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a b s t r a c t 

Climbing plants, such as English ivy ( Hedera helix ), are an important component of the natural and built 

environment, and are increasingly integrated into the designs of modern developments to provide aes- 

thetic and thermal benefits. Yet, the influence of ivy on the conservation of historic buildings remains 

controversial. In urban and rural settings, ivy has been shown to both enhance and retard material break- 

down. However, in dynamic coastal environments, where heritage assets are regularly exposed to variable 

weather conditions and damaging ocean spray, the impacts of ivy on stone decay are relatively unknown. 

In this study, a combination of laboratory simulations and field experiments were used to assess the 

impacts of different covers of ivy (i.e., full foliage, managed foliage, and exposed stone) on surface and 

subsurface microclimates and stone deterioration at two sixteenth century castles in Kent, UK. Our re- 

sults show that ivy may shield surfaces against potentially damaging salt crystals, and buffer extremes 

and fluctuations in temperature and humidity during warm, summer conditions. Importantly, we show 

that heavily-managed stems can provide protective functions irrespective of leaves through the modula- 

tion of environmental variables linked to stone decay. 

© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction and research aims 

English ivy ( Hedera helix ) grows prolifically on the walls of 

any historic buildings in the UK and around the world [ 23 ]. This

ncludes coastal fortifications built of natural stone, such as castles, 

lockhouses, and artillery forts [ 19 , 43 , 50 , 58 ]. In addition to sup-

orting diverse communities of plants and animals, these highly 

alued heritage assets provide multiple co-benefits to local com- 

unities, economies, and ecosystems, such as flood protection, ed- 

cational space, and sites of cultural significance [ 24 , 42 ]. Yet, many

f these structures are threatened by coastal erosion and associ- 

ted climate change impacts, such as sea-level rise [ 30 , 32 , 44 , 47 ],

s well as physical and chemical weathering processes enhanced 

y frequent exposure to ocean spray, extreme precipitation events 

i.e., winter storms), and variable temperature cycles [ 37–41 , 57 ]. 

n certain cases, vascular plants and other forms of biota, such as 

ichen and mosses, can exacerbate the deterioration of coastal for- 

ifications and built heritage more generally (e.g., [ 42 , 43 ]). How- 

ver, this remains controversial, with the protective potential of 

lants increasing recognised over recent years (e.g., [ 29 , 34 , 56 ]). 
∗ Corresponding author. 

E-mail address: timothy.baxter@prm.ox.ac.uk (T. Baxter) . 
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In terrestrial environments, ivy and other canopy forming 

pecies have been shown to both enhance and retard material 

reakdown [ 16 , 23 , 36 , 52 ]. When left undisturbed, the roots of ivy

ay penetrate and weaken pre-existing defects in mortar and 

tone, causing extensive damage to historic buildings and ar- 

haeological sites [ 3 , 8 , 13 , 22 ]. However, dense covers of ivy have

lso been shown to protect surfaces from airborne pollutants 

 45 , 49 , 58 ], and reduce the efficiency of mechanical and chemical

eathering processes through the regulation of near-surface mi- 

roclimates [ 18 , 21 , 50 ]. Observed differences in the aggressiveness 

f ivy and its impacts on material breakdown have been attributed 

o variations in the bioclimatic and edaphic conditions experienced 

y plants growing in different locations and environmental settings 

 9 ]. 

While the bioprotective and erosive potential of ivy have been 

nvestigated in urban and rural locations, as well as under con- 

rolled laboratory conditions [ 16 , 18 , 20 , 58 ], few studies have di-

ectly examined the impacts of ivy on surface and subsurface 

icroclimates and associated weathering processes in dynamic 

oastal environments, where historic buildings are regularly ex- 

osed to potentially damaging marine aerosols ( Supplementary Ma- 

erial, S1 ). Under these conditions, dense covers of ivy may pro- 

ide valuable protection against salt crystallisation and extremes 
article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. The location of the field sites at Deal Castle and Walmer Castle (© Crown 

copyright and database rights 2022 Ordnance Survey). Aerial photographs accessed 

from the Channel Coast Observatory ( coastalmonitoring.org ). 
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n temperature and humidity that facilitate processes of stone de- 

ay. Furthermore, there is limited understanding of whether the 

urface-cooling effects associated with ivy persist once foliage has 

een removed from stems due to pruning or similar management 

ractices [ 10 ]. 

