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a b s t r a c t 

Historical botanical gardens hold a significant place in cultural heritage. They serve as interpretive repos- 

itories of past botanical knowledge and practices, showcase plant collections cultivated over centuries, 

provide space for the emergence of new ecologies, offer numerous human well-being benefits, and supply 

vital regulating ecosystem services, which are especially important in urban areas. Nowadays, however, 

plants within urban historical botanical gardens can be at risk due to urban development. Therefore, it is 

crucial to achieve a comprehensive understanding of these spaces to help implement protective measures 

and support proper urban planning of the surrounding areas. 

This study investigates the subsurface of the Botanical Garden of Lisbon (JBL), which is subject to nearby 

construction works that may alter groundwater flow and depth. We employed a methodology designed 

for minimal on-site disturbance and high adaptability to the spatial constraints typical of these spaces. 

Two non-invasive applied geophysical techniques were used: ground-penetrating radar (GPR) and elec- 

trical resistivity tomography (ERT). Our main objectives were: (1) to assess groundwater levels in the 

construction area and establish the piezometric surface, and (2) to determine if the tree-root zones reach 

the saturated zone, establish a groundwater baseline, and suggest protective measures. 

The establishment of the piezometric surface and the delimitation of the tree-root zone, extending up to 

3.0 m in depth, revealed that tree-root zones can reach groundwater levels. This finding underscores the 

critical need for vigilant monitoring and management of groundwater levels during excavation activities, 

as decreased lateral groundwater contributions from the potential excavation site can adversely affect 

groundwater levels in the plant beds. 

These findings and methodology can be applied to urban botanical gardens worldwide, as many of these 

gardens face similar challenges due to urbanization and environmental changes. 

© 2025 The Author(s). 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 

Botanical gardens are singular sites of conservation, research, 

ducation, and bond with the plant world. They provide numer- 
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us human well-being benefits such as aesthetic, artistic, recre- 

tional, and spiritual experiences. They also offer vital regulating 

cosystem services like carbon storage, heat island mitigation, air 

ollution removal, and runoff regulation [ 1–3 ]. These gardens are 

onnected on a planetary scale through networks where resources, 

nowledge, and plants are shared, contributing to socio-ecological 

ustainability and mitigation of biodiversity loss [ 4 ]. 

Many botanical gardens showcase plant collections cultivated 

ver centuries. Notably, they offer a unique opportunity for people 

o connect with ancient trees, especially as natural landscapes out- 
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ide cities are progressively replaced by intensive agricultural and 

orestry operations, energy plants, and new urban, commercial, and 

ndustrial zones. Moreover, historical botanical gardens have pro- 

ided space for the emergence of new ecologies, which interrupt 

ast narratives and open doors to new interpretations of the fu- 

ure of humankind [ 5 ]. 

In contemporary times, the plants in historical botanical gar- 

ens are endangered by several factors, such as the climate crisis 

 1 , 6–8 ], military conflicts [ 9 , 10 ], and urban development [ 11 ]. Most

istorical gardens are located within urban landscapes [ 12 ], where 

ctivities such as excavation work during the building phases of 

earby constructions can affect the depth and flow of groundwater 

 13 ], soil moisture, tree functions, and the cooling capacity of trees 

 14–16 ]. Therefore, careful water management is essential to main- 

ain the physiological processes of plants during the construction 

hase [ 1 , 16 ]. 

For this, it is necessary to have a comprehensive understanding 

f the interactions between tree roots and groundwater through 

tudies that provide detailed information with minimal on-site dis- 

urbance. Applied geophysical techniques are particularly appro- 

riate because they are non-invasive, offer high-resolution digital 

maging with minimal disruption, and can be selected according to 

he spatial features of the study areas and the required depth of 

nvestigation. 

Although interest in the use of digital technologies, such as ge- 

graphical information systems (GIS) mapping of the ground sur- 

ace, is gaining momentum in the scope of historical gardens ([ 14 ], 

nd references therein), to this day methodologies that include 

pplied geophysical techniques for the characterization of these 

paces have not been scientifically reported. In fact, in historical 

otanical gardens, the spatial layout was planned to provide an 

mmersive didactic experience, with meandering paths of different 

izes guiding the public through the plant collection, which makes 

t difficult to conduct mapping surveys, especially those aimed at 

nvestigating and digitally representing the subsurface. 

