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In the current context of climate change, this paper provides a brief overview 
of climate-vegetation interactions in the Mediterranean basin, where global 
warming and aridification trends are predicted to intensify. Rising tempera-
tures coupled with extreme drought events have notable impacts on forest 
ecosystems,  triggering  dieback  and  mortality  phenomena  worldwide.  The 
health status of forest vegetation may be assessed by either ground surveys or 
remote sensing. Several investigations of declining oak forests in the Apennine 
region have shown that the drought vulnerability of Mediterranean oaks is de-
pendent on differences in access to deep soil water pools, which can be re-
lated  to  differences  in  rooting  depth,  tree  size  and  growth  rate.  Forest 
dieback is widely reported in Italy, but the extent and overall distribution of 
this phenomenon have not yet been well defined. Thus, understanding the fu-
ture dynamics of forest stands has several key objectives: inventorying declin-
ing forest stands to gain insight into the phenomenon and create a national-
level database; locating these stands to allow monitoring of their evolution 
over time; and monitoring to allow planning of mitigation measures, as well as 
recovery and adaptation strategies. This background led to the implementa-
tion of SilvaCuore, the first web application designed in Italy to report forest 
health status. Silvacuore is a web application developed with the aim of im-
proving the link between citizens and the scientific community by contributing 
to the development of a valuable scientific database. The direct involvement 
of citizens in forest preservation offers an interesting perspective because the 
innovative use of technology can tap into citizens’ growing enthusiasm for en-
vironmental topics. Thus, SilvaCuore may be viewed from a dual perspective 
as a resource for the scientific community and as a unique opportunity for citi-
zens to take an active role in research activities (Citizen Science project).
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Introduction
Increasing aridity, largely driven by higher 

temperatures and reduced precipitation, is 
likely  to  undermine  the  health  of  forest 
ecosystems. Experiments and observations 
suggest that the resilience of many forests 
is likely to be threatened as climate change 
progresses,  altering  their  structure  and 
functions and reducing their ability to pro-
vide  ecosystem  services  (Batllori  et  al. 
2020).  Increasing drought conditions cou-
pled with other  biotic  and abiotic  drivers 
are synergistically leading to responses in 
tree  morphology,  physiology,  growth,  re-
production,  and forest  mortality  in  differ-
ent areas of the Mediterranean Basin. An 
international  scientific  survey  found  that 
forest  mortality  phenomena  induced  by 
drought conditions are leading to a partial 
or total conversion of vegetation patterns 
in different biomes; that is, forests charac-
terized by species specific to more humid 
environments are evolving into communi-
ties of species that are detectable in drier 
environments  (Batllori  et  al.  2020).  In  re-

sponse to the exacerbation of extreme cli-
mate events, the resilience of many ecosys-
tems will likely be exceeded (IPCC 2014), al-
though some forest populations are more 
adaptable  to  seasonal  drought  periods 
and/or  irregular  rainfall  regimes (Gazol  et 
al.  2018).  The Mediterranean region is  an 
extremely  important  biodiversity  hotspot 
that is likely to experience arid conditions 
that contribute to increased forest vulnera-
bility (Camarero et al. 2021a,  Lloret & Batl-
lori  2021).  It  is  crucial  to establish a data-
base of declining forests in order to carry 
out monitoring and adaptive management 
activities.