In this study, we use a combination of field experiments and 

aboratory simulations to investigate the protective potential of dif- 

erent covers of ivy (i.e., full foliage vs. managed foliage vs. no fo- 

iage) on two sixteenth-century forts on the south coast of Eng- 

and, UK. In doing so, we aim to contribute valuable research- 

ased evidence to help inform future management practices and 

esilience-planning effort s at coast al herit age sites. 

. Material and methods 

.1. Study site and field experiment 

Over a two-week period in July 2022, field experiments were 

onducted on the walls of two sixteenth-century artillery forts on 

he south coast of England: Deal Castle (51 °13′ 10′′ N, 1 °24′ 13′′ 
) and Walmer Castle (51 °12′ 02′′ N, 1 °24′ 07′′ E). Both castles are 

onstructed of limestone (Kentish ragstone) and are managed by 

nglish Heritage as Scheduled Monuments. Located approximately 

 km apart, both castles are within 150 m of the coastline ( Fig. 1 ).

Met Office climate data collected at Dover Harbour between 

991 and 2020 shows that average summer (June-August) temper- 

tures ranged between 12–21 °C along this stretch of coastline. In 

ontrast, average winter (December-February) temperatures ranged 

etween 3 and 8 °C. Annual rainfall was approximately 832 mm, 

nd there were on average 43 days of frost per year. At both sites, 

ind blows predominantly onshore in a southwesterly direction. 

At each site, microclimate data (i.e., near-surface temperature 

nd humidity) and data on two different indicators of weather- 

ng and material breakdown (i.e., surface hardness and roughness) 

ere collected on sections of wall comparable in age, material, 

spect (i.e., east- or northeast-facing), and environmental setting. 

oth study walls had significant covers of ivy (i.e., 95 % cover- 

ge), however the types of cover varied between the two sites 

 Fig. 2 ). At Deal Castle, the ivy had been left undisturbed for at

east a decade and was up to 30 cm thick (i.e., full foliage), with

n estimated Leaf Area Index (LAI) of over 0.95 in covered areas. 

n contrast, many years of management and pruning had left the 

vy at Walmer Castle with limited foliage (LAI < 0.05), although a 

ense network of stems remained on the stone surfaces (i.e., man- 

ged foliage). The distinct conditions found at these sites provided 

 unique opportunity to compare how different covers of ivy and 
198
ssociated management strategies influence near-surface microcli- 

ate regimes and weathering processes on stone-built heritage as- 

ets in a coastal setting. 

At each study wall, measurements were taken on twenty 25 

25 cm plots: ten areas with significant (95 %) ivy cover (i.e., 

ull foliage or managed) and ten areas of bare substrate with no 

vidence of ivy cover for at least 10 years. These two treatments 

re hereafter referred to as ‘ivy-covered plots’ and ‘bare plots’, re- 

pectively. On each wall, plots with the same treatment (i.e., ivy- 

overed and bare) were spaced at 50 cm intervals along a vertical 

ransect. 

.2. Temperature and humidity regimes 

Three temperature and humidity loggers (Maxim® DS1923 

Button Thermochrons) were placed in bare and ivy-covered plots 

t each site. At Deal Castle the loggers were placed under ivy cover 

etween 25 and 30 cm thick, while at Walmer Castle the loggers 

ere placed under leafless stems approximately 2–3 cm thick. The 

oggers were pre-programmed to measure near-surface rock tem- 

erature ( °C) and relative humidity (RH, %) at 10-min intervals. 

emperature data were collected at both sites between 7th and 

9th July 2022, whereas RH data were collected between 11th and 

9th July 2022. At the end of the monitoring periods, the data were 

ownloaded using a Blue-Dot iButton® reader (Maxim Integrated 

roducts) and OneWireViewer software (Maxim Integrated Prod- 

cts). The loggers have an operating range of −30 to 70 °C, resolu- 

ion of 0.5 °C, and accuracy of ± 0.5 °C. The same devices have pre- 

iously been used in weathering studies to determine the influence 

f ivy and other canopy-forming species on rock-surface thermal 

egimes (e.g., [ 4 , 28 , 50 ]). Time-series data of near-surface tempera-

ure and RH for both the bare and ivy-covered plots were averaged 

or each site and compared graphically. Descriptive statistics (max- 

mum, minimum, and range) were also calculated and compared 

etween the covered and bare plots. 

