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Climate change undermines forests’ health, vitality, and, as a consequence, 
tree functionality, productivity, and resilience to biotic disturbances. Mountain 
and sub-alpine forests are particularly susceptible to climate extremes and are 
showing signs of degradation in Europe. Warmer temperatures, drought, higher 
frequency and intensity of natural disturbances increasingly alter species dis-
tribution and survival, their growing capacity, reproduction, establishment, as 
well as their potential adaptation to climate change. Real-time monitoring of 
trees’ and stands’ responses to such events provides an effective way to bet-
ter understand and even foresee the adverse side effects of climate change. 
The use of advanced and innovative monitoring tools and devices is required 
for ensuring long-term, large-scale, and real-time monitoring of forest dynam-
ics. Here, we present the TreeTalker Italia Network (TTIN), i.e., the first large-
scale network of tree-proximal sensors (TreeTalkers©) at a national scale in 
Italy. We describe the recent advances, innovations, and potential of such de-
vices for continuous monitoring and research. As a primer, we argue that TTIN 
will provide effective support to ongoing science and policy efforts for moni-
toring natural resources’ dynamics on a large scale (e.g., forest inventory, cli-
mate impacts), including their effects on human well-being.

Keywords:  Climate-smart  Forestry,  Global  Change,  Internet  of  Things  (IoT), 
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Introduction
Forests support human well-being in un-

counted ways, i.e., they contribute to more 
than 45% of the total supply of goods and 
services from natural and semi-natural eco-
systems in the EU (European Union 2021), 
expressed as the contribution of the “for-
est and woodland” ecosystem category to 
the total monetary value of ecosystem ser-

vices (year 2012). However, the combined 
effects  of  climate  change  and  rewilding 
phenomena, due to the depopulation of ru-
ral areas (Pallotta et al. 2022), are increas-
ingly  undermining the  capacity  of  forests 
to  sustain  our  daily  lives.  Natural  distur-
bances and environmental stressors, such 
as anomalies in temperature and precipita-
tion,  are  among  the  most  significant 

threats  to  forest  ecosystems,  triggering 
abrupt changes in forests’ health, produc-
tivity, and resilience. Climate change leads 
to  modifications  in  the  severity  and  fre-
quency  of  natural  disturbances,  such  as 
wildfires  and  windthrow  (Senf  &  Seidl 
2020),  with  cascading  effects  on  stand 
structures  and  tree  species  composition, 
and an increase in susceptibility to external 
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perturbations (Seidl et al. 2011). Stands af-
fected  by  natural  disturbances  then  be-
come vulnerable to insect outbreaks (Mot-
ta et al. 2018) and fungi infestations, thus 
further slowing the capacity of trees to re-
cover (Jaime et al. 2023) and contributing 
to CO2 removal from the atmosphere (Pilli 
et al. 2021).

The  way  forests  respond  to  climate 
change effects is variable in terms of type 
and magnitude, depending on regional cli-
mate, current forest stand characteristics, 
and habitat conditions (Lindner et al. 2014). 
Mountains  experience  accelerated  warm-
ing  relative  to  other  regions  (Mina  et  al. 
2017,  Palazzi  et  al.  2019),  making  forests 
particularly  susceptible  to  climate change 
effects.  Place-based  processes  of  tree 
growth  and  water-dependent  dynamics 
that are associated, for example, with car-
bon  balance,  cannot  be  accurately  as-
sessed by using stand-scale data from ex-
isting  monitoring  processes  such  as  Na-
tional  Forest  Inventories  (NFIs),  or  other 
environmental  monitoring  infrastructures 
(e.g., ICOS, ICP). On the contrary, individual 
tree traits  are necessary to better  under-
stand the dynamics  between tree health, 
vitality,  and  growth  with  stand  structure 
and climate variables  (Lisella  et  al.  2025). 
Assessing tree functional traits is therefore 
needed to evaluate drivers of tree growth 
and support adaptation strategies.

The individual  tree responses to climate 
change  require  continuous  monitoring  of 
processes related to mortality and recruit-
ment, as well as of major eco-physiological 
variables,  i.e., aspects that cannot be cap-
tured  with  traditional  forest  monitoring 
(Tognetti  et al.  2022). Long-term monitor-
ing of the dynamics and magnitude of tree 
responses  to  changing  climate  and  envi-
ronmental  conditions,  and  their  effects, 
has so far focused on structure, functional-
ity, damage and diversity (review of moni-
toring  networks  in  Steppe  et  al.  2016). 
Based on these premises, a new paradigm 
that is rooted on scaled, continuous, long-
term  monitoring  of  tree-stand-environ-
ment  functional  relationships  (Antonucci 
et al. 2021, Tognetti et al. 2022) is therefore 
needed. Moreover, it is even more evident 
that  real-time  data  (nowcasting)  is  re-
quired to timely observe forest conditions 
to  enable  researchers,  decision  makers, 
and  forest  users  to  adapt  their  activities 
and decisions to current and predicted con-
ditions from climate change, and to build 
climate-smart forests (Verkerk et al. 2020).

