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a b s t r a c t 

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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. Introduction 

The study of plant colonization on buildings and monuments 

ften involves a specific focus on floristic features and how they 

ary over time [1–8] such as the ecological characteristics of 

pecies [9–11] as well as on plant communities [12–16] and on the 

icrohabitats of ruderal plant settlements [17–19] . Increasing an- 

hropic pressures in cities and at archeological sites has meant that 

he protection of biodiversity and the naturalistic features of flora 

as become a critical issue [20–23] . 

Conversely, the growth of higher plants on monuments is 

iewed negatively by cultural heritage conservators due the effects 

f weathering, which occurs when roots interact with stone struc- 

ures [17–19] . Such damage arises trough exchange processes of 

ydrogen ions present on the root tips, (varying among pH 4 and 6 

24] ), or through the net of colloidal particles, following the well- 

nown lyotropic series (Ba 2 + > Ca 2 + > Mg 2 + > Cs + > Rb + > NH 

4 + 

 K 

+ > Na + > Li + ) and partly from the emission of various chem-
∗ Corresponding author. 
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cal exudate [24–29] . The mechanical pushing of root is, however, 

he main mechanism, and it arises from the increase in root diam- 

ter of wooden species and also from the physical alteration of the 

oil volume by radical absorption [25 , 30 , 31] . When these phenom-

na occur in the fissures or cracks of stones, they cause erosions 

y decreasing the cohesion between stones and increasing the size 

f the fissures and cracks [19 , 24 , 26 , 30] . 

Of all biodeterioration phenomena, in fact, the growth of higher 

lants on buildings and monuments has been recognized as a sig- 

ificant hazard for monuments [2 , 10 , 12 , 28 , 31 , 32] . Higher plants in-

eract significantly with stone, especially in the case of certain 

oody species such as Capparis spinosa [33] , Ailanthus altissima 

26 , 34] , Ficus carica [25] , Ficus elastica, Tetrameles nudiflora, Ceiba 

entandra [10 , 28] . These biodeterioration phenomena seem to be 

articularly pronounced in tropical regions, such as Meso-America 

10 , 35] , India, and SE Asia, where the abandonment of monuments 

nd buildings gives way to fast higher plant colonization [10 , 28] . 

ven in arid or semi-arid bioclimates, though, higher plants can 

olonize pioneer substrata such as stones and buildings [19 , 36] . 

A risk assessment was performed at a UNESCO site [37] in or- 

er to evaluate natural and anthropic hazards, where several site- 

pecific methodologies were developed. Studies of this kind sup- 
SAS. All rights reserved. 
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ort comprehensive risk assessments and related management ac- 

ivities in archeological areas aimed at preventing the development 

f damaging circumstances [38] . It is, therefore, crucial to identify 

he risk parameters, defined as ‘hazard’ and ‘vulnerability’, and to 

ssess their indicators [39 , 41–43] . Furthermore, it is useful to dis- 

inguish between ‘hazard’ and ‘danger’, a distinction which is not 

lways correctly understood [44] . ‘Hazard’ is a circumstance where 

 threat is posed (in our case, to a monument), while ‘danger’ is a 

ituation where the monument is put at risk or is susceptible to a 

ossible hazard [45] . In general, and as proposed in previous stud- 

es [39 , 40] , the risk of damage can be calculated by multiplying the

alues of factors that give rise to a hazard by the values of factors 

hat cause vulnerability (Risk = Hazard × Vulnerability). 

A general hazard index was proposed by Fitzner [46–48] , pri- 

arily in reference to the weathering of surfaces, where biodete- 

ioration phenomena were evaluated generically as “Biological col- 

nization to crust” [48] . It is true that, when considering a haz- 

rd, generic damage can be taken into account but the identi- 

cation of a specific risk obviously benefits from a better def- 

nition of the typology of damage. In his Monument Mapping 

ethod (MMM) Fitzner [46–48] lists 25 possible typologies of 

amage called “weathering forms” (WF) at “level II”. In following 

is method regarding biodeterioration due to the growth of climb- 

ng plants on monuments, we have decided to use only 9 typolo- 

ies of possible damage [49] . For a general assessment of hazards 

aused by plant colonization, Signorini [50] proposed a numeri- 

al index (HI) in the 1990s based on the most relevant charac- 

eristics of the plants present at a site such as life forms, inva- 

iveness, and vigor, giving a numerical scale of increasing poten- 

ial dangerousness. This hazard index was later applied to a num- 

er of archeological and monumental sites in Italy [5 , 22 , 51–55] .

owever, this index provides only a tentative and partial evalua- 

ion of risk, and contains some shortcomings in the evaluation of 

amage. 