In addition to the environmental loggers, an infrared camera 

as used to collect thermal images of bare and ivy-covered sur- 

aces at each site. Thermal imagery has previously been used to as- 

ess the influence of ivy cover and other types of vertical greenery 

n near-surface temperature regimes on experimental test walls 

onstructed of limestone and brick [ 10 , 18 ]. In this study, infrared

mages were recorded using a Teledyne FLIR C3-X thermal camera 

t 30-min intervals over a 6-hr time period (10:30 to 16:30) on 

th July 2022 at Deal Castle and 11th July 2022 at Walmer Castle. 

hese images were subsequently downloaded and analysed using 

he software FLIR Tools. Visual comparisons were made to deter- 

ine differences in the thermal characteristics of the covered and 

xposed sections of the walls. The thermal camera can measure the 

emperature of objects between −10 to 150 °C with an accuracy of 

2 °C. Although the emissivity of stone, leaves, and stems is un- 

ikely to be equal, a general emissivity value of 0.95 was used in 

ccordance with standards adopted in previous studies [ 1 , 5 , 14 , 33 ].

hermal data recorded using the infrared camera was found to be 

roadly consistent (i.e., ± 3 °C) with direct measurements collected 

sing the iButtons. Variations in the thermal reflection/ emissivity 

f different surfaces were therefore considered to have had limited 

mpact on the overall results. 

.3. Rock surface hardness 

Surface hardness data were collected at each site using an 

quotip Piccolo 2 (D-type). The Equotip expresses hardness as a 

Leeb’ value (HL) and has a resolution of 1 HL and an accuracy of 

4 HL. HL is a comparative rock hardness unit calculated using the 

atio of the rebound velocity to the impact velocity of a hard in- 

enter sphere fired by the tool at a surface [ 59 ]. The Equotip has

http://coastalmonitoring.org
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Fig. 2. The sections of wall and patches of ivy studied at Deal Castle (left) and Walmer Castle (right). Both walls are orientated towards the northeast, and are comparable 

in age, material, and design. 
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een widely used to measure rock-surface hardness as a way of de- 

ermining the degree of weathering a surface has experienced over 

ime (e.g., [ 2 , 6 , 15 , 54 , 59 ]). At each plot (ivy-covered and bare), 30

quotip measurements were taken using the single impact method 

 55 ]. Care was taken when using the Equotip to ensure that the 

ase of the device was positioned on a flat surface and away from 

ny ledges to reduce the impact of edge effects [ 55 ]. Before use,

he Equotip was calibrated using a calibration block. Each set of 30 

easurements was averaged, to create a single value of hardness 

HL) for each plot. 

.4. Rock surface roughness 

A profile gauge with 1 mm diameter movable pins was used to 

uantify the surface roughness of each plot as an indicator of ma- 

erial breakdown. This method has been widely used in geomor- 

hology and engineering to derive profile-based topographic infor- 

ation and assess surface decay (e.g., [ 6 , 25 , 27 , 35 ]). Three profiles

ere collected for each plot and then traced onto paper before be- 

ng photographed and digitised using the free online tool WebPlot- 

igitizer. XY coordinate data were then extracted from each pro- 

le and imported into Microsoft Excel. The arithmetic roughness 

Ra ) of each profile was then calculated and averaged across the 

hree measurements to create a single value of Ra for each plot. In 

his instance, Ra represents the average deviation of 1-mm-spaced 

oints (XY coordinates) compared to the mean height of a surface 

ver a 25 cm sampling length [ 26 ]. 