Such a new approach is  among the key 
priorities of the EU policy agenda. For in-
stance, the recent European Commission’s 
proposal for an EU Forest Monitoring Law 
(European  Commission  2023)  aims  to  en-
sure  high-quality  monitoring  of  progress 
towards  achieving  policy  objectives  and 
targets,  including  climate  mitigation  and 
adaptation (Bowditch et al. 2020), improv-
ing the assessment of climate-related risks, 
and  supporting  science-based  decision 
making.  Despite  the  numerous  and  rapid 

improvements  of  the monitoring systems 
over  time,  the  ongoing  pressures  and 
threats on forest ecosystems highlight that 
current monitoring tools do not fully fit the 
purpose. For example, services such as the 
Copernicus-driven European Forest Fire In-
formation  System  (EFFIS)  and  the  Forest 
High  Resolution  Layer  of  the  Copernicus 
Land  Monitoring  Service  have  brought 
about  some  degree  of  standardised  re-
mote sensing-based monitoring and data in 
the EU.  Nevertheless,  work to  harmonise 
ground-based  data,  collected  mainly 
through  national  forest  inventories,  has 
been focusing on a few core forest-related 
variables,  such  as  aboveground  biomass, 
growing  stock,  and  increment.  Even  in 
these  cases,  there  are  gaps  in  terms  of 
timeliness and wider data availability, lead-
ing to uncertainty about its reliability and 
limitations to its use.

The Internet of Things (IoT) has recently 
gained more attention because of  its  po-
tential  to support monitoring in industrial 
fields,  including  agriculture  and  energy 
(Kim et al. 2020). In forestry, it might help 
tackle  some  challenges,  such  as  tracking 
wildfire  spreading,  monitoring  ecosystem 
health, assessing vegetation development, 
and  tracking  forest  logging  (comprehen-
sive overview of IoT in  Singh et al.  2022). 
Low-cost,  newly  designed  IoT  devices 
(namely, Tree Talkers©; TTs) measure water 
transport, tree radial growth, spectral char-
acteristics below the crown, and microcli-
matic parameters,  thus enabling real-time 
data  transmission  (Valentini  et  al.  2019). 
The implementation of a network based on 
the IoT instruments, such as the TTs, repre-
sents a comprehensive, high-quality moni-
toring  system  that  covers  several  condi-
tions  of  forests  and  other  wooded  land. 
The outcomes of the network can contrib-
ute  to  enrich  the  existing  reporting  pro-
cesses such as European Forest Accounts 
(EUROSTAT), the State of Europe’s Forests 
(ForestEurope)  or  the  Global  Forest  Re-
sources  Assessments  (FAO).  In  Italy,  TTs 
have  been  recently  used  to  assess  re-
sponses  and  vulnerability  of  trees  to  cli-
matic  stress  in  beech-dominated  forests 
(Belelli Marchesini et al. 2020, Asgharinia et 
al. 2022), including the effect of natural dis-
turbances on tree physiology (Niccoli et al. 
2024). Other studies focused on the combi-
nation of on-ground information from TTs 
and remote-sensing data to further under-
stand  forest-climate  interactions  (Cotrina-
Sánchez  et  al.  2023),  and  on  developing 
smart  applications  for  data  management, 
harmonisation and remote checking (Zorzi 
et al. 2021,  Kabala et al. 2022,  Tomelleri et 
al.  2022).  Outside Italy,  TTs helped under-
stand the functionality of green infrastruc-
tures in urban areas (e.g., Moscow, Russia 
– Matasov  et  al.  2020)  and  detect  early 
warning  signals  of  water  stress  (e.g., 
poplar plantations in Spain  – Grisales-San-
chez  et  al.  2023).  Despite  being  relevant 
and timely, these studies are only represen-
tative of small portions of the territory.

Based  on  the  above-mentioned  chal-
lenges,  we  present  the  TreeTalker  Italia 
Network (TTIN) as the first nationwide im-
plementation  of  a  large-scale  and  long-
term monitoring network of the forest sta-
tus  and  functionality.  The  network  is  en-
tirely  based on real-time,  tree-based data 
collected by advanced IoT devices, i.e., TTs. 
TTIN mainly aims to advance research ap-
plications in forest ecology by filling data 
gaps in tree physiology, integrating multi-
scale  data  sources  (e.g.,  from  individual 
tree to stand level), and representing vari-
ous  environmental  conditions  and  poten-
tial  climate  change  impacts  across  the 
country.  We  first  describe  in  detail  the 
technological  innovations  concerning  the 
TTs. We then provide information on how 
sites  that  compose  TTIN  have  been  se-
lected, as well as how ancillary information 
is collected at the stand level, such as pa-
rameters  related  to  stand  structure,  soil, 
and  biodiversity.  Finally,  we  provide  in-
sights on how to develop TTIN further and 
describe its long-term implications for for-
est  adaptation  strategies  at  the  national 
scale  in  Italy,  hence  including  trade-offs 
with  other  forest  management  and  plan-
ning goals (e.g., biodiversity conservation).

Tree Talkers: main characteristics 
and recent advances

TT is a multi-sensor device integrating IoT 
capabilities with individual tree-scale sens-
ing digital technologies focused on captur-
ing  tree  ecophysiological  parameters  in 
quasi-real  time.  The  device,  developed  in 
early  2018,  has  undergone  several  up-
grades  with  a  total  of  four  versions  re-
leased before the latest model named TT-
Cyber. The devices rely upon IoT technolo-
gies  for  data  transmission  including  the 
physical LoRa (long range - low frequency - 
low power physical layer) and communica-
tion protocols such as LoRaWan (Network 
protocol  -  Unlicensed  spectrum)  and  NB-
IOT (Licensed spectrum), allowing the col-
lection of variables related to trees’ biolog-
ical processes, such as tree health, stem ra-
dial growth, sap flow, canopy transmitted 
radiation spectrum, tree stem movements, 
air temperature and relative humidity.