In particular, the values attributed to lichen and moss coloniza- 

ion as a whole do not seem to represent their fundamental inter- 

ctions. A different index was subsequently proposed for lichens by 

azzano [56] . Recently, Motti et al. [58] proposed the Deteriogenic 
ig. 1. Selection of weathering patterns which can be caused by higher plants: Soiling (S

rosion (SE) due to ephemeral plants at the Pasargadae site, Iran; Discoloration (DI) due 

racturing (FR) due to the aerial roots of Hedera helix in Glasgow cemetery, United Kingd

taly; Collapse (CO) due to Tetrameles nudiflora R.Br. trees at the Angkor temple complex, 

218 
ndex (DI), updating the previous HI and adding the cover degree 

or each species as an additional parameter. However, both indices 

gnore several of the parameters that influence hazard, including 

hose related to a site’s environmental parameters or the ecology 

f the species examined. Also, they do not take into consideration 

he vulnerability of the substrate and, in particular, microsites of 

olonization, as highlighted by Lisci et al. [18] and, more recently, 

y Hosseini & Caneva [19] . A proper risk assessment also requires 

n evaluation of a heritage site’s vulnerability. ‘Vulnerability’ refers 

o a site’s susceptibility or exposure to a disturbance or threat, and 

s related to the inherent weakness of the monument in question 

39 , 41–45] . In this context vulnerability is a result of the param-

ters that influence the site’s susceptibility to plant colonization. 

ue to the need for a more comprehensive evaluation of risk, such 

ndices need to be improved. 

.1. Research aims 

This paper aims to propose a more comprehensive risk assess- 

ent method regarding higher plant colonization at archeologi- 

al sites and on monuments. The assessment will evaluate vari- 

us hazard typologies, including intrinsic hazard parameters due 

o plant colonization and those related to environmental condi- 

ions as well as vulnerability resulting from stone and microsite 

haracteristics and conservation status. This assessment proposal 

ill be tested worldwide so as to take into consideration a diver- 

ity of bioclimatic conditions, building materials and microsites of 

rowth. 

. Materials and methods 

.1. Classification of damages 

With regard to plant colonization we suggest using Fitzner’s 

onument Mapping Method (MMM) [46–48] , but with a simpli- 

ed list of possible damages that considers only the following 

ypes ( Fig. 1 ), ordered according to incremental levels of interac- 

ion: 
O) due to the growth of ephemeral plants at the Pasargadae site, Iran; Superficial 

to the exudates of aerial roots of H. helix at the Villa of Maxentius in Rome, Italy; 

om; Disruption (DS) due to woody species at the Etruscan Necropolis of Cerveteri, 

Cambodia. 
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Table 1 

Set of general indicators for hazards related to the Environmental condition of the site. 
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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. A methodological proposal for plant colonization hazard 

ssessment 

For a comprehensive hazard evaluation, we suggest taking into 

ccount 6 separate indicators. Two of these are related to environ- 

ental factors ( Table 1 ), such as Bioclimate (Bc) and the Environ- 

ental Context (EC), while the remaining four indicators are re- 

ated to the characteristics of plant species such as Life Forms (LF), 

oot System (RS), Ecology (Ec) and Physiology (Ph) ( Table 2 ). For 
219 
ach indicator we have grouped the main typologies of indicators 

nto 5 hazard classes (Very Low = 1; Low = 2; Medium = 3; High = 4;

ery High = 5). 

Hazards arising from the environmental location of the site and 

elated bioclimatic information can be assessed simply by knowing 

ts geographical location, whereas the hazards due to colonization 

f different species of plant can only be assessed after a careful 

eld evaluation of their cover and characteristics. 

.2.1. Indicators of hazard related to the bioclimatic conditions of the 

ite 

Bioclimatic conditions exert a significant influence on biological 

olonization, since low temperature values and low pluviometry 

onditions reduce the potential for plant colonization and related 

iodeterioration phenomena [61] . Therefore, the bioclimate of a 

ite is a primary factor when assessing the potential hazard of 

lant colonization. With regard to bioclimate we suggest refer- 

ing to the classification proposed by Rivas Martinez et al. [62] , 

hich considers 14 main typologies, ranging from very low in 

olar or desert bioclimates to very high in tropical bioclimates 

Appendix 1]. 