Forest dieback and mortality
Climate-induced forest  mortality  is  a  ris-

ing global phenomenon (Allen et al. 2015) 
at  both the regional  and local  levels  (An-
deregg et  al.  2020,  Hartmann et  al.  2018, 
Senf et al. 2020) and has major implications 
for  the  functioning  of  these  key  ecosys-
tems (Anderegg et al.  2013). Various local 
surveys have reported an increased rate of 
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tree  mortality  in  response  to  drought 
throughout Europe (Buras et al. 2018). Cau-
dullo  &  Barredo  (2019) reported  293  epi-
sodes  of  forest  mortality  in  Europe  over 
the  period  1970-2019.  Die-off  phenomena 
as  a  consequence of  severe  water  short-
ages  have  been  reported,  mostly  in 
drought-prone  ecosystems  such  as  Medi-
terranean forests  (Allen et  al.  2010,  Hart-
mann  2011).  Diverse  scientific  investiga-
tions conducted in deciduous and conifer-
ous forests highlight the widespread occur-
rence of these phenomena, e.g., Abies alba 
Mill. and  Pinus sylvestris L. (Pellizzari et al. 
2016,  Voltas  et  al.  2013),  Pinus  pinaster 
Aiton. (Gea-Izquierdo et al. 2019,  Moreno-
Fernández  et  al.  2021),  Quercus  robur L., 
Quercus pubescens Willd. and  Fagus sylvat-
ica L. (Camarero et al. 2021b),  Quercus frai-
netto  Ten.  and  Quercus  canariensis Willd. 
(Sánchez-Salguero et al. 2020),  Pinus nigra 
J. F. Arnold (González De Andrés & Cama-
rero 2020),  Pinus pinea L. (Moreno-Fernán-
dez et al. 2022), and Quercus robur L. (Peri-
colo et al. 2023). Tree mortality and forest 
decline  are  increasingly  common  in  Italy 
(Gentilesca et al. 2017), where the most af-
fected  forests  are  deciduous  oak  forests 
(Quercus cerris L., Quercus pubescens Wild., 
Quercus  frainetto Ten.,  Quercus  robur L.). 
Pollastrini et al. (2019) outlined the impact 

of  the  2017  summer  drought  on  popula-
tions  of  diverse  representative  species  in 
central  Italy  (Fagus  sylvatica L.,  Quercus 
pubescens Willd,  Quercus cerris L.,  Quercus 
ilex L.,  and  Phillyrea spp.) and highlighted 
different responses and recovery capacities 
after disturbances. The phenomena of for-
est decline and mortality have also affected 
oak forests in the southern Apennines, for 
which dendro-isotopic and wood-anatomy 
investigations  are  already  underway.  The 
affected  forests  include  the  Gorgoglione 
mixed forest, which is dominated by Quer-
cus cerris L.  and  Quercus pubescens Willd. 
(Colangelo et al. 2018), and the high forests 
of  San  Paolo  Albanese  and  Oriolo,  both 
characterized  by  Quercus  frainetto Ten. 
(Colangelo et al. 2017a, 2017b, Ripullone et 
al. 2020 – Fig. 1). Diffuse phenomena of for-
est  decline  and  mortality  have  affected 
lowland oak forests in recent years as well. 
In the past, these forest populations have 
been intensively managed, which reduced 
their extent and fragmented their natural 
distribution,  making the entire ecosystem 
extremely vulnerable to climate change.

Functional mechanisms
Dieback symptoms typically  consist  of  a 

marked reduction in tree vigor (e.g., shoot 
death and leaf drop, epicormic shoot pro-

duction,  branch  desiccation,  longitudinal 
bark  cracking),  growth  decline,  and  high 
mortality rates (Fig. 2). Two major mecha-
nisms are involved in tree dieback and mor-
tality:  hydraulic  failure and carbon starva-
tion  (Choat  et  al.  2018,  McDowell  et  al. 
2011). Hydraulic failure is related to the con-
ductivity loss induced by embolism, that is, 
it  occurs when transpiration water loss is 
greater than absorption by roots, causing 
pressure in the xylem to become increas-
ingly  negative.  Beyond  a  given  threshold 
value,  the  pressure  reduction  causes  the 
formation of gas bubbles in the xylem con-
duits  (cavitation),  which then diffuse into 
the  vascular  system  (embolism)  and  im-
pede  water  transport.  Carbon  starvation 
occurs  as  a  consequence  of  prolonged 
stomatal  closure,  resulting  in  a  negative 
carbon balance (McDowell et al. 2008,  Se-
vanto et al. 2014). The root system of trees 
plays  a  key  role  in  their  resistance  and 
adaptation mechanisms to climatic stress. 
A  recent  study  (Ripullone  et  al.  2020) 
showed  that  non-declining  oaks,  due  to 
their  deeper root system, are able to ex-
tract  more  water  from  the  underground 
water supply than declining ones with shal-
lower root systems; the former therefore 
exhibit a greater probability of survival dur-
ing severe drought periods. Thus, different 
access  to deep water  reserves  may influ-
ence trees’ responses to climate stress. As 
evidence  of  this  phenomenon,  Colangelo 
et al. (2017b) reported that declining trees 
exhibited  lower  water-use  efficiency  and 
lower growth than healthy trees. The high 
transpiration rates behind lower water-use 
efficiencies suggest a less conservative wa-
ter-use  strategy  in  declining  individuals. 
Plant size may also play an important role. 
It  has  been observed that  taller  trees  re-
spond better to drought, likely due to their 
greater  ability  to  extract  water  from  the 
groundwater  supply  because  of  their 
deeper  root  systems  (Colangelo  et  al. 
2017b). Another key issue that needs to be 
monitored  concerns  anthropogenic  nitro-
gen emissions. Increased nitrogen deposi-
tion may lead to beneficial effects on oak 
physiology in terms of both water-use effi-
ciency and carbon uptake (Guerrieri et al. 
2010). A meta-analysis revealed that great-
er nitrogen availability could enhance the 
formation of a more efficient xylem struc-
ture,  leading  to  a  greater  ability  to  cope 
with drought-induced embolism (Borghetti 
et al. 2017). However, another relevant ef-
fect  is  CO2 fertilization.  Research  studies 
have shown that  a  high concentration of 
atmospheric CO2 has direct effects on the 
structure  and function of  ecosystems,  in-
cluding  effects  on  tree  physiology  and 
growth (Reich et al. 2018); it appears to en-
hance productivity and water use efficiency 
(Keenan  et  al.  2013,  Cheng  et  al.  2017). 
Many studies have reported that high CO2 