.5. Salt crystallisation and rooting 

To determine whether ivy can act as a physical barrier against 

irborne salts, a wireless digital microscope (SKYBASIC) was used 

o collect 50x magnified images of the surface of each plot. In ad- 

ition, magnified images of the ivy canopy were collected at Deal 

astle to assess for evidence of salt deposition on the leaves. Sim- 

lar techniques have previously been used to assess the ability of 

vy to trap particulate pollution in urban environments (e.g., [ 49 ]). 

 visual inspection of both walls was also conducted to assess for 

vidence of rooting and other potentially damaging impacts caused 

y the colonising ivy. 

.6. Laboratory simulations 

To complement the near-surface temperature measurements 

ollected in the field, laboratory simulations were used to record 

he influence of ivy cover on the internal (subsurface) temperature 

f stone [ 4 , 17 , 28 ]. Six sample blocks (6 × 6 × 5 cm) of limestone
199
ere cut from pre-weathered material. The upper surfaces of three 

f the blocks were draped in freshly cut ivy to simulate a covered 

lot ( Fig. 3 ). The remaining three blocks were left uncovered to 

imulate a bare plot. In order to monitor subsurface temperature 

radients, each block had 3- and 4-cm-deep holes (each 3.175- 

m-wide) drilled into its underside for the insertion of thermal 

robes. These holes were positioned equidistant from the edges of 

he samples. Two flexible lead thermistor probes (PB-5009-0 M6, 

emini Co., UK) connected to a Tiny Tag Plus 2 temperature log- 

er (TGP-4520, Gemini Co., UK) were inserted into the preprepared 

oles allowing temperatures to be recorded at 1 cm and 2 cm 

epths from the surfaces of the samples [ 4 ]. 

The sample blocks were then placed into a styrofoam mould 

n an attempt to limit heat exchange to the upper surface [ 12 , 17 ]

nd positioned inside an environmental chamber (Sanyo-FE 300H) 

nder a lamp with a full-spectrum daylight bulb which was in- 

luded to better simulate the warming of stone via insolation 

 4 , 28 , 48 , 53 ]. In addition to the thermistor probes, an environmen-

al sensor (Maxim ® DS1921G iButton Thermochron) was used to 

ecord temperatures on the upper surface of each block. 

The environmental chamber was programmed to simulate con- 

itions representative of a ‘model summer’s day’ on the south 

oast of England based on meteorological data collected from a 

eather station at Deal Pier [ 4 ]. To simulate these conditions, the 

nvironmental chamber was programmed to cycle between 15 °C 

nd 30 °C over a 12-h period. The cycle was repeated five times, 

ith the same blocks used throughout the experiment. During the 

ycles, thermistor probes were used to measure the subsurface (1- 

m and 2-cm depths) temperatures of the blocks at 2-min inter- 

als. Before each cycle, fresh ivy was applied to the ivy-covered 

locks. The upper surfaces of the sample blocks were also sprayed 

ith a sea salt solution (34 g NaCl /1 L water) to simulate ocean 

pray. After each cycle, the sample blocks were left to cool for 

t least two hours so they could reach an equilibrium tempera- 

ure. Data collected using the thermistor probes were downloaded 

nd averaged for each treatment (i.e., covered vs. bare). The inter- 

al temperature regimes of the ivy-covered blocks and bare blocks 

ere then compared using graphical representations and descrip- 

ive statistics. 

.7. Statistical analysis 

Two sample t -tests were used to compare differences in sur- 

ace hardness (mean HL) and surface roughness (mean Ra) be- 

ween the ivy-covered plots and bare plots monitored in the field. 

n all instances, assumptions for parametric tests were checked be- 

orehand, and normality requirements were met. All statistics tests 

ere performed using the software R (version 4.2.2). 



G. Jenkins and T. Baxter Journal of Cultural Heritage 77 (2026) 197–206

Fig. 3. The experimental setup used for the laboratory simulations. 

Table 1 

Daily minimum (Tmin ), maximum (Tmax ), and range in near-surface temperature at the ivy-covered and bare plots at Deal Castle and Walmer Castle. The mean daily 

maximum temperature difference between ivy-covered plots and bare plots at each site is also shown. 