Both  older  and  more  recent  versions 
measure parameters at hourly intervals by 
default,  though it  can  be  customised  de-
pending on the season or monitoring ob-
jectives. The TT versions 3.0-3.4 stored data 
in a 3-phase configuration and operate on 
LoRa,  with  data  stored  in  each  device’s 
16MB  memory  in  the  gateway  (TTCloud) 
and  in  the  Cloud  on  a  third-party  server. 
LoRa was originally selected because of its 
efficient  technology,  i.e.,  sub-gigahertz 
(868Hz)  frequency,  making  it  more  re-
silient to changes in signal strength. In ad-
dition,  it  offers  free  unlicensed  access  to 
cellular networks, optimizing its communi-
cation parameters.  As such,  it  is  advanta-
geous when the cell signal is lost or patchy. 
However,  a  disadvantage  of  the  technol-
ogy is the distance limitations between the 
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gateway  and  the  devices,  which  signifi-
cantly impact research location and design. 
An upgrade to the TT-Cyber system regard-
ing communication protocol is licensed NB-
IOT capability. It essentially eliminates the 
requirement of  a  gateway to receive and 
send data from devices, yet maintains the 
local  and  server-based  data  storage  op-
tions. Raw data can be downloaded from 
personal computers, without specific skills, 
even if there is a user-friendly interface to 
monitor pre-elaborated charts of observed 
variables  and  the  level  of  the  battery 
power,  allowing  for  prompt  battery  re-
placement  and avoiding gaps  in  the data 
collection.  Furthermore,  it  allows  remote 
interface  options  between  individual  de-
vices and is not limited by the distance be-
tween a device and the gateway. A trade-
off, however, is the requirement for mod-
erate to strong cellular network coverage. 
The  selection  of  either  configuration,  Lo-
RaWan or NB-IOT, is ultimately a practical 
consideration dependent primarily  on the 
location of the site.

Each sensor (Fig. 1) underwent extensive 
testing  under  laboratory  and  field  condi-
tions  and  calibration,  when  not  provided 
by  commercial  sensors  manufacturers,  to 
translate  the  output  digital  signals  into 
physical units.

Tab. 1 reports the main characteristics of 
TT+ and TT-Cyber versions,  as well  as the 
most  recent  updates.  Additional  informa-
tion on the TTs and preliminary results can 
be found in the Supplementary material.

Building TTIN: methods and 
approaches

The TTIN was implemented from North-
ern to Southern Italy across the Alps and 
Apennines  mountains,  according  to  six 

general criteria: (i) proximity to the Grand 
Italian  Route  (Italian  Alpine  Club  Sentiero  
Italia  – GIR);  (ii)  overlapping  with  Italian 
Land Use Inventory  (IUTI)  grid;  (iii)  inter-
connection with existing Infrastructure and 
Research  networks;  (iv)  full  geographical 
representativeness, all Regions and Auton-
omous Provinces of Italy, i.e., NUTS 2 level; 
(v) relevance for representing interactions 
between climate and forest dynamics; (vi) 
presence of a public authority responsible 
for  ensuring  long-term  management  and 
monitoring activities (at least 10 years).

We  provide  below  a  more  detailed  de-
scription of the approaches adopted for se-
lecting TTIN sites.

Proximity to Grand Italian Route
GIR is a hiking route (https://sentieroitali 

a.cai.it/)  crossing  the  whole  Italian  penin-
sula  and  main  islands,  mostly  winding 

along their  mountain  ranges  (Alps,  Apen-
nines, and Supramonte), which metaphori-
cally  represent  the  spine  of  the  country. 
Considering that forests cover about 37.8% 
of  the  Italian  territory,  and  that  66% and 
28%  of  them  are  located  above  500  and 
1,000 m a.s.l. (Gasparini et al. 2022), respec-
tively, GIR is representative of a wide range 
of forest conditions in Italy. GIR was initi-
ated  in  1995  by  the  Club  Alpino  Italiano 
through  individuating,  marking  and  con-
catenating  different  trail  sections,  an  en-
deavour almost completed to date. GIR is 
7,960 km long and it unfolds from sea level 
to 3,102 m at its highest point, crossing all 
20  administrative  regions  of  Italy,  16  UN-
ESCO World Heritage sites and numerous 
national and regional parks (Carnovalini et 
al. 1996). The proximity to GIR ensures ac-
cessibility  for:  (i)  facilitating  continuous 
management,  maintenance  and  check  of 
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Fig. 1 - TreeTalker’s components. Credits: Antonio Tomao. Modified by the authors.

Tab. 1 - Comparison between TT+ and TT Cyber versions.