.2.2. Hazard indicators related to the environmental context of the 

ite 

The local environmental conditions of a site influence the in- 

idence of biological colonization on stone materials, since cer- 

ain factors (high humidity, high input of seeds and biological 

ropagules, high nutrients, adequate lighting and temperatures 

nd pollution levels) favor or inhibit plant colonization potential 

14 , 61 , 63 , 64] . Such factors vary from very low hazards in highly

olluted areas to very high hazards in forests [Appendix 1]. Tem- 

erature and humidity favorable to the most invasive species are 

lso relevant factors and are related to the specific ecology of the 

olonizing species (see also 2.2.5). 

.2.3. Hazard related to plant life forms 

Plant life forms are based on their life cycle and the position 

f buds [65] , and vary from ephemeral plants to vigorous trees. 

n assessment of these life forms is the first and foremost step in 
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Table 2 

Set of general indicators for hazards linked to the Plants growth on monuments. 

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

e

t  

s

2

i

f

3  

o

l

w

2

i  

s

n

a

e

f

r

S

p

2

a

t

o

s

stablishing plant hazard. The hazard increases in proportion with 

he length of the plant life cycle, which is often related to a plant’s

oil penetration potential [Appendix 1]. 

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

The development and strength of a plant’s root system, and of 

ts other subterranean organs, can vary widely, achieving very dif- 

erent lengths and creating differential damage as they grow [29–

1 , 66–70] . In accordance with the indication of HI [50] and our

wn observations, we suggest a classification ranging from the very 

ow hazard of fasciculate annual roots to the very high hazard of 

ooden roots with secondary polloniferous roots [Appendix 1]. 

.2.5. Hazard related to the ecological preference of a plant 

Habitat colonization is related to a plant’s fitness for certain liv- 

ng conditions [19 , 59 , 71 , 72] . Archeological and built habitats con-
220 
titute pioneer edaphic conditions, being composed of stones and 

ot mature soils, usually with low humidity levels, low nutrients, 

nd often a not insignificant overheating of surfaces [15 , 73] . Such 

cological features are limiting factors for most plants, though not 

or ruderal or rocky species. The soil type and pH, then, are also 

elevant when considering the ecological preference of a plant. 

uggested categories vary from occasional ephemeral species to 

lants belonging to shrubby and forest communities [Appendix 1]. 

.2.6. Hazard related to physiological characteristics (invasiveness 

nd vigor) of a plant 

Plant species have evolved different mechanisms to improve 

heir potential for survival in a given habitat as well as devel- 

ping significant reproductive fitness [72 , 74] . Clonal reproduction, 

uch as seedling rate, describes physiological features that deter- 
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Table 3 

Vulnerability classification of [a] substrate bioreceptivity (Sb) and associated to [b] Microsites of plant colonization (Ms). 

(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). 

m
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r

ine the invasiveness and vigor of a species in colonizing a habitat 

Appendix 1]. 

.3. A methodological proposal for vulnerability assessment 

Vulnerability related to plant colonization is here expressed 

hrough 3 parameters (indicators): the microsites of plant coloniza- 

ion (Ms), which can have a positive or a negative influence [59] , 

he bioreceptivity of the substrate (Sb), which is an augmentative 

actor, and its deterioration rate (CS), which can be related to man- 

gement practices [37] . Regarding the classification of vulnerabil- 

ty, we have again proposed 5 classes (1 = Very Low; 2 = Low; 3 =
edium; 4 = High; 5 = Very high). 
221 
.3.1. Vulnerability related to stone bioreceptivity (edaphic 

onditions) 

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, 

.e., their tendency to be colonized by living organisms [77 , 78] . Fur-

hermore, exposure time determines a natural physic-chemical de- 

erioration process resulting in porosity and bioreceptivity [77 , 78] . 

n addition to this, vulnerability increases over time because pro- 

onged exposure increases the original porosity of materials (usu- 

lly classified as low, medium, or high), and can lead to a higher 

lassification ( Table 3 a). Substrate vulnerability increases both in 

elation to porosity values and to increasing deterioration rates, 
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Table 4 

Set of indicators for Vulnerability linked to the site colonization conditions. 
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ith values ranging from very low (less than 1% porosity) to very 

igh (more than 30% porosity) [Appendix 1]. 