can  attenuate  the  negative  impacts  of 
drought on trees (Zeppel  et  al.  2012,  Van 
Der  Kooi  et  al.  2016).  Despite  the  signifi-
cance of  these effects of  CO2 on growth, 
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Fig. 1 - Photographies showing the studied forest dieback episodes: (a-b-d) San Paolo 
Albanese, Q. frainetto Ten. pure forest, located in the Pollino National Park (Southern 
Italy); (c) Gorgoglione,  Q. pubescens  Willd. - Q. cerris L. mixed forest, located in the 
municipality of Gorgoglione (Southern Italy). Both forests exhibit phenotypic decline 
symptoms since the early 2000s.
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the  underlying  mechanisms  are  still  not 
well understood. The relationship between 
water use efficiency increase and biomass-
induced increase  in  water  uptake plays  a 
key role in evaluating the response of veg-
etation to drought, emphasizing the impor-
tance of gaining a better understanding of 
the impacts of rising CO2 levels on trees.

Forest’s health monitoring
Assessing  the  health  status  of  forest 

ecosystems  by  monitoring  dieback  and 
mortality  phenomena  is  fundamental  for 
developing and implementing measures to 
mitigate climate impacts as well as recov-
ery and adaptation strategies. The vegeta-
tive health status of forests can be evalu-
ated by either ground-based surveys or re-
mote  sensing  using  images  captured  by 
drones  and  satellites.  Tree-ring  sampling 
provides insight into the amount of wood 
that is formed from the stem, which may 
be related to biomass gain and carbon up-
take (Babst et al. 2014). The advantages of 
tree-ring growth data include high tempo-
ral  resolution,  the possibility  of  obtaining 
long-term series, and accurate dating. Con-
versely, due to their limited spatial resolu-
tion (at the tree level), these data can only 
provide  insights  into  forest  responses  to 
climate at the local scale. Intensive field la-
bor is required to collect wood samples of 
tree  rings  in  addition  to  time-consuming 
laboratory work to cross-date and measure 
woody material. In contrast, satellite data 
are broadly available and may allow  “near 
real-time” assessments of  changes in  for-
est health over large geographic areas (Mc-
Dowell  et  al.  2015).  Compared with tradi-
tional  dendro-chronological  surveys,  re-
motely sensed vegetation indices may re-
port information that exhibits greater spa-
tial extent and temporal resolution and can 
range from daily to yearly. For instance, the 
European Forest Condition Monitor, an in-
teractive  web-based  information  tool 
based on remote sensing, is a valuable in-
strument for detecting areas of forest de-
cline (Buras et al. 2021). Nevertheless, it is 
crucial  to  validate  remotely  sensed  infor-
mation  by  testing  the  coupled/uncoupled 
relationships among the most reliable den-
dro-anatomical  traits.  Ground-based  data 
and  satellite-derived  measures  may  pro-
vide  complementary  insights  into  forest 
health.  Combining the strengths of  these 
approaches has great potential to address 
scaling issues among individual plants and 
ecosystem responses (Bunn et al. 2013,  Vi-
cente-Serrano et al. 2016). An applied case 
can be found in Bosco Capillo in San Paolo 
Albanese  (Southern  Italy),  which  was  in-
vestigated as part of the PON OT4CLIMA 
project. This project’s primary goal was to 
examine the stress factors that undermine 
the forest’s survival through a joint remote 
and ground-based approach. A coupled ap-
proach based on variables associated with 
forest productivity,  recorded both on the 
ground  (e.g.,  basal  area  increment)  and 
from satellites (vegetation indices such as 