Parameter
TT+ versions 3.0-3.4 (LoRa) TT Cyber (LoRaWan/NB-IOT)

Sensor Description Upgrades Description

Canopy 
transmitted 
radiation

Multi-band 
Spectrometer

Digital spectral sensor featuring 12 
bands in the VIS-NIR range (450-860 
nm)

Integration of 4 
optical sensor 
chipsets

26 bands (400-960 nm) multispectral 
digital sensor

Sap flow
density

Two-needle NTC 
thermistors: 
(heated and 
reference probes)

Application of the transient thermal 
dissipation (TTD) technique with 
heating and cooling phases set by 
default to 10 and 50 minutes

Probe with 3 
needles with NTC 
thermistors for 
heat pulse velocity 
(HPV) technique

Probe allowing the use of both the 
Heat Pulse Velocity (HPV) family 
methods and the Thermal Dissipation-
based methods. By default, the 
system is set to HPV.

Stem water 
content

Capacitance-based 
probe

Detection of relative stem water 
content variations

Impedance Analyzer (10 to 500 MHz) under development

Stem radial 
growth

Infrared LED-based 
digital distance 
sensor

Radial stem growth is inferred from 
sensor-stem distance measured by 
the triangulation method

Infrared LED 
proximity sensor 
replaced by a linear 
magnetic encoder 
(LME)

Tree Stem growth measured by point 
dendrometer with piston movements 
detected by LME technology

Temperature
and humidity

Digital 
Thermohygrometer

Temperature and relative humidity Unchanged

Tree stem 
movements

Digital 
Accelerometer

Measurement of gravity components 
along three orthogonal axes

Unchanged

Communication 
protocol

LoRa Device-Gateway-Server capability LoRaWan and 
NB-IOT

Device-Gateway-Server/
Device-Server capabilities
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TTIN sites  and associated devices;  (ii)  im-
proving  the  communication  and  demon-
stration role of the network by allowing cit-
izens to engage with scientific monitoring 
activities in places far from more densely 
populated  areas  (Conrad  & Hilchey  2011). 
Moreover,  such  proximity  potentially 
strengthens  the  connection  and  interac-
tion among different scientific fields as GIR 
(and so the TTIN sites) moves across plenty 
of  natural,  cultural,  and  traditional  land-
scapes  in  Italy  (see  integration  of  GIR 
within the Path of the Parks  – Cooperman 
2021).

Overlapping with the Italian Land Use 
Inventory (IUTI)

The  Italian  land  use  inventory  network 
(IUTI) is considered as a key instrument of 
the  National  Registry  for  forest  carbon 
sinks  and  provides  a  statistically  sound 
methodology  for  tracking  changes  in  the 
land use assets in Italy since 1990 (Corona 
et al. 2012, ISPRA 2022). IUTI estimates the 
coverage  of  six  land  use  categories  over 
the national  territory by visual  interpreta-
tion,  supports  the  stratified  sampling  de-
sign  of  the  Italian  National  Forest  Inven-
tory (INFC) for carbon pools (Marchetti et 
al.  2012),  and  allows  the  assessment  of 
rewilding phenomena, such as  e.g.,  forest 
(and  shrubs)  expansion  over  abandoned 
croplands  or  pastures,  orchards’  planting 
and development of built-up areas (Corona 

et al. 2012).
In this study, a buffer of 400 m (200 m 

per side) from GIR was created and used to 
select a subsample of IUTI points through a 
geoprocessing  method.  Approximately 
10,500 IUTI points from the historical data-
base  were  extracted  and  used  to  imple-
ment the TTIN.

Based on the combination of IUTI points 
and  a  network  of  forest  sites  already  in-
strumented with TTs in recent years (since 
2019)  under  various  research  initiatives 
(i.e., ITT-Net – Castaldi et al. 2020), we iden-
tified  portions  of  the  Italian  territory  (in-
cluding  not  covered  administrative  units, 
i.e.,  Regions  and  Autonomous  Provinces) 
as  potential  areas  for  ensuring  full  geo-
graphical representativeness of TTIN.

Clustering of forest dynamics
To ensure the continuity in monitoring ac-

tivities, in each administrative unit, we re-
duced the total number of TTIN sites (see 
previous  steps)  limiting  potential  con-
straints that could represent hindering fac-
tors such as: the accessibility to the sites, 
ownership regime, management responsi-
bility, availability of management and plan-
ning  tools,  potential  conflicts  about  land 
use among stakeholders, commitment for 
mid  to  long  term  surveillance  of  sensors 
and  other  installations  in  the  monitoring 
sites by responsible authority.

The sites were clustered into: (i) produc-

tive,  (ii)  transitional,  and (iii)  sentinel  for-
ests (Fig. 2).

(i) Productive forests refer to mature (in-
termediate successional stages), ordinarily 
managed stands, very often located at in-
termediate  elevation  ranges  (e.g.,  Apen-
nine  beech  forests).  We  consider  such 
stands  as  less  susceptible/vulnerable  to 
short-term  to  mid-term  climate  effects. 
However, their structure, components and 
temporal  and  spatial  developments  are 
strongly  influenced  by  human  activities 
(i.e., forestry) within a relatively short pe-
riod (i.e., rotation cycle).

(ii) Transitional forests include stands un-
dergoing  successional  dynamics  and  they 
are typically  found in areas subject  to re-
cent  rewilding  processes  (secondary  for-
ests;  stands at  early  successional  stages), 
e.g.,  mesophytic  and  thermophilous  ash 
forests. “Transitional” is therefore explana-
tory of a recent or an ongoing change in 
land use (i.e.,  from other land to  forest), 
thus excluding potential transformation of 
use  and  management  within  the  forest 
land itself (e.g., conversion from coppice to 
high-forest).  The  short-term  to  mid-term 
impact of climate change on forest struc-
ture and processes of these stands might 
be pronounced.