.3.2. Vulnerability related to microsites of growth (topographic 

onditions) 

Different parts of the structure can be subject to different lev- 

ls of vulnerability to plant colonization. Fissures, cracks, cavities 

nd structural junctions in stone materials are microsites (Ms) of 

rowth on stone surfaces because they trap nutrient-rich dust and 

rganic material [16 , 79] . Lisci et al. [18] proposed their evalua- 

ion of risk factors, which was recently reassessed to include non- 

isible damage due to soiling [19] . In accordance with the latter 

ontribution, we have looked at vulnerability to plant coloniza- 

ion based on 3 parameters intended to describe their settlement 

Height, Inclination, and Typologies of Ms) ( Table 3 b) [Appendix 

]. We also suggest increasing the vulnerability level (raising by 1 

lass) in the presence of fragile architectural structures like mo- 

aics, paintings, inscriptions, and statues. 

.3.3. Vulnerability related to conservation status 

The conservation status of a monument is intimately connected 

o its management. For this reason maintenance is one of the most 

ignificant parameters when assessing the vulnerability of plant 

rowth on historical structures and ruins [80 , 81] . Neglect and lack 

f maintenance are discriminating factors, and the vulnerability of 

ubstrates to plant colonization increases when there is no main- 

enance [73] . In general, abandonment and exposure to weathering 
222 
gents favor biological colonization by bacteria, fungi, and lichens. 

his accelerates the deterioration of the structure, leading to the 

ormation of a substrate that favors the germinating seeds of hardy 

ioneer plants. Atmospheric dust, bird excrement, plant remains, 

nd human waste contribute to the enrichment of nutrients and to 

hin soil formation, encouraging the growth of other plants [17 , 18] . 

s shown in Table 5 , we have suggested an average limit of 10

ears in order to assessment the highest vulnerability conditions. 

his value seems suitable, especially for tropical sites, where dy- 

amic evolution is seen to develop quickly. However, in temperate 

nd Mediterranean climates, evolution towards woody vegetation 

eeds a longer period of abandonment [17 , 18] , and the vulnerabil- 

ty score can be lowered [Appendix 2]. 

The general set of vulnerability indicators with proposals for 

heir classification is summarized in Table 4 . 

.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, 

rocedure and the associated indicators of hazard and vulnerability 

re shown in Fig. 2 . 

Fig. 3 shows the values of potential damage linked to the nine 

uggested indicators, represented by nine points of a star (1 = Very 

ow (VL, i.e., limited to soiling); 2 = Low (L, i.e., only superfi- 

ial erosion or discoloration); 3 = Medium (M, i.e., fracturing); 

 = High (H, i.e. disruption); 5 = Very High (VH, i.e. collapse). 
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Fig. 2. The RHV model for the assessment of risk from higher plant colonization on buildings. 

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. 

223 
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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’). 

224 
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Table 5 

Risk assessment for selected plants colonization in different sites. 

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. 

225 



G. Caneva, Z. Hosseini and F. Bartoli Journal of Cultural Heritage 62 (2023) 217–229 

Table 6 

The application of RHV to the analyzed sites. 

Bc EC Species Cv LF RS Ec Ph Sb Ms CS RISK 

Pavilion B, Pasargadae, Iran 

2 4 H E L-H (M) 

Scorzonera 

cinerea Boiss. 

0,5 3 3 3 3 H P M-L 

Glycyrrhiza 

glabra L. 

2,0 3 4 4 3 

Crepis sancta 

(L.) Bornm. 

2,0 1 2 3 2 

4 4 2 V L-H 

4 4 2 

4 4 2 

Colosseum, Rome, Italy 

3 2 H E M-L 

Micromeria 

graeca ( L. ) 

Benth. Ex 

Rchb. 

2,0 3 3 3 3 H P M 

with VH 

potential 

Parietaria 

judaica L. 

1,0 3 3 4 3 

Ficus carica L. 0,5 5 5 5 5 

4 3 1 V L-H 

4 4 1 

4 4 1 

Walls, Lucca, Italy 

4 3 H E H-M 

Campanula 

erinus L. 

1,0 1 3 4 3 H P M 

with VH 

potential Parietaria 

judaica L. 

1,0 3 3 4 3 

Ulmus minor 

Mill. 

0,5 5 4 5 4 

3 3 1 V L-M 

3 3 1 

3 4 1 

Ta Nei Temple, Angkor, Cambodia 

5 5 H E VH 

Peperomia 

pellucida (L.) 