the  normalized  difference  vegetation  in-
dex),  can  thus  be  used  for  retrospective 
modeling of the impact of drought stress 
on forest productivity and tree growth to 
improve the knowledge and prediction of 
drought-induced decline in forest commu-
nities (Castellaneta et al. 2022).

Many  scientific  activities  and  projects 
have  been  conducted  in  recent  years  in 
lowland forest populations, such as the Ori-
ented Regional  Reserve “Bosco Pantano” 
in  the  Policoro  area  (Basilicata,  Southern 
Italy) and Ticino Park (Lombardy, Northern 
Italy). These projects have the common de-
nominator of the preservation and restora-
tion  of  these  areas  through  investigation 
and  monitoring.  Researchers  have  em-
ployed multidisciplinary approaches to un-
derstand the relationships among climate 
and biotic stress responses and individual 
genetic traits. In recent years, efforts have 
focused on interventions involving the pro-
duction  of  native  seed  material  from 
acorns collected from trees with wide ge-
netic  variability  to be employed in subse-
quent renaturalization operations.

Forest dieback networking
Several  research institutions  around the 

world are currently undertaking active ini-
tiatives and scientific projects that focus on 
both  mapping  and  monitoring  the  phe-

nomenon of forest loss and its relationship 
to other environmental factors. For exam-
ple, the International Union of Forest Re-
search Organizations (IUFRO) Task Force is 
conducting  activities  to  develop  a  global 
multidisciplinary  monitoring  network.  Ap-
plications  developed  and  implemented  in 
the UK and Spain aim to assess the health 
of forests at a local level and predict their 
future  dynamics.  Another  example  is 
SafeOaks  (https://safeoaks.unibas.it/),  a 
web site implemented as part of the Italian 
National  Agritech  project,  which  summa-
rizes the results of ongoing research aimed 
at interpreting the ecophysiological behav-
iour  of  oak  species  under  drought  condi-
tions,  monitoring  the  temporal  dynamics 
of  forests  and defining adaptive manage-
ment to improve the resilience of decidu-
ous oak ecosystems to climate change.

Expected outputs and added value 
from SilvaCuore web-application

Surveying  and  monitoring  declining  for-
ests can be helpful for identifying and eval-
uating the national extent of the phenome-
non, comprehending the drivers of forest 
decline and identifying forests’  vulnerabil-
ity and ability to recover after extreme cli-
mate events. The establishment of a con-
stantly updated web national database of 
declining forests can be used as a baseline 
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Fig. 2 - Principal symptoms of decline in oak trees: (a) longitudinal bark cracking, stem 
desiccation; (b) epicormic shoot production, branch desiccation, shoot death and leaf 
drop; (c) leaf withering and yellowing; (d-e) subsequent pathogen attack, i.e. macro-
scopic fungi; (f-g-h) subsequent pathogen attack, i.e. insects.
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for  planning  research  activities  and  man-
agement measures. These crucial assump-
tions led to the development of SilvaCuore, 
the first  web application  designed in Italy 
to detect declining forest sites. The SilvaC-

uore App allows both researchers and citi-
zens to contribute to reports of the health 
status of forests. The combination of scien-
tific  research,  citizens  and  technology 
could play a key role in monitoring forests. 

SilvaCuore  represents  a “citizen  science” 
project that focuses on citizens’ direct en-
gagement,  enabling them to become the 
real protagonists of scientific research. The 
academic  community’s  mission  is  to  pro-
mote  and  disseminate  scientific  activities 
to ensure that scientific research becomes 
inclusive and participatory.