This case study explores the Lisbon Botanical Garden (JBL), a 

ortuguese historical botanical garden member of Botanic Gardens 

onservation International (BGCI) and designated a national mon- 

ment. JBL faces plans for excavation work related to the construc- 

ion of a building with cellars in an adjacent area. This construc- 

ion project has the potential to affect the tree collection, as it 

ay alter groundwater flow and depth. Therefore, it is necessary to 

ather more knowledge about the depth of the root zone to pro- 

eed with security. For this, a methodology was applied that con- 

idered the spatial layout of the garden features, and the type of 

oil coverage, which varied from soil in plant beds to pavement 

overage on the paths between beds. Two applied geophysical 

echniques were selected to evaluate tree-root zone and ground- 

ater depths on different dates, from the beginning of the rainy 

eriod to the beginning of the dry period in 2020/21. 

Particularly, to assess groundwater level along the paved paths 

etween plant beds, we used ground-penetrating radar (GPR), 

hich involves transmitting and receiving antennas to record the 

ropagation time of an electromagnetic signal in the subsurface, 

llowing its visualization. On low-loss and non-magnetic subsur- 

ace materials, propagation time depends mostly on dielectric per- 

ittivity, which is sensitive to the presence of water, making GPR 

uitable to map groundwater levels along continuous transects. In 

act, assessment of groundwater level is one of the most common 

pplications of this technique, as identified in [ 17 ], with great use 

n urban areas (e.g. [ 17 and references therein, 18 ]). 

To assess the depth of the tree-root zone in the plant beds, 

e used electrical resistivity tomography (ERT), which measures 

he apparent electrical resistivity ( � m) of the subsurface using 

lectrodes placed at the surface of the ground and then mathe- 

atically inverts these values to obtain models of true electrical 
257
esistivity to image the subsurface. This technique is suitable for 

valuating the depth of the tree-root zone [ 19–21 ] since soil elec- 

rical resistivity is sensitive to moisture content, density, lithology, 

nd root presence, and it can be performed with minimal on-site 

isturbance [ 22–27 ]. Electrical resistivity models, or ERT models, 

an be produced, according to study objectives and available time 

nd budget, in two dimensions (2D) or three dimensions (3D) (e.g., 

 28 ]). Their use and layout involve different field setups for data 

cquisition, which are influenced by study site conditions, such as 

oil coverage, area, and specific spatial features and constraints, as 

ell as the objectives of the survey. ERT data were acquired in two 

ontiguous plant beds separated by a paved path, producing a 2D 

RT model for each plot. 

Furthermore, to better understand the root zone spatial distri- 

ution and to present a didactic digital representation of the sub- 

urface, we produced a 3D ERT model in a GIS environment. For 

his, we used 3D empirical Bayesian kriging (EBK) interpolation 

 29 ] instead of the conventional 3D mathematical inversion of ERT 

ata, which demands a specific field setup that was not possible to 

pply in our study site due to the spatial disposition of the garden. 

BK has been considered for several years a robust interpolation 

ethodology that overcomes many of the disadvantages evident in 

ore classic geostatistical models [ 30 ]. In addition, EBK has been 

idely used in several research works, with various themes and 

ifferent case study applications (such as temperature, soil, rain), 

s in [ 31–36 ]. However, there are no scientific records of the use 

f EBK for ERT inverted data. 

This study provides an appropriate methodology for character- 

zing historical botanical gardens, facilitating the adoption of pro- 

ective measures during construction and supporting proper urban 

lanning in surrounding areas. 