Kunth 

1,0 1 1 1 2 H P M-H 

with VH 

potential 

Adiantum 

philippense L. 

4,0 3 3 4 3 

Tetrameles 

nudiflora 

1,0 5 5 5 5 

4 3 5 V 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; H E = hazard related to the environmental conditions, V = vulnerability, H P = 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. 
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e believe that when combining different types of parameters we 

annot simply sum each global risk assessment value, therefore we 

refer to illustrate them with an analytical representation. Further- 

ore, due to the heterogeneity of such assessments, it is quite im- 

ossible to give a homogenous numerical scale, so we have opted 

or classes instead of numbers. 

In order to enhance the role of plant cover, we also suggest em- 

loying the usual scale of phytosociological analysis [60] : + = 0.5; 

 = 1–5%; 2 = 5–25%; 3 = 25–50%; 4 = 50–75%; 5 = 75–100%).

alues are shown graphically using different gradations and color 

atterns for the 4 peaks of the stars that represent plant charac- 

eristics. 

.5. The application of RHV to a site 

Similarly, when applying the RHV to a site, we suggest separat- 

ng hazard values related to environmental conditions from those 

inked to plant colonization such as values regarding site vulnera- 

ility. The results will emphasize those values which appear to be 

ommon geographic and bioclimatic characteristics throughout the 
226 
ite, and at the same time will emphasize separately the parame- 

ers linked to other plants at the site. For each value, we suggest 

onsidering the average, such as the possible peaks. 

.6. Tested areas and species 

In order to test the application of the proposed methodology 

e also selected four sites representative of different bioclimatic 

nd environmental conditions, where we carried out in the past 

etailed observations and analysis. The chosen test areas were: 

avilion B, Pasargadae (Iran) [19] , located in a rural context in a 

editerranean xeric bioclimate; the Colosseum in Rome (Italy) [82] , 

ocated in an urban context in a Mediterranean pluvio-seasonal bio- 

limate ; the walls of Lucca, (Italy) [83] , surrounded by gardens in 

n urban context in a Temperate Oceanic bioclimate ; Ta Nei tem- 

le, Angkor (Cambodia) [84] , located in a woody area in a Tropical 

luvial bioclimate (Appendix 3). 

In each site, we also selected three plant species, presenting dif- 

erent hazard levels, that were identified through analytical keys of 

orphological features, using the local floras. Such comparison will 
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ighlight the differences between species and the hazards related 

o the same species at different sites. 

. Results 

The application of the RHV assessment in the different test ar- 

as is shown in Table 5 , where all of the observations and classifi-

ations have been collected together. The graphs in Fig. 4 analyze 

azard and vulnerability separately, showing species with elevated 

azards in the same environmental and vulnerability conditions. 

hey also illustrate how different species at a site can produce 

ifferent hazards according to their cover and characteristics, and 

ow favorable bioclimatic conditions expose sites to increasingly 

angerous conditions. Furthermore, they also show the relevance 

f vulnerability parameters (see the different hazards for P. judaica 

t the Rome and Lucca sites). 

As shown in Table 6 , when considering all four sites as a whole

e observed average hazard values related to environmental con- 

itions (HE) for Pavilion B in Pasargadae, and for the Colosseum 

s well as the walls of Lucca, but the tropical and forest condi- 

ions of Ta Nei Temple in Angkor led to high hazard values. The 

azard values related to the presence of plants at Pasargadae also 

resented average values, whereas some plants at the Colosseum 

howed a high potential risk, which was even higher for plants at 

ngkor, where other plants had a very high potential risk. Vulner- 

bility values at Pasargadae were, again, average, as were those at 

he Colosseum. Such values were low for the walls of Lucca walls 

nd high for Ta Nei Temple in Angkor, mainly due to differences in 

ite management. 