Mean daily minimum 

temperature (Tmin, °C) 

Mean daily maximum 

temperature (Tmax , °C) 

Mean daily temperature 

range (Trange , °C) 

Mean daily maximum 

temperature difference 

(Tdiff , °C) 

Location Covered Bare Covered Bare Covered Bare 

Deal Castle (Full foliage) 18.63 17.41 22.41 27.83 3.78 10.41 5.70 

Walmer Castle (Managed foliage) 21.41 19.96 31.69 38.07 10.28 18.11 5.68 
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. Results 

.1. Near-surface temperature 

At both sites, the mean daily maximum temperature (Tmax ) 

nd range (Trange ) were consistently lower in the ivy-covered plots 

ompared to the bare plots ( Table 1 and Fig. 4 ). Daily mini-

um temperatures (Tmin ) were also consistently higher in the ivy- 

overed plots compared to the bare plots. Over the entire mon- 

toring period, the highest temperature (43.39 °C) was recorded 

n a bare plot at Walmer Castle, while the lowest temperature 

15.08 °C) was recorded in a bare plot at Deal Castle. 

The mean daily maximum temperature difference between ivy- 

overed plots and bare plots (Tdiff) at Deal Castle and Walmer Cas- 

le was 5.70 and 5.68 °C, respectively ( Table 1 ). The greatest tem-

erature differences were typically recorded at both sites in the 

orning and early-afternoon between 08:30 and 13:00. Across the 

ntire monitoring period, the greatest Tdiff (10.08 °C) was recorded 

t Walmer Castle on 16th July 2022 at 11:35 am ( Fig. 4 ). 

At Deal Castle, the greatest increase in temperature over a 1- 

inute time period (T1-min ) was 0.75 °C for the ivy-covered plots 

nd 2.34 °C for the bare plots. At Walmer Castle, T1-min was 2.34 °C 

or the ivy-covered plots and 4.33 °C for the bare plots. 

.2. Infrared imagery 

Infrared images show differences in the daily temperature 

egimes of the study walls at Deal Castle and Walmer Castle 

 Fig. 5 ). Surfaces covered with ivy remained consistently cooler 

han areas with no ivy cover throughout the monitoring periods. 

t Walmer Castle, high temperatures ( > 40 °C) were recorded on 

vy stems during the warmest part of the day (10:30 am). How- 

ver, areas of wall under/adjacent to these stems appear to have 

emained relatively cool compared to areas of exposed stone. 
200
.3. Relative humidity 

Time-series data of average RH at Deal Castle and Walmer Cas- 

le are shown in Fig. 6 . At Deal Castle, RH was consistently higher

n the ivy-covered plots compared to the bare plots ( Table 2 ). In

ontrast, at Walmer Castle, the bare plots experienced the greatest 

xtremes in RH throughout the monitoring period. At both sites, 

he daily range in RH was consistently higher at the bare plots 

ompared to the ivy-covered plots. 

.4. Sub-surface temperature regimes 

The subsurface temperature regimes at 1 cm and 2 cm depths 

ere consistently lower in the ivy-covered samples compared to 

he bare samples during the laboratory simulations ( Fig. 7 ). Tem- 

erature differences between the two conditions (i.e., covered vs. 

are) were generally greater at 1 cm depths than at 2 cm depths. 

emperature data collected from the surfaces of the sample blocks 

lso reveal that surface temperatures on the ivy-covered blocks 

ere lower during the warming phase of the cycle (i.e., 0 to 360 

ins) but higher during the cooling phase of the cycle (i.e., 360 to 

20 mins; Supplementary Material, S2 ). 

.5. Surface hardness and roughness 

At both Deal Castle and Walmer Castle, no significant difference 

n surface hardness was found between the ivy-covered plots and 

he bare plots (Deal: t(9) = 1.351, p = 0.196, Walmer: t(9) = 0.290, 

 = 0.776) ( Fig. 8 ). At Deal Castle, the mean surface hardness in the

vy-covered plots and bare plots was 246.34 and 260.29 HL, respec- 

ively. In comparison, at Walmer Castle, the mean surface hardness 

as 305.87 HL in the ivy-covered plots and 308.78 HL in the bare 

lots. 