(iii)  Sentinel  forests  stands  are  typically 
located  at  higher  elevations  (in  some 
cases, approaching the treeline). They are 
often  representative  of  mature  forests 
with a limited or cessed harvesting activity. 
They  are  highly  susceptible  to  climatic 
stressors  as  they  increasingly  face  drier, 
warmer  climate  conditions  and  longer 
growing seasons (Pignatti  2011) or rapidly 
modify their composition and functionality 
because of climate change effects.

Tab.  2 summarizes  the  main  differences 
among  the  three  clusters  by  considering: 
current successional stage; frequency and 
intensity  of  human  interactions;  suscepti-
bility  to  climate  change  effects  (short  to 
mid-term changes in temperature and pre-
cipitations,  drought,  natural  disturbances 
severity  and  frequency);  ecological  dy-
namism,  i.e.,  speed  of  natural  variability 
and change over space and time as driven 
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Fig. 2 - A combined picture 
depicting real forest stands 
by cluster. From left to right: 
Ligonchio, Reggio Emilia 
(Sophia Djacenko); Civitella 
Alfedena, L’Aquila (Giovanni 
Santopuoli); Rasura, Sondrio 
(Luca Malanchini).
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Tab. 2 - Summary of main characteristics of the forest clusters composing the TTIN 
sites.

Cluster 
of forest 
dynamics

Current successional 
stage

Human 
interactions

Susceptibility 
to climate 
change effects

Ecological 
dynamism

Productive 
forests

Early to intermediate High Low to mid Low to mid

Transitional 
forests

Early (new-growth stands) 
or late (over-mature 
stands)

Low Mid Low (late 
stages) and high 
(early stages)

Sentinel 
forests

Early, intermediate, or 
late, depending on recent 
development

Low High High
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by  internal  processes  (competition,  nutri-
ent cycling) and external factors (change in 
land use or climate).

Infrastructure and research networks 
involved in TTIN

The sites identified for the TTIN were cho-
sen  taking  into  account  pre-existing  net-
works  or  Research  Infrastructures  (RI) 
aimed at  evaluating  the  impact  of  global 
changes  on  forest  ecosystem  dynamics 
(Tab. 3).

The  availability  of  tree  eco-physiological 
data in RIs sites that already provide con-
tinuous  monitoring  of  environmental  pa-
rameters  could  allow  correlation  studies 
useful  to  understand,  for  example,  the 
ecosystem’s  responses  to  changes  in  cli-
mate, land use, and ecosystem services. In 
addition, the interaction with other pre-ex-
isting RIs will allow optimizing the service 
maintenance  and  management  of  the 
equipment. TT data management will meet 
the FAIR principles, and data will flow in a 
central  hub  to  support  the  advancing 
cross-disciplinary  research  through  envi-
ronmental domains.

Main characteristics of TTIN sites
TTIN is composed of 82 sites (for details, 

see Tab. S3 in Supplementary material), of 
which  59  are  newly  established  and  32 
come from previously existing monitoring 
sites already equipped with TTs (Castaldi et 
al. 2020). TTIN sites are distributed as fol-
lows: 32.2% of sites categorized as produc-
tive  forests;  25.3% of  sites  categorized as 
sentinel forests; 10.3% of sites categorized 
as transitional forests; 32.2% of sites falling 
in  more  than  one  of  the  previous  cate-

gories. The three most represented forest 
categories  are:  European  beech  (30%  of 
sites,  mostly  productive  forests);  oaks 
(cork oak, Turkey oak and holm oak  – 18% 
of  sites,  mostly  not  falling  in  any  of  the 
identified categories);  Norway spruce (9% 

of  sites,  equally  distributed between pro-
ductive and sentinel forests).

Once  fully  operational,  TTIN  will  imple-
ment  the  monitoring  of  about  800  trees 
(Fig. 3).
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Tab. 3 - Research infrastructures and networks used as additional means to anchor the TTIN sites.

Name and acronym Brief description Website

Integrated European Long-
Term Ecosystem, Critical 
Zone, and Socio-Ecological 
Research (eLTER)

European research infrastructure focused on long-term, ecosystem-level 
observations. It integrates ecosystem, nature, and socio-ecological sciences 
to monitor the interactions between natural and human-driven processes 
across ecosystems. The network supports sustainable management and 
conservation by providing data and insights on biodiversity conservation, 
ecosystem functions and processes, and associated climate change impacts.

https://elter-ri.eu/

Integrated Carbon 
Observation System (ICOS)

Pan-European research infrastructure providing high-quality and 
standardized data on GHG concentrations and fluxes across ecosystems. 
It also supports climate policy by enabling detailed carbon cycle assessments 
and tracking the effectiveness of mitigation strategies.

https://www.icos-ri.eu/

Analysis and Experimentation 
on Ecosystems (AnaEE)

European research infrastructure composed of experimental platforms 
aimed at analysing the effects of environmental changes on ecosystems. 
It provides in situ modelling facilities to assess the ecosystem responses to 
environmental changes and develop solutions for sustainable management 
under future environmental scenarios.