. Research aim 

In this multidisciplinary study of technological nature, an inno- 

ative methodology was developed to investigate the subsurface of 

istorical botanical gardens, tailored to the unique spatial layouts 

f these spaces and designed for minimal on-site disturbance. The 

ethodology includes the use of two non-invasive applied geo- 

hysical techniques, GPR and ERT, as well as EBK interpolation for 

he 3D visualization of inverted 2D ERT models. GPR is used to as- 

ess groundwater level along the paved paths between plant beds, 

hile ERT is used to assess the depth of the root zone. The idea is

o acquire relevant knowledge to contribute to the conservation of 

istorical botanical gardens facing excavation works in surround- 

ng areas, aiding in the adoption of protective measures during 

onstruction works and in the proper urban planning of the sur- 

ounding areas. The main objectives of this work are: (1) to as- 

ess groundwater levels within the area of influence of the poten- 

ial construction work, aiming to establish the piezometric surface; 

nd (2) to assess whether the root zone reaches the groundwater 

evel baseline. 

. Materials and methods 

.1. Study site 

.1.1. The garden 

JBL, member of the BGSI organization, is located in the heart 

f Lisbon ( Fig. 1 ), spanning approximately 4 hectares, and was 

esigned in the 19th century to facilitate botanical lessons for 

he Polytechnic School. Today, the garden is part of the Na- 

ional Natural History and Science Museum – University of Lisbon 

MUHNAC/ULisboa) and is designated a national monument. 

The garden boasts a vast diversity of species, numbering be- 

ween 1300 and 1500, from various ecosystems and features a 
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Fig. 1. Location of the study area (a, b, c), meteorological stations (b, c), potential 

excavation site (c), example of tree from the garden collection – Sequoia semper- 

virens , native to the North American west coast (d), view of the contention wall 

next to the potential excavation site, with a path coincident with profile GPR1 (e), 

view of the contention wall with lateral groundwater gallery (f), and detail of the 

lateral groundwater gallery (g). Aereal images from Google Earth © (b, c). 
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nique microclimate. Meandering paths, streams, waterfalls, and 

akes create an immersive experience, transporting visitors to dif- 

erent botanical regions of the world. Among its highlights is a 

emarkable collection of palm trees, with over 30 distinct species 

ontributing to a tropical ambiance in several sections of the gar- 

en. The garden is also home to numerous species of Cycadaceae 

nd Zamiaceae, which are considered living fossils and are crucial 

or conservation as many are endangered in their natural habi- 

ats. Rich in tropical and subtropical species from New Zealand, 

ustralia, China, Japan, Africa, and South America. It also features 

everal internationally recognized and registered large trees, which 

hrive only in suitable environments, such as Ceiba insignis, Tax- 

dium mucronatum, Sequoia sempervirens ( Fig. 1 ), Podocarpus spp., 

mong others. Since its inception, the garden has engaged in ex- 

ensive seed and plant exchanges with other institutions, and its 

rst Index Seminum was published in 1878. Open to the public 

ince 1878, JBL remains a valuable green space in the heart of Lis- 

on, continuing its mission of botanical education and conserva- 

ion [ 37 ]. 

.1.2. Climate and geomorphology 

According to Köppen classification, Lisbon has a temperate 

editerranean climate, characterized by a dry and hot summer 

eriod. Fig. 2 illustrates the precipitation and temperature pat- 

erns in Lisbon from 2001 to August 2021 (2001–2020/21), based 

n data recorded at two meteorological stations operated by the 

ortuguese Institute for Sea and Atmosphere (IPMA), C1 and C2 

 Fig. 1 ). Notably, precipitation has been increasing in March and 

ecreasing in December, a trend also observed in other regions of 

ortugal [ 38 ]. Additionally, the variability in annual precipitation is 

rowing, fluctuating by ∼400 mm per year from the normal. Lastly, 

he annual maximum temperature is gradually rising. 

This garden is on a hillslope, with significant changes in ele- 

ation, reaching up to 86 m. The highest elevations are observed 

n the western part of the garden, while the lower elevations are 

n the northeast, with values around 35 m. A prior geological sur- 

ey identified an upper substrate made of artificial fill materials 

hat primarily consist of sandy-clayey and clayey materials. Some- 

imes, they have a higher sand content with fragments or blocks of 

imestone and basalt, fossil remains, wood, and other artificial ele- 

ents such as plastic and bricks. This upper substrate has a vari- 

ble thickness reaching a maximum of 10.0 m to 13.5 m in depth 

 39 ]. Beneath the recent deposits lies the Miocene formation of 

’Argilas dos Prazeres’’ [ 40 ]. 