T-tests also showed no significant difference in mean surface 

oughness between the ivy-covered plots and bare plots at both 
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Fig. 4. First (Deal Castle) and second (Walmer Castle) rows: Average near-surface temperatures ( °C) recorded at 10-min intervals at ivy-covered plots (blue line) and bare 

plots (orange line), and the difference between the two conditions (grey line). Third row: Air temperature recorded at the Met Office weather station at Dover Harbour, 

roughly 12 km from the study sites. Periods of daylight (05:00 to 21:00 BST) and darkness (21:00 to 05:00 BST) are shown as white and grey bands, respectively. The purple 

boxes indicate when infrared images where recorded (see Fig. 5 ), while the yellow bands indicate when humidity data was collected (see Fig. 6 ). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 

Table 2 

Daily minimum (Tmin ), maximum (Tmax ), and range in relative humidity at the ivy-covered and bare plots at Deal Castle and Walmer Castle. 

Mean daily minimum relative 

humidity (RHmin , %) 

Mean daily maximum relative 

humidity (RHmax , %) Mean daily range (RHrange , %) 

Location Covered Bare Covered Bare Covered Bare 

Deal Castle (Full foliage) 69.60 49.88 83.87 82.80 14.27 32.92 

Walmer Castle (Managed foliage) 38.02 26.44 66.87 75.09 28.85 48.66 

s

p  

t

r

r

t

3

m

m

s

ites (Deal: t(9) = −0.852, p = 0.406, Walmer: t(9) = −1.889, 

 = 0.078) ( Fig. 8 ). At Deal Castle, the mean surface roughness in

he ivy-covered plots and bare plots was 0.43 cm and 0.38 cm, 

espectively. In comparison, at Walmer Castle, the mean surface 

oughness was 0.34 cm in the ivy-covered plots and 0.26 cm in 

he bare plots. 
201
.6. Airborne salt particles 

At Deal Castle, 50x magnified images revealed the potential for- 

ation of salt crystals on the outer surfaces of ivy leaves (Supple- 

entary Material, S3). In contrast, there was limited evidence of 

alt crystals on the inner (wall facing) surfaces of the leaves or on 
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Fig. 5. Thermal imagery showing the surface temperature ( °C) of the study walls at Deal Castle and Walmer Castle. 
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nderlying stone at this site. Salt crystals, similar in size and ap- 

earance to the deposits identified in the field, were also observed 

n the ivy leaves used in the laboratory experiment after they had 

een exposed to a simulated summer cycle. 

. Discussion 

.1. Influence of ivy on near-surfaces microclimates 

Daily temperature extremes and fluctuations were significantly 

ampened on surfaces covered with ivy relative to adjacent areas 

f exposed stone at both Deal Castle and Walmer Castle. During 

arm weather (i.e., air temperatures greater than 20 °C), temper- 

tures were reduced by more than 5 °C on surfaces with thick 

overs of ivy (i.e., Deal Castle) as well as those with limited fo- 

iage (i.e., Walmer Castle). The presence of ivy was also found 

o increase surface temperatures during the coldest part of the 

ay, with mean daily minimum temperatures approximately 7 % 

reater under ivy cover at both sites ( Fig. 4 ). These findings are

onsistent with those of previous studies that have highlighted 
202
he potential for ivy to modulate near-surface temperatures during 

oth warm and cold conditions in temperate environments (e.g., 

 7,16,18,50,58 ]). Coombes et al. [ 18 ], for example, reported similar 

urface-cooling effects during peak summer conditions (i.e., July) 

n Oxfordshire, UK, for a test wall comparable in construction (i.e., 

imestone), aspect (i.e., east- and north-facing), and canopy thick- 

ess (i.e., 20–30 cm) to the study wall at Deal. In contrast, more 

ronounced thermal effects have been reported for canopies with 

reater thicknesses (e.g., [ 58 ]), including on an east-facing revet- 

ent wall in Dover, UK, less than 12 km from the study sites, 

here surface temperatures were reduced by up to 17 °C under 

overs more than 90 cm thick [ 50 ]. 