https://www.anaee.eu/

International Co-operative 
Programme on Assessment 
and Monitoring of Air 
Pollution Effects on Forests 
(ICP Forests)

Global monitoring network focused on assessing the impacts of air pollution 
and other stressors on forest ecosystems. It enables the collection of long-
term data on forest conditions, biodiversity conservation, and ecosystem 
services to inform sustainable management policies.

https://icp-forests.net/

LifeWatch European research infrastructure targeting biodiversity and ecosystem 
research. It provides advanced e-tools, data, and other resources for 
studying biodiversity patterns, ecosystem dynamics, and ecosystem 
response to environmental changes, thus supporting research and decision-
making for biodiversity and nature conservation.

https://www.lifewatch.eu/
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Fig. 3 - TTIN 
sites by cluster 
of forest 
dynamics, 
including inte-
gration with 
pre-existing 
monitoring 
network.

https://www.lifewatch.eu/
https://icp-forests.net/
https://www.anaee.eu/
https://www.icos-ri.eu/
https://elter-ri.eu/
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Configuration of TTIN sites and TTs 
installation

In each TTIN site, a reference area (100 × 
100 m) with homogeneous forest  charac-
teristics  (e.g.,  forest  type,  management 
system) and continuous canopy cover (ab-
sence of large canopy gaps and/or human 
infrastructures  and  manufactures)  was 
identified,  and  the  centre  was  georefer-
enced. Subsequently, a squared plot (50  × 
50 m) was established around the georef-
erenced centroid and five subplots (radius 
=  13  m),  anchored  to  centroid  (one  sub-
plot) and vertices (four subplot), including 
a transect,  and three subplots for topsoil 
measurements were identified (Fig. 4). Five 
trees to host TTs were identified (one per 
subplot). In productive and sentinel forests 
(see  section  on  “forest  dynamics”),  such 
trees are selected based on dominant indi-
viduals  (i.e.,  occupying  the  top  canopy 
layer and/or representing the largest diam-
eter class within the surveyed stand) of the 
target species (i.e., representing the most 
occurring tree species within the surveyed 
stand). In transitional forests, trees to host 
TTs  were  selected  based  on  the  relative 
share of tree species within the surveyed 
stand.

Complementary surveys at the 
stand level

In each TTIN site,  a series of stand-level 
surveys was envisaged to complement the 
information collected by TTs at the individ-
ual tree level. Such surveys mainly focus on 
key stand parameters (horizontal and verti-
cal  structure,  canopy  cover,  etc.),  forest 
stand’s biodiversity proxies and indicators, 
and soil. The aim is to enlarge the monitor-
ing to the broader environmental context 
(i.e., the stand) where trees hosting TTs are 
located. This activity would allow a future 
upscaling of the correlation between indi-
vidual trees’ physiology and forest stands’ 
development,  including  competition,  re-

generation  capacity,  nutrient  cycling,  soil 
fertility, structural diversity, canopy cover, 
etc.

Forest stand characteristics
To  characterize  the  structure  of  forest 

stands,  field data will  be collected in five 
circular plots (i.e., inventory plots) embed-
ded into one square hectare of forest area 
(i.e., TTIN sites). In each plot, four biomet-
ric variables, namely the diameter at breast 
height  (DBH,  cm),  tree  height  (H,  m), 
crown length (CL, m) and crown projection 
area (CPA, m2), for all the living trees with 
DBH > 7.5 cm (i.e., size threshold), will be 
collected. Recording of the geographic po-
sition of trees should be recommended to 
allow spatial  analysis of forest stand vari-
ables. Moreover, indications on the vitality 
of trees will be reported, classifying them 
as living, living with 1/3 of crown damaged 
(defoliation), living with crown damage be-
tween 1/3 and 2/3, living with crown dam-
age >2/3,  dead trees (snag in the case of 
trunk  broken  at  a  height  >  1.30  m).  NFI 
models (Gasparini & Tabacchi 2011) will be 
used to quantify the forest-growing stock 
and assess carbon stored in the trees. Addi-
tional data will focus on tree regeneration 
within a transect (26 × 2 m) north-south ori-
ented for each plot, with the same centre 
as the plots. More in detail, the number of 
individuals,  diameter,  and  height  will  be 
collected  along  the  transect.  Moreover, 
the number and height of seedlings will be 
recorded within  five 1  m2 subplots  within 
the transect.

Proxies for stand’s biodiversity
Within  each  plot,  deadwood  compo-

nents, namely logs, stumps and dead trees 
(Lombardi et al. 2012) will be assessed, us-
ing 7.5 cm as diameter threshold. Besides 
dead trees, for which the DBH and height 
will be recorded, two diameters and length 
will  be measured for each deadwood ele-

ment. The decay stage will be categorized 
for all components into five classes (Hunter 
1990).