. Discussion 

The complexity of evaluating hazards due to plant growth at 

rcheological sites arises from the need to take into account sev- 

ral parameters. The hazard indices [46-50 , 57] that have previ- 

usly been proposed are not comprehensive enough to address all 

f the relevant risk parameters. The wider view that we suggest 

nine parameters rather than the previous three or four) provides 

 more realistic definition of risk. Both indices (HI and DI) con- 

tituted reliable starting points for the identification of potential 

anger caused by different plant species. However, the HI [50] as 

ell as the subsequent DI in Motti et al. [57] , both lack any eval-

ation of variability resulting from hazard associated with local 

ioclimatic conditions or of vulnerability associated with edaphic 

onditions where the plants grow [15 , 52] . Furthermore, we have 

voided the more common method [51–54] , of applying such in- 

ices to the calculation of a global numerical evaluation of risk 

ased simply upon the presence and cover of species. The need for 

 sufficient evaluation of physiological and ecological factors adds 

urther to such complexity. The influence of such factors explains 

he variations in aggressiveness for the substrate of the same plant 

hen the geographical, bioclimatic, and edaphic conditions vary. 

or example, the influence on a plant of different bioclimatic con- 

itions can explain discrepancies in the evaluations of dangerous- 

ess of ivy growing in the Mediterranean bioclimatic conditions of 

entral-southern Italy [49 , 85] compared to those observed in the 

old-humid temperate conditions of England [86 , 87] . The ecologi- 

al preference of a species provides a clear indication of its poten- 

ial ability to establish itself in a given location, with archeological 

reas and monumental sites providing optimal conditions for rud- 

ral plants [19 , 71 , 72] . 

Furthermore, and as previously observed [88] , if the indices 

roposed for the quantification of the deteriogenic impact of mi- 

roorganisms and plants are to be useful, they will require an 

greed standardization of reference parameters and methods for 

he assessment of the factors involved. 
227 
In our opinion the usefulness of such an approach in establish- 

ng risk arises from the distinctions between different hazard and 

ulnerability conditions. For the first parameter, a clear distinction 

an be made between external hazard factors (bioclimate and lo- 

al conditions), which can vary greatly according to geographical 

nd topographical conditions, and hazards related to the character- 

stics of the plants growing on the site, which constitute the typi- 

al ‘features’ of the plant (see the different patterns related to the 

pecies shown in Fig. 4 ). Each site has specific hazard conditions 

nd vulnerability resulting from its conservation status (parame- 

ers 1, 2, and 9), for example with regard to the specific qualities 

f certain species (compare the similar pattern of a site and the 

ifference between plants in Fig. 4 and Table 5 ). When comparing 

 site like Pasargadae in an arid bioclimatic region with Angkor 

n a tropical region, the H E displays notably different values rang- 

ng from low to very high, as does the potential H P . Vulnerabil- 

ty, on the other hand, varies according to local conditions, partic- 

larly with regard to microsites of growth and the local manage- 

ent of plants. In this way, when comparing the sites analyzed in 

ome and Lucca, where the H P values were similar, hazards due 

o environment (H E ) and vulnerability clearly play a key role in 

efining the total risk for the site. Rome, however, has a biocli- 

ate with a period of drought stress, which results in a lower po- 

ential hazard with respect to that of Lucca; the type of substrate 

nd the microsites where the plants were growing determined a 

reater vulnerability than those observed on the walls of Lucca, 

eading to a higher potential risk condition. Consequently, such 

HV index evaluations seem appropriate for a careful management 

lan which takes into consideration the risk of plants growing on 

onuments. 

Even though an increasing number of papers stress the impor- 

ance of careful management of plants in archeological sites in or- 

er to avoid damage [19 , 89] , we cannot ignore the fact that arche-

logical areas often become a refuge for plants and animals dis- 

upted by human activities [ 90,91 ]. Finally we would like to em- 

hasize that a comprehensive management plan requires, in addi- 

ion to such assessments, an evaluation of a site’s naturalistic and, 

deally, its cultural values [11 , 22] . Some typical wall species, in fact, 

ave a limited spread in natural habitats highlighting the impor- 

ance of these areas as secondary stations for rare and threatened 

pecies, and their removal should take place only if they cause a 

on-negligible risk to cultural heritage [80 , 92] . 

. Conclusion 

Different weathering agents can pose a risk to heritage conser- 

ation in outdoor conditions. Of all the various biodeteriogens, the 

rowth of higher plants is a major threat. Despite this, indices that 

rovide a method for the calculation of a plant species’ dangerous- 

ess are few in number and suffer from several limitations. The 

roposed risk index (RHV) takes into consideration several param- 

ters that represent hazards resulting from general site conditions 

nd the colonization of plants , such as the parameters influencing 

ulnerability in a local context. By analyzing these various param- 

ters separately, the resulting evaluations will make it possible to 

rioritize interventions for the removal of dangerous species. This 

ndex will be a useful tool for the management of plants growing 

t archeological or monumental sites. 
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