The recent upper deposits have interstitial permeability, show- 

ng some capacity for water storage, and are recharged by precipi- 

ation, by irrigation water via sprinklers, and by seepage from wa- 

er and sewage distribution network. Our study focuses on this up- 

er layer, which includes the root zone and the phreatic zone. In 

hese artificial deposits, shallow groundwater can circulate accord- 

ng to the topography, generally aligning with the topographical 

radient of the garden, flowing from southwest to northeast. How- 

ver, the heterogeneity of the deposits and the anthropogenically 

hanged urban topography may create localized flow directions dif- 

erent from the general southwest-northeast flow direction. This is 

he case for the garden zone near the excavation works ( Fig. 1 ),

here, following the extreme precipitation event of December 12 

nd 13, 2022, inputs from west to east were observed, following 

he local topography ( Fig.3 ). During this extreme event, precipita- 

ion was of 134.6 mm, with 70 mm of this quantity falling in just 

hree hours [ 41 ]. Another interesting feature about this zone is the 

xistence of an ancient lateral groundwater gallery that was used 

n the past, with 2.0 m high and 0.5 m width. This feature is lo-

ated in the southern extremity of the garden ( Fig.1 and Fig. 3 ),

nside a wall that both limits the garden and acts as a contention 

all between ground levels. 
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Fig. 2. Characterization of precipitation and temperature in Lisbon for the period from 2001 to August 2021 (2001−2020/21): calculated monthly inter-annual averages and 

annual anomalies, using data from C1 and C2 meteorological stations operated by the Portuguese Institute for Sea and Atmosphere (IPMA); and 1981−2010 climate normal 

for C1 (made publicly available by IPMA). 

Table 1 

Specifications of geophysical data acquisition. Number suffixes from 1 to 3 refer to spatial location, as in Fig. 3 , and letter suffixes from a to c refer to temporal location of 

geophysical profiles acquisition, as presented in this table. 

ID Acquisition date Length (m) Specifications 

GPR1a_i 2020/10/17 86.65 . Equipment: SIR-3000 from GSSI 

. Antenna: 200 MHz 

. Antenna setup: common-offset 

. Mode: time 

GPR1a_ii 2020/10/17 49.00 

GPR1b 2021/05/07 138.69 

GPR2a 2020/10/17 122.62 

GPR2b 2021/05/07 122.49 

GPR3a 2020/10/17 114.15 

GPR3b 2021/05/07 127.68 

ERT1a 2020/10/17 54.00 . Equipment: 4point light 10 W from LIPPMANN 

. Array: dipole-dipole 

. Electrode spacing: 3 m; total number ERT1: 19, ERT2: 20 

ERT1c 2021/06/11 54.00 

ERT2c 2021/06/11 57.00 
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.2. Methodology 

.2.1. Field data collection 

Field surveys were conducted around the two plant beds that 

ay be more affected by the potential excavation work, as they 

re the closest to the construction site ( Figs. 1 , 3 ). GPR surveys

ere conducted in paved paths and ERT surveys in the plant beds 

 Fig. 3 ) on the dates specified in Table 1 . The study period was

omprised in 2020/2021, beginning in October 2020, after a dry 

eriod, when groundwater levels are deeper, and ending in June 

021. 

Topographic surveys were used to georeference the geophysi- 

al data. These were conducted on the profiles where the geo- 
259
hysical data were acquired ( Fig. 3 ), using the marks on the 

round where the geophysical equipment was placed, through 

lassic methods (Leica TCR703 Total Station) and global posi- 

ioning systems (GNSS systems), with a total of 115 points col- 

ected. In addition, the elevations of the several points were gath- 

red to generate and enhance the detail of a Digital Elevation 

odel (DEM) for the entire analyzed area. The final coordinates 

ere presented in the PT-TM06ETRS89 cartographic coordinate 

ystem. 

Groundwater levels were measured in piezometers P1 and P2 

 Fig. 3 ) using a Seba Hydrometrie level probe, with a precision of 

.005 m, to aid in geophysical and hydrogeological interpretation. 