Tree-related  microhabitats  (TreMs)  have 
gained significant  attention in  monitoring 
forest biodiversity (Larrieu et al.  2017,  As-
beck et al. 2021). Considered as old-growth 
features, TreMs have been investigated to 
assess  the  naturalness  of  forest  stands 
(Marziliano  et  al.  2021,  Spina  et  al.  2023) 
and the impact of forest management on 
the conservation of biodiversity (Martin et 
al. 2022, Santopuoli et al. 2022). More in de-
tail,  the occurrence,  abundance, and rich-
ness  of  TreMs  are  indicators  of  potential 
biodiversity, representing vital habitats for 
several  living  organisms  (Larrieu  et  al. 
2018). The occurrence (presence/absence) 
and richness (TreMs of different types) of 
TreMs on each standing tree of  five sub-
plots will be observed according to the re-
cent  classification  systems  (Kraus  et  al. 
2016,  Larrieu et al. 2018) to determine the 
interactions  between tree growth and vi-
tality  with  biodiversity  features.  As  sug-
gested  by  Larrieu  et  al.  (2018),  observa-
tions  should be done in  autumn,  starting 
from the base of the trunk and then mov-
ing up to the crown top.

Soil sampling
The  sample  collected  at  each  location 

comprises  five  topsoil  (0-20  cm)  subsam-
ples that are mixed to form a single com-
posite  sample  (Orgiazzi  et  al.  2018).  The 
first subsample is taken at the precise geo-
graphical information system (GIS) coordi-
nates of the pre-established central point. 
In contrast, the remaining four are taken 2 
m from the central one, following the car-
dinal  directions  (North,  East,  South,  and 
West).  Vegetation residues,  grass,  and lit-
ter,  when present, are removed from the 
surface before sampling and from the com-
posite sample. Approximately 500 g of soil 
is air-dried before being transported to the 
laboratory for subsequent analyses. An ad-
ditional 500 g of soil will be stored on ice 
and transported to a molecular biology lab-
oratory for DNA analysis as part of the soil 
microbiome  assessment.  For  bulk  density 
measurements,  undisturbed  soil  samples 
will be taken. Land-cover and land-use data 
are recorded at the same time as soil sam-
pling; they include types of vegetation cov-
er  (e.g.,  coniferous  trees,  shrubs,  lichens, 
and mosses)  and land management (e.g., 
signs of grazing, ploughing, irrigation, and 
presence of crop residues). These data may 
be used to assess and monitor the effects 
of land cover and use on soil properties.

Discussion and conclusions

Potential for forest monitoring
TTIN settings demonstrate the potential 

for large-scale monitoring of forest health 
and  functionality  from  individual  trees  to 
country scale in Italy. TTIN will  contribute 
to:  (i)  individual  tree-based,  hourly  moni-
toring of eco-physiological activities in a va-
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Fig. 4 - Schematic representation of the plots’ settings at each TTIN site.
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riety of sites representing a range of envi-
ronmental  settings  (Tognetti  et  al.  2022); 
(ii)  correlating  individual  tree  responses 
with daily environmental changes (temper-
ature,  precipitation,  humidity,  etc.),  also 
using  external  monitoring  systems  (e.g., 
Eddy Covariance towers) where available; 
(iii) collecting/providing scalable measures 
from tree to stand scale and across differ-
ent  stand dynamics  (i.e.,  sentinel  vs. pro-
duction  vs. new-growth); (iv) gathering in-
formation  of  combined  tree  growth  and 
land  use  change.  Real-time  sensing  tech-
nologies are increasingly important for for-
est monitoring since they provide essential 
environmental data for predicting vegeta-
tion and forest cover changes (Singh et al. 
2022).  Data  and  information  collected  by 
TTs, especially when correlated with struc-
tural  attributes such as  tree biomass and 
carbon stocks,  offer  an  advanced step  in 
view of  obtaining a  more  comprehensive 
analysis  of  traditional  dendrometric  data 
and  improvement  of  forest  monitoring 
throughout the national or local forest in-
ventories  (Valentini  et  al.  2019).  Further-
more, the potential of TTs extends to real-
time monitoring of forest health indicators, 
such as physiological stress levels, pest in-
festations,  and overall  ecosystem  dynam-
ics. Such a capillary network of IoT sensors 
– spread across the whole country and rep-
resentative of multiple ecological dynamics 
– might  also  contribute  to  an  integrated 
monitoring of spectral signals from above 
and  below  the  canopy,  at  high  temporal 
frequency and high spatial resolution to as-
sess  phenological  phases  (Proietti  et  al. 
2020,  Francini  et al.  2021,  Vaglio Laurin et 
al.  2024).  A  deeper  understanding  of  the 
impacts of land use transitions and individ-
ual trees and stand dynamics is ensured by 
the TTIN design and subsequent  position 
of sites, anchored (or proximal) to the IUTI 
grid. Even out of urban areas, especially in 
places  particularly  vulnerable  to  natural 
disturbances  (e.g.,  windthrow),  real-time 
and individual tree-based data and informa-
tion can support existing early warning sys-
tems by signalling trees’ responses to ex-
treme climatic events and forest health is-
sues (e.g., Wireless Sensors Network, WSN 
– Torresan et al. 2021).