In this study, surface-cooling effects observed in the field were 

ound to translate to reductions in the internal temperature of 

tone under controlled laboratory conditions, with temperatures at 

 and 2 cm depths significantly reduced under ivy cover (5–10 cm 

hick). Such thermal effects have been shown to influence rates of 

eterioration on surfaces covered by ivy and other canopy-forming 

pecies, such as seaweed, with increased cover generally associ- 

ted with reduced rates of material breakdown [ 16 , 28 ]. The results
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Fig. 6. First (Deal Castle) and second (Walmer Castle) rows: Average relative humidity ( %) recorded at 10-min intervals at ivy-covered plots (blue line) and bare plots (orange 

line), and the difference between the two conditions (grey line). Third row: Relative humidity recorded at the Met Office weather station at Dover Harbour, roughly 12 km 

from the study sites. Periods of daylight (05:00 to 21:00 BST) and darkness (21:00 to 05:00 BST) are shown as white and grey bands, respectively. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 

p

fi

a

t

l

f

i

[

t

c

t

a

f

t

a

b  

t

d

b

t

l

s

i

i

a

d

v

i

w

f  

f

i

e

f

s

r

resented here thus support the notion that ivy can limit the ef- 

ciency of weathering processes associated with vertical temper- 

ture gradients and repeated thermal cycling, such as thermal fa- 

igue, although further research is required to develop a causing 

ink between internal cooling and rates of stone decay under dif- 

erent cover types. 

Surface and subsurface cooling by ivy is caused by direct shield- 

ng from insolation and localised cooling via evapotranspiration 

 18 ]. Such thermal effects are influenced by a combination of fac- 

ors such as aspect, canopy thickness, and substrate type, with 

ooling generally enhanced on south-facing walls and those with 

hicker covers (e.g., [ 50,58 ]). However, in this study, leafless stems 

ssociated with heavily managed and/or excised plants were also 

ound to buffer thermal extremes during warm, summer condi- 

ions, with temperatures reduced by up to 10 °C under stems 

t Walmer Castle relative to exposed stone. As previously noted 

y Cameron et al. [ 10 ], a dense network of stems may con-

ribute to surface-cooling by increasing shade and acting as a con- 

uit for cool soil water. Daily ranges in RH were also found to 
203
e dampened under stems at Walmer Castle, further indicating 

hat ivy can regulate near-surface microclimates irrespective of 

eaves. 

At Deal Castle, diurnal ranges in RH were also dampened on 

urfaces covered by ivy, although RH was generally higher under 

vy cover than on bare stone. Across the entire monitoring period, 

vy cover was found to increase RH on surfaces at Deal Castle by 

n average of 10.79 % and a maximum of 28.15 %, with the greatest 

ifferences observed during the warmest parts of the day. These 

alues broadly correspond to those previously reported in stud- 

es investigating the impact of ivy on near-surface microclimates, 

ith typical values ranging between 10–20 % for dense covers of 

oliage (e.g., [ 21 , 50 , 51 ]). During warm summer conditions, this ef-

ect is thought to be largely driven by evapotranspiration, which 

s enhanced with increasing sunshine and temperature [ 51 ]. Differ- 

nces in RH recorded at Walmer Castle and Deal Castle are there- 

ore likely the result of variations in leaf cover between the two 

ites and associated differences in shading and evapotranspiration 

ates [ 51 ]. 
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Fig. 7. Temperature difference ( °C) between ivy-covered blocks and bare blocks 

at 1 cm (black line) and 2 cm (grey line) depths averaged across five, 12 h cycles 

simulating a ‘model summer’s day’ (dashed line). 
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.2. Implications for weathering and stone deterioration 