1 has a depth of 12 m and P2 of 13 m. 
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Fig. 3. (a) Detail of the study area in Lisbon Botanical Garden with location of cli- 

mate station C1, lateral groundwater gallery GG, and piezometers P1 and P2; (b) 

elevation contour lines in meters above sea level (m a.s.l.), retrieved from the digi- 

tal elevation model (DEM), and general groundwater flow directions; (c) location of 

data acquisition profiles on 17 October 2020; (d) location of data acquisition pro- 

files on 07 May 2021 and 11 June 2021; (e) projection of each numbered tree onto 

the ERT profiles. Aereal image from Google Earth © (a). 
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.2.2. GPR 

GPR is a technique that uses radar pulses, typically in the fre- 

uency range of 10 to 10 0 0 MHz, which are transmitted and re- 

eived by antennas placed on the ground. Different setups of an- 

ennas can be used depending on the objective. In this study, we 

sed a common offset setup with a fixed distance between anten- 

as for each profile position. The system measures the time it takes 

or the radar pulse to travel from emission to reception at each po- 

ition, creating a radar trace. These traces, when ordered sequen- 

ially, form a cross-sectional image of the subsurface known as a 

adargram. Propagation velocity and amplitude of the electromag- 

etic signal are controlled by electrical conductivity and dielectric 

ermittivity, which express the response of the materials to elec- 

romagnetic fields, and magnetic permeability, which is mostly a 

unction of the presence of ferromagnetic minerals [ 42 ]. Penetra- 

ion depth of the electromagnetic signal decreases with increasing 

lay content, salinity of the media, and antenna frequency [ 17 , 43–

7 ]. 

In this study, GPR data were acquired along three profiles 

 Fig. 3 ), in two dates −17 October 2020 and 7 May 2021− using a 

SSI SIR-30 0 0 system with a 200 MHz antenna, with specifications 

s described in Table 1 . Data was processed using Reflexw soft- 

are by Sandmeier. Processing flow consisted essentially of edi- 

ion of traces, time-zero correction, velocity refinement to 0.15 m 

s−1 , background removal, 1D filtering (bandpass butterworth filter 

aintaining the 70–400 MHz range), and topography introduction. 

.2.3. ERT 

ERT is a technique that involves injecting direct current through 

wo electrodes placed on the soil surface, while the voltage be- 

ween two other electrodes is measured. The disposition of this 

our-electrode setup changes throughout the profile being investi- 

ated, according to the tomographic array chosen, so that a grid of 

ubsoil resistivity values is obtained. These values are then mathe- 

atically inverted to obtain models of subsoil electrical resistivity 

 � m) [ 48 ], which is the inverse of electrical conductivity. Penetra- 

ion depth depends on electrical conductivity of subsurface mate- 

ials, input voltage, and electrodes spacing. 

ERT data were acquired along two profiles ( Fig. 3 ), in two dates 

17 October 2020 and 11 June 2021− using a LIPPMANN 4point 

ight 10 W system, with the dipole-dipole array [ 48 ], which gives 

ood resolution both on vertical and horizontal directions ([ 49 ], 

nd references therein), and a 3 m electrode spacing. Specifications 

re summarized in Table 1 . 

2D data inversion was carried out with RES2DINV by Geotomo 

oftware, using the robust inversion, with a severe reduction of ef- 

ects of side blocks in order to minimize their exaggeration due 

o the robust inversion method [ 50 ]. ERT1 data was inverted with 

lectrode spacing reduced to half to minimize the effect of large 

uperficial resistivity variations [ 50 ]. Number of iterations of the 

nversion process was limited to a maximum fixed when the aver- 

ge absolute error of each iteration started to tend to a value, so 

ot to create artifacts in the obtained 2D models. Maximum num- 

er of iterations was four for ERT1 and ERT2a profiles, with aver- 

ge absolute errors of 6.02 % and 5.56 %, respectively; and three 

or ERT2c, with average absolute error of 2.38 %. 