Potential for research and outreach
TTIN makes a step forward in forest ecol-

ogy,  in  particular  concerning  the  under-
standing  of  tree-based  mechanisms  of 
physiological  feedback  to  environmental 
changes.  Real-time  data  and  information 
on  forest  health,  vitality,  and  resilience 
from TTs will be integrated within the cur-
rently  existing monitoring networks  (e.g., 
NFI,  other  research infrastructures  – Tab.
3).  This  comprehensive  array  of  informa-
tion will enable researchers to examine the 
immediate  effects  of  combined  environ-
mental factors on tree growth and produc-
tivity.  These  advancements  allow  the  up-
scaling of tree-based surveys, providing in-
sights  into  broader-scale  forest  dynamics 

and resilience to  changing climatic  condi-
tions  and  management  practices.  More-
over, complementary field surveys will pro-
vide  several  parameters  on  stand  struc-
ture, soil, and biodiversity features to cor-
relate  with  tree-based  physiological  data. 
This  will  facilitate a full-scope representa-
tion of environmental features at the stand 
scale.  These  characteristics  can  then  be 
used  to  assess  the  impact  of  combined 
management and climate on tree growth, 
competition, establishment, and regenera-
tion. The use of real-time, large-scale data 
within  TTIN  has  indeed  significant  out-
comes and implications, such as the possi-
bility  of  data-driven  model  development, 
the inference of forest attributes,  as well 
as performing advanced studies in macro-
ecology (Tomelleri et al. 2022).

Despite several examples exist on the in-
tegration of field data with remote sensing 
information (Proietti et al.  2020,  Chirici  et 
al.  2022,  Francini  et al.  2022,  Alvites et al. 
2024), a remaining challenge lies in how to 
scale up local systems, such as TTs, and in-
tegrate  them  into  a  broader  monitoring 
framework. Indeed, some research and im-
plementation  gaps  still  remain  about:  (i) 
applying IoT devices (TTs) in different envi-
ronmental  settings,  including tree species 
and stand structures to scale up measure-
ments  of  tree-environment  interactions, 
thus  reflecting  the  dynamics  and  geogra-
phy of physiological mechanisms and pro-
cesses;  (ii)  creating local  (e.g.,  landscape) 
and/or land use-specific (e.g., urban areas) 
databases on annual  and seasonal  indica-
tors on tree responses to climate stressors; 
(iii) improving current monitoring systems 
towards  a  better  understanding  of  early 
signs  of  alteration  of  forest  ecosystems’ 
development (i.e., far enough from tipping 
points),  including  the  effects  of  warmer 
and drier climate on mortality and growing 
capacity; (iv) integrating new technologies 
(e.g., IoT) for collecting modular and scal-
able  site-specific  data  sources,  allowing 
long-term predictions and improving envi-
ronmental  stratification  within  currently 
available monitoring frameworks  and for-
est management and planning schemes.

TTIN is also a powerful means for commu-
nicating science. Sites are distributed over 
GIR,  they  are  positioned  in  accessible 
stands,  and can therefore be visited by a 
potentially  large  number  of  people.  For 
this reason, the TTIN network also lends it-
self to citizen science activities. Moreover, 
TTIN sites are equipped with billboards, la-
bels,  and  other  communication  material 
describing  inter  alia the  overall  network 
(e.g.,  main  parameters  collected,  list  of 
partners, and responsible bodies), main im-
plications,  and  relevance  at  various  geo-
graphical scales. Each tree hosting TTs also 
has a small label describing the species, its 
ecology and physiology, and the main rea-
sons behind its selection as a candidate for 
analysis. A QR code, or a URL for a direct 
link to the website, is also provided to facil-
itate communication with the general pub-

lic.  Such  communication  and  information 
assets might reach a broader target audi-
ence of interested people and a greater un-
derstanding of the research activities being 
carried out, including a raised public aware-
ness of positive implications for local com-
munities or tourists.

Potential limitations and challenges
Despite the TTIN represents a high-qual-

ity  monitoring  system,  and  numerous  ef-
forts have been made to improve the effi-
ciency in data collection and elaborations, 
some challenges and limitations are still ev-
ident. For example, in some remote forest 
areas,  the signal  for connection is  lacking 
or extremely weak, thus hindering the data 
uploading capacity.  This  requires an accu-
rate selection of the site before installing 
the instruments. Nevertheless, it is always 
possible to download the data collected by 
the sensors directly in the field. One chal-
lenging  aspect  concerns  the  risk  of  dam-
ages  due  to  environmental  hazards  and 
wildlife; in these cases, the replacement of 
sensors is  necessary to avoid gaps in the 
data  collection.  An  automatic  alert  of  a 
malfunctioning sensor is recommended for 
preventing or limiting the gaps in collecting 
data.  Moreover,  periodic  site  inspections 
and maintenance are necessary for battery 
replacement.  Further  efforts  are  required 
to improve the pre-elaboration as well  as 
the harmonization of information collected 
in  a  database  with  common  forest  at-
tributes  and/or  indicators.  These  actions 
are also important for making communica-
tion with the general public more effective.
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Tab. S1 - TTCyber sensor overview. 

Tab.  S2 -  TTCyber  communication  over-
view. 

Fig.  S1 -  Main  output  from  preliminary 
results of monitoring activities. Air Temper-
ature (°C). 

Fig.  S2 -  Main  output  from  preliminary 
results  of  monitoring  activities.  Radial 
growth (mm). 

Fig.  S3 -  Main  output  from  preliminary 
results  of  monitoring  activities.  Relative 
Humidity (%). 

Fig.  S4 -  Main  output  from  preliminary 
results of monitoring activities. Sap veloc-
ity (cm hr-1). 

Tab. S3 - Main characteristics of Tree-Talker 
Italia Network. List of sites included in the 
network as of May 2025.

Link: Santopuoli_4830@suppl001.pdf
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