimatic, and edaphic conditions vary.
For example, the influence on a plant of different bioclimatic con-
ditions can explain discrepancies in the evaluations of dangerous-
ness of ivy growing in the Mediterranean bioclimatic conditions of
central-southern Italy [49,85] compared to those observed in the
cold-humid temperate conditions of England [86,87]. The ecologi-
cal preference of a species provides a clear indication of its poten-
tial ability to establish itself in a given location, with archeological
areas and monumental sites providing optimal conditions for rud-
eral plants [19,71,72].

Furthermore, and as previously observed [88], if the indices
proposed for the quantification of the deteriogenic impact of mi-
croorganisms and plants are to be useful, they will require an
agreed standardization of reference parameters and methods for
the assessment of the factors involved.
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In our opinion the usefulness of such an approach in establish-
ing risk arises from the distinctions between different hazard and
vulnerability conditions. For the first parameter, a clear distinction
can be made between external hazard factors (bioclimate and lo-
cal conditions), which can vary greatly according to geographical
and topographical conditions, and hazards related to the character-
istics of the plants growing on the site, which constitute the typi-
cal ‘features’ of the plant (see the different patterns related to the
species shown in Fig. 4). Each site has specific hazard conditions
and vulnerability resulting from its conservation status (parame-
ters 1, 2, and 9), for example with regard to the specific qualities
of certain species (compare the similar pattern of a site and the
difference between plants in Fig. 4 and Table 5). When comparing
a site like Pasargadae in an arid bioclimatic region with Angkor
in a tropical region, the Hg displays notably different values rang-
ing from low to very high, as does the potential Hp. Vulnerabil-
ity, on the other hand, varies according to local conditions, partic-
ularly with regard to microsites of growth and the local manage-
ment of plants. In this way, when comparing the sites analyzed in
Rome and Lucca, where the Hp values were similar, hazards due
to environment (Hg) and vulnerability clearly play a key role in
defining the total risk for the site. Rome, however, has a biocli-
mate with a period of drought stress, which results in a lower po-
tential hazard with respect to that of Lucca; the type of substrate
and the microsites where the plants were growing determined a
greater vulnerability than those observed on the walls of Lucca,
leading to a higher potential risk condition. Consequently, such
RHV index evaluations seem appropriate for a careful management
plan which takes into consideration the risk of plants growing on
monuments.

Even though an increasing number of papers stress the impor-
tance of careful management of plants in archeological sites in or-
der to avoid damage [19,89], we cannot ignore the fact that arche-
ological areas often become a refuge for plants and animals dis-
rupted by human activities [90,91]. Finally we would like to em-
phasize that a comprehensive management plan requires, in addi-
tion to such assessments, an evaluation of a site’s naturalistic and,
ideally, its cultural values [11,22]. Some typical wall species, in fact,
have a limited spread in natural habitats highlighting the impor-
tance of these areas as secondary stations for rare and threatened
species, and their removal should take place only if they cause a
non-negligible risk to cultural heritage [80,92].

5. Conclusion

Different weathering agents can pose a risk to heritage conser-
vation in outdoor conditions. Of all the various biodeteriogens, the
growth of higher plants is a major threat. Despite this, indices that
provide a method for the calculation of a plant species’ dangerous-
ness are few in number and suffer from several limitations. The
proposed risk index (RHV) takes into consideration several param-
eters that represent hazards resulting from general site conditions
and the colonization of plants, such as the parameters influencing
vulnerability in a local context. By analyzing these various param-
eters separately, the resulting evaluations will make it possible to
prioritize interventions for the removal of dangerous species. This
index will be a useful tool for the management of plants growing
at archeological or monumental sites.
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