.2.4. 3D EBK interpolation of ERT data 

EBK is a robust interpolation methodology which, like other 

eostatistical models, treats parameters as random variables, re- 

ecting some of their uncertainty, and combines Bayesian theory 

nd kriging interpolation [ 51 ]. EBK allows the automation of sev- 

ral procedures to obtain a valid kriging model through a process 

f dividing the study area into subareas along with multiple sim- 

lations, implemented by the iterative estimation of several semi- 

ariogram models, which allows to obtain the best possible fit. 
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Fig. 4. Ground-penetrating radar (GPR) radargrams with interpreted groundwater levels. The groundwater level in GPR1b was associated with direct measurements from 

piezometers P1 and P2, while the remaining levels were interpreted by recognizing the same radar patterns observed in GPR1b. ‘a.s.l.’ stands for above sea level. 

261
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Fig. 5. For the study period September 2020 to August 2021: (a) monthly precipita- 

tion and monthly mean temperature recorded at C1 meteorological station operated 

by the Portuguese Institute for Sea and Atmosphere (IPMA); (b) piezometric levels 

assessed at piezometers P1 and P2; and (c) trend of piezometric levels from 17 Oc- 

tober 2020 to 07 May 2021, and elevation contour lines in meters above sea level 

(m a.s.l.). 
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For the 3D ERT model construction, the ERT1a and ERT2a 2D 

odels, relative to 17 October 2020, were selected. Preliminary 

rocessing operations included the manual vectorization of lines 

or each resistivity class from these models, considering the corre- 

ponding depth values. Table data of those lines was processed to 

ssure the proper identification of each class/profile layer, enabling 

o build a digital surface for each class in both profiles, by using 

he Triangular Irregular Network interpolation method. As required 

y the EBK methodology, a grid of orthogonal lines was generated 

or each profile, with an offset of 5 m, on which the depth for each

esistivity class was recorded. For this purpose, a Python script was 

eveloped to automate the process of several geoprocessing tools 

sing ModelBuilder in ArcGIS Pro software by ESRI generating 3D 

rid points. These points were interpolated using the EBK option 

f the Geostatistical Analyst toolbox of ArcGIS Pro. 

The EBK methodology allows the automation of several proce- 

ures to obtain a valid kriging model through a process of divid- 

ng the study area into smaller subareas along with multiple sim- 

lations, implemented by the iterative estimation of several semi 

ariogram models, achieving the best possible fit. The exponential 

odel was selected as theoretical model, with a maximum number 

f 100 semi-variograms, to prioritize information from the clos- 

st points. In addition, data were normalized using a logarithmic 

ransformation and a first order removal trend. 

The first output is a 3D geostatistical model that calculates and 

enders itself as a 2D transect at a given elevation. The elevation 

f the layer was changed using the range slider tool, and the layer 

pdated to show the interpolated predictions for the new eleva- 

ion. Finally, the EBK model was converted into a voxel (three- 

imensional discrete volume unit) layer, resulting on the projected 

D ERT model for 17 October 2020. 

. Results and discussion 

.1. DEM 

The DEM shows elevation variations within the area ranging 

rom 55 m above sea level (a.s.l.) to approximately 67 m a.s.l. 

 Fig. 3b ), with an average altitude of about 59 m a.s.l. The most

revalent elevation class (37.6 %) falls within the range of 54.6 m 

o 55.6 m a.s.l., followed by the class spanning 55.6 m to 57.1 m 

.s.l. (11.4 %). The southernmost plant bed, situated closest to the 

otential excavation site ( Fig. 1 and Fig. 3 ), exhibits gentler slopes 

3.6 − 6.6 °) compared to the northernmost bed (9.8 − 13 °) ( Fig. 3 ). 

.2. Depth of groundwater level 

The piezometric surface was assessed using the radargrams ob- 

ained from the geophysical surveys ( Fig. 4 ). To achieve this, the 

roundwater level was identified in profile GPR1b by comparing 

nd associating it with groundwater level measurements taken at 

iezometers P1 and P2 ( Fig. 5 b). Groundwater level in the remain- 

ng profiles was interpreted by identifying radar patterns similar to 

hose observed in profile GPR1b. 