Although ivy has been shown to damage heritage sites (e.g., 

 3 , 8 , 13 , 16 , 22 ]), a thorough inspection of the study walls at Deal

nd Walmer Castle revealed limited evidence of rooting and other 

orms of biodeterioration. This assessment is supported by the 

ardness and roughness data, which showed no significant differ- 

nce between surfaces covered with ivy and adjacent areas of ex- 

osed stone, indicating that ivy had, at worst, a negligible impact 

n stone decay at the two sites [ 6 ]. Instead, our findings suggest

hat ivy may protect against certain forms of deterioration by re- 

ucing surface and sub-surface extremes and fluctuations in tem- 

erature and RH in temperate summer conditions, thereby limiting 

he potential for damaging weathering processes caused by the re- 

eated heating-cooling and expansion-contraction of construction 

aterials [ 18 ]. Reductions in the extent and frequency of drying 

ay also reduce the likelihood of salt crystallisation on under- 

ying surfaces. Deterioration due to salt weathering is likely fur- 

her reduced by ivy acting as a shield against potentially damag- 

ng marine aerosols, as demonstrated at Deal Castle. This finding 

omplements previous observations of ivy providing a protective 

arrier against wind-driven rain [ 23 , 58 ] and particulate pollution 

inked to the physical, chemical, and aesthetic degradation of vul- 

erable stone [ 45 , 49 ]. In the context of climate change and asso-

iated increases in global air temperatures, the thermal effects of 

vy may become increasingly important for modulating tempera- 

ure and humidity driven weathering processes at heritage sites, 

lthough associated benefits will also depend on the response of 

vy to changing environmental conditions and associated manage- 

ent practices [ 57 ]. 
ig. 8. The surface hardness (HL, right) and surface roughness (m, left) of ivy-covered plo

ion of the references to color in this figure legend, the reader is referred to the web vers

204
Although our results indicate that ivy may protect underlying 

tone from temperature-driven modes of breakdown during warm 

ummer conditions, it is uncertain whether these effects persist 

hroughout the year. Variations in bioclimatic and environmental 

onditions are known to influence the aggressiveness of ivy and 

ts impacts on stone decay [ 9 ]. During cold (damp) winter condi- 

ions, thermal dampening may reduce the frequency and duration 

f damaging frost events on covered stone (e.g., [ 18 , 51 ]). Alterna-

ively, frost damage may be enhanced due to increases in RH and 

oisture typically found under ivy cover. Managers responsible for 

rotecting coastal heritage sites should consider how seasonal vari- 

tions in weather and climate may influence the growth of ivy as 

ell as the indirect impacts it may have on vulnerable surfaces. 

.3. Wider implications 

In addition to providing protection against certain forms of de- 

erioration, dense covers of ivy may also influence the internal en- 

ironment of historic buildings [ 16,31 ]. Although not directly inves- 

igated here, previous assessments have shown that ivy and other 

ypes of vertical greenery can buffer extremes and fluctuations in 

he internal temperature and RH of buildings during both warm 

summer) and cold (winter) conditions (e.g., [ 7 , 46 , 51 ]). Due to the

hickness of the walls (i.e., > 1 m), the impact of ivy on the in-

ernal environments of Deal and Walmer Castle is likely negligible. 

owever, it is conceivable that dense covers of ivy may regulate 

he internal conditions of other coastal heritage sites, especially 

hose with thinner walls and/or constructed of bricks and mortar. 

hrough the modulation of internal temperatures ivy may reduce 

uilding energy consumption and related costs, and contribute to 

limate change mitigation and adaptation at these sites [ 7 , 11 , 21 ].

uch thermal effects may also reduce costs associated with the 

epair and restoration of valuable artifacts stored within histori- 

al buildings that are sensitive to changes in environmental condi- 

ions, such as paintings, furniture, and tapestries. 

. Conclusions 

The findings presented in this study contribute to a growing 

ody of evidence highlighting the protective potential of ivy on 

istoric buildings in a variety of environmental settings. Although 

vy can be undeniably damaging in some cases, the results of this 

tudy indicate that it may also protect surfaces from extremes and 

uctuations in temperature and RH and act as a barrier against 

otentially damaging salt crystals. Microclimate regulation by ivy 

s known to be influenced by canopy thickness, with surface- 

ooling effects generally enhanced with increased foliage. However, 

s shown in this study, the protective potential of heavily man- 

ged stems should not be overlooked, with excised stems shown to 
ts (blue) and bare plots (orange) at Deal Castle and Walmer Castle. (For interpreta- 

ion of this article.). 
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rovide comparable surface-cooling effects to leafy plants during 

arm, summer conditions. When determining how best to man- 

ge ivy at coastal heritage sites, it is important that managers con- 

ider the full spectrum of bioprotective and bioerosive properties 

ssociated with ivy in its various conditions and different stages 

f growth. Future research should seek to determine the protective 

nd/or erosive potential of other plants found growing on coastal 

eritage sites, including those uniquely adapted to coastal environ- 

ents that have received limited attention elsewhere. 
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