Architecture and workflow of the 
SilvaCuore web-application

The SilvaCuore  web application  provides 
two levels of functionality for entering the 
information  required  to  report  alerts:  (i) 
the basic level is designed for the non-ex-
pert user and requires basic, easy to find in-
formation;  (ii)  the  advanced  level  is  de-
signed for the expert user and requires a 
more detailed level of information.

The  web  application  employs  a  user-
friendly interface to lead users through a 
simplified reporting procedure. After users 
access the link https://www.silvacuore.org, 
they follow several simple steps: providing 
basic  information  about  the  forest  alert, 
uploading or taking photos, and geolocaliz-
ing (Fig. 3).

The alerts collected and validated by the 
SilvaCuore team are viewable on the appli-
cation’s home page. By clicking on each re-
port, basic information such as the location 
of the declining forest stand, the nature of 
the  problem  and  its  symptoms,  and  a 
photo  illustration  are  obtained.  The  data 
collected from citizens, the team data vali-
dation procedures  and the  publication of 
results on the public access website are en-
tirely managed by the web application and 
a cloud web database. SilvaCuore is a pro-
gressive web application (PWA) developed 
in Angular using the Ionic framework with 
integrations  to  manage  specific  features 
such as photos and location data. The web 
application  is  accessible  by  a  common 
browser,  and  its  responsive  design  inter-
face easily adapts to the screen size and as-
pect ratio of the user’s device. SilvaCuore is 
specifically  designed for  a  mobile-first  ex-
perience on smartphones. After obtaining 
proper permission, the application can ac-
cess  the  camera  and  the  GNSS  position 
sensor of the device to allow the user to 
provide necessary data. User data are sent 
to  the  Firestore  document  database 
hosted on the Google Firebase® cloud plat-
form (Fig. 4). A specific user management 
schema  has  been  established  to  provide 
privacy and security and to allow unregis-
tered access only to published reports.

The PWA architecture was chosen due to 
its ability to provide off-line use of the web 
application,  easy  installation  on  smart-
phones without app store publication and 
automatic  sync  with  the  cloud  database 
whenever available. Specific functionalities 
to enable these features in SilvaCuore are 
under development.

The resulting information will provide in-
sight  into  the  health  status  of  Italian 
forests and create a national database that 
will  be used to monitor the phenomenon 
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Tab. 1 - Input data that basic and advanced users can enter into the app, in order to  
submit the alert report.

Baseline information Detailed information

Site Forest species

Date of observation Scientific name

Typology (cluster of trees or forest) Nature of decline symptoms

Identification (broadleaf or conifer) Percent of diffusion of the phenomenon

Common species name Occurrence of dead trees

Localization of the problem (stem or 
canopy)

-

Comments -

Fig. 3 - Workflow 
diagram of the 
application Sil-

vaCuore. A few 
simple steps are 

required in order 
to contribute to 

the census activi-
ties: log-in to Sil-

vaCuore, enter 
basic reporting 

information, 
take and/or 

upload photos 
of the report, 
geolocate the 

alert report.

Fig. 4 - Silva-
Cuore web archi-

tecture: cloud 
services for data 

storage and 
secure authenti-
cation provided 
by Google Fire-

base® frame-
work (yellow) 

are used by pub-
lic web app and 
web site and by 

a reserved 
access back-end 

to review sub-
missions (blue).
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and its evolution over time. The SilvaCuore 
website (https://www.silvacuore.org), pro-
vides  additional  insights  into  the  project. 
The  final  goal  is  to  create  a  network  of 
partnerships to support forest monitoring 
by engaging both public and private orga-
nizations.  In  addition,  an agreement with 
PEFC Italy (Program for the Endorsement 
of  Forest  Certification  schemes)  is  being 
signed that  will  enable  PEFC-certified for-
est owners to utilize the web application to 
implement  adaptive  forest  management 
(Tab. 1).

Concluding remarks
Both resistance and resilience are highly 

dependent on the ability of a species to re-
spond to climate extremes.  Thus,  ecosys-
tem-based  adaptive  forest  management 
can increase the ability of forests to cope 
with  climate  pressures.  Monitoring  the 
health  of  forest  ecosystems  is  crucial  to 
support potential adaptation measures for 
sustainable  forest  management.  This  is 
where  the  SilvaCuore  app  comes  in.  The 
data  collected  through  citizens  contribu-
tions  provide  input  for  planning manage-
ment  actions  and  implementing  different 
intervention strategies.
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