Profiles GPR1a_ii and GPR1a_i, acquired near the contention 

all and potential excavation site, indicated piezometric levels 

anging from 64 to 59 m at the highest elevations and 59 to 52 m

t the lowest elevations. Profiles GPR2a and GPR3a, situated along 

he central path and northern path, respectively, showed ground- 

ater levels consistent with those observed in profiles GPR1a_ii 

nd GPR1a_i. 

In the second geophysical campaign on 7 May 2021, GPR1b in- 

icated piezometric levels between elevations 62.5 m and 57.5 m, 

hich were 1.5 m lower than those recorded by GPR1a at the 

igher elevations of the profile. At the lowest elevations of the 

rofile, piezometric levels were either slightly higher or remained 
262
he same. Piezometric levels assessed by GPR2b were approxi- 

ately 0.5 m higher than those in GPR2a, and piezometric levels 

ssessed by GPR3b were approximately 1 m lower than those in 

PR3a. 

Fig. 5 shows the monthly temperature and precipitation during 

he study period, the piezometers used for calibrating the geophys- 

cal profiles, and the trends of piezometric levels assessed by GPR 

n October 2020 and May 2021. GPR1, the profile located closer 

o the contention wall, exhibited a negative trend in piezomet- 

ic levels in the upper zone and a positive trend in the lower 

one ( Fig. 5c ). GPR2, situated between the two studied plant beds, 

howed a positive trend, while GPR3 displayed a negative trend in 

iezometric levels on both dates. 

GPR1 is located in the area with the highest density of irriga- 

ion sprinklers ( Fig. 5c ), which are more concentrated at lower el- 

vations and near the groundwater gallery ( Fig. 3a ). This appears 

o influence groundwater levels in this area, suggesting that ir- 

igation contributes to localized recharge while also hinting at a 

outh-north flow contribution from the potential excavation site. 



M.C. Paz, A.P. Falcão, C.A. Garcia et al. Journal of Cultural Heritage 73 (2025) 256–266

Fig. 6. Electrical resistivity tomography (ERT) models with tree root zone interpretation: (a) 2D ERT models; and (b) two side views of the 3D ERT model, obtained by EBK 

interpolation based on the 2D ERT models, for the first date of ERT data acquisition, 17 October 2020. Groundwater level retrieved from GPR on the same date, included in 

ERT1a and ERT2a. ‘a.s.l.’ stands for above sea level. 

263
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dditionally, piezometric levels measured at piezometers P1 and 

2 dropped from May to June 2021 ( Fig. 5b ), indicating that pre-

ipitation is the main contributor to recharge, as the ongoing irri- 

ation was insufficient to prevent the decrease in piezometric lev- 

ls. In the case of GPR2, it consistently showed an increase, as 

t received drainage from the southernmost, more irrigated plant 

ed ( Fig. 3b ). GPR3 is the least influenced by irrigation because 

f the sprinkler’s location, and, therefore, was more dependent on 

echarge from precipitation. 

.3. Depth of tree-root zone 

Fig. 6a presents the obtained 2D ERT models relative to 17 

ctober 2020 (ERT1a and ERT2a) and to 11 June 2021 (ERT2c). 

oth ERT1 and ERT2 reached a depth of approximately 8 m, which 

laces them within the upper substrate composed of artificial fill 

aterials (Section 2.3). In general, the electrical resistivity val- 

es are below 140 � m, which is consistent with the presence 

f sandy-clayey and clayey materials, as reported by [ 39 ] for the 

rea. 

Closer to the soil surface, the ERT2a and ERT2c profiles revealed 

 spatial pattern of electrical resistivities ranging from 40 � m to 

40 � m, reaching a maximum depth of approximately 4 m with 

ittle variation over time. The spatial distribution of this pattern 

ligns with similar studies that used ERT to identify the root zone 

 23–26 , 52 ], suggesting that this zone corresponds to the root zone 

f the trees in the northernmost plant bed. A similar resistivity 

attern was observed in ERT1a, at the southernmost bed, indicat- 

ng that the root zone there extends to depths of 2.5 to 3.0 m. 

his suggests that the tree-root zone in the northernmost bed goes 

eeper. The shapes identified within the root zone in each profile 

ay reflect the different tree species, as each has its own charac- 

eristic spatial distribution. For example, the high-resistivity zone 

n the upper part of ERT2 appears to be associated with tree 23, 

isible in both periods (ERT2a and ERT2c). 

In terms of the contrast between the electrical resistivity of the 

ubstrate and the root zone, similar patterns have been observed 

n previous studies [ 25 ] and [ 26 ], where a lower resistivity layer

ontrasts with a higher resistivity top layer corresponding to the 

oot zone. 

Groundwater levels identified with GPR on the same date were 

ncorporated into the ERT1a and ERT2a profiles, confirming that, 

t that time, the groundwater levels reached the zone identified as 

he root zone. In ERT2c, we can analyse the temporal alteration of 

patial patterns of electrical resistivity and verify that in the area 

dentified as the root zone, there is some variation in resistivity 

alues. This variation is due to changes in soil moisture related to 

eather season. From October 2020 to June 2021, a decrease in 

esistivity values was noticed in the lower zone of the ERT2 profile, 

assing from classes 20–40 � m and 40–60 � m to the class 0–20 

m. This decrease might be related to the increase in soil water 

ontent, at the end of the rainy period ( Fig. 5 ). 

Fig. 6b shows the 3D ERT model, obtained by EBK interpola- 

ion based on the 2D ERT models, relative to 17 October 2020. In 

his 3D GIS representation, the interpretation of the tree root zone 

rom the 2D ERT models has been incorporated, providing a clearer 

isualization of the subsurface beneath and between the two pro- 

les, and, by extension, the two garden beds analyzed. The tree- 

oot zone is visible near the soil surface, and the spatial arrange- 

ent of the higher resistivity zone in the upper region, particularly 

ear the northernmost bed, which was already identified in the 

D ERT profiles, is clearly seen. When comparing this representa- 

ion with the tree layout shown in Fig. 3 , it becomes evident that

his subsurface zone is associated with the higher concentration of 

lants. 
264
. Conclusions 

In this study, a methodology based on the use of two non- 

nvasive geophysical techniques, ERT and GPR, was employed to 

ap tree root zones and groundwater levels in a historical botan- 

cal garden with spatial constraints located in an urban landscape 

nvironment. Based on the comprehensive analysis of the obtained 

RT models and GPR radargrams, along with piezometric, meteo- 

ological, and spatial feature information, the following main con- 

lusions can be drawn. 

The establishment of the piezometric surface and the delimita- 

ion of the root zone (up to 3.0 m depth) for the two geophysical

cquisition dates, corresponding to rainy and dry periods, revealed 

hat the tree-root zones indeed reach groundwater levels. This in- 

icates that the baseline groundwater levels within this area are 

lose to the surface, even during the study period, which was clas- 

ified as dry and warm. Although localized recharge from irrigation 

ccurs, precipitation remains the primary source of groundwater 

echarge. This underscores the critical need for vigilant monitoring 

nd management of groundwater levels during potential excava- 

ion works, as decreasing lateral groundwater contributions from 

he potential construction area may adversely impact groundwater 

evels within the two study plant beds. 

To maintain baseline conditions, with groundwater levels 

round 3 m, it is recommended to monitor and study groundwater 

evels closely during construction. Installing wireless dataloggers at 

iezometers P1 and P2 will enable continuous recording and re- 

ote data communication of groundwater levels and temperature, 

nsuring effective management of groundwater conditions during 

he construction works. 

These results show the effectiveness of combining non-invasive 

eophysical techniques, specifically ERT and GPR, to map tree-root 

ones and groundwater levels in historical botanical gardens, pro- 

iding detailed information with minimal on-site disturbance and 

igh adaptability to the spatial constraints. Moreover, incorporat- 

ng 2D ERT data into a 3D GIS environment not only aided visu- 

lization but also made it easier for non-experts to grasp the sub- 

urface conditions. Additionally, the EBK geostatistical interpolation 

ethod offered an effective alternative for visualizing inverted 2D 

RT data in a 3D mode. Thus, the methodology developed in this 

tudy can be replicated in spaces with similar constraints. Further- 

ore, the results obtained are relevant to urban botanical gardens 

lobally, given that many of these gardens encounter comparable 

hallenges from urban development and environmental shifts. 
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