
Academic Editor: Lucian Dinca

Received: 16 April 2026

Revised: 25 May 2026

Accepted: 27 May 2026

Published: 1 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Ensuring the Sustainability of White Truffle Production Under
Climate Stress: A Case Study on Tuber magnatum Picco in
San Miniato, Italy
Elena Salerni 1 , Perini Claudia 1,2,* , Letizia Conti 1 , Pamela Leonardi 1 , Iotti Mirco 3 and Lorenzo Gardin 4

1 Department of Life Science, Siena University, via Mattioli 4, 53100 Siena, Italy; elena.salerni@unisi.it (E.S.);
l.conti13@student.unisi.it (L.C.); leonardi.pamela@yahoo.it (P.L.)

2 National Biodiversity Future Centre (NBFC), Piazza Marina 61, 90133 Palermo, Italy
3 Department of Agricultural and Food Sciences, University of Bologna, Viale Fanin 44, 40127 Bologna, Italy;

mirco.iotti2@unibo.it
4 Institute for BioEconomy (IBE) Firenze, National Research Council (CNR), Via Madonna del Piano 10,

50019 Sesto Fiorentino, Italy; lorenzo.gardin@cnr.it
* Correspondence: claudia.perini@unisi.it

Abstract

The escalating impacts of climate change, characterized by rising average temperatures and
erratic precipitation patterns, pose a significant threat to Mediterranean-climate ecosystems
and high-revenue agricultural products. Among these, the Italian white truffle (Tuber
magnatum Picco) represents one of the most economically valuable yet vulnerable species,
with market prices reaching €4600 kg−1 in 2025. Due to the persistent challenges in
large-scale domestication and its reliance on specific wild habitats, the sustainability of
T. magnatum production is increasingly jeopardized by prolonged droughts. This study
presents a field-based case study conducted in a natural truffière in central Italy, aimed at
evaluating the effects of climatic stressors and exploring the potential role of irrigation as an
adaptive management strategy. A small-scale irrigation experiment was implemented over
a single growing season using a Before–After–Control–Impact framework, combined with
soil moisture modelling and T. magnatum DNA amount monitoring. The results indicate
that supplemental irrigation can mitigate summer soil water deficits and reduce the decline
in T. magnatum DNA under drought conditions. However, given the limited spatial and
temporal scale of the experiment and the limited number of ascocarps collected during the
study period, these findings should be considered preliminary. Overall, this study provides
initial evidence that targeted irrigation may represent a promising approach to support
the resilience of natural truffières under climate variability while highlighting the need for
long-term and larger-scale investigations to validate its effectiveness.

Keywords: ectomycorrhizal fungi; silvicultural practices; Mediterranean woodland
ecology; drought adaptation; ecosystem services; Italy

1. Introduction
1.1. Climate Change and Vulnerability of Mediterranean Agroecosystems

The increase in average temperatures and the changes in precipitation patterns
recorded during the 21st century are directly affecting ecosystem functioning and agri-
cultural productivity [1–3]. Mediterranean-climate regions—including Southern Europe,
the Western United States, Central Chile, South Africa, and Australasia—are particularly
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vulnerable to these changes [4,5]. In these areas, the increasing frequency and intensity
of drought events pose a significant economic threat to high-value crops such as grapes,
olives, and truffles [6].

1.2. Ecological and Economic Relevance of Tuber magnatum

Within this context, Tuber magnatum Picco (Italian white truffle), an ectomycorrhizal
fungus of the genus Tuber (Pezizales, Ascomycota), represents one of the most economically
valuable non-timber forest products. Its market value is highly volatile, with wholesale
prices reaching €2200–4600 kg−1 during the 2025 autumn season. This high value reflects a
persistent imbalance between strong demand and limited supply, driven by a short harvest-
ing season (September–December), its almost exclusive occurrence in natural habitats [7,8],
and the ongoing difficulties in achieving reliable cultivation.

Compared to other commercially cultivated truffles such as Tuber aestivum and Tuber
melanosporum, T. magnatum is associated with late-successional habitats and shows marked
spatio-temporal variability in its distribution [8]. Although its mycelium is widespread in
forest soils, ectomycorrhizae are rarely detected [9–12], and key aspects of its life cycle and
host interactions remain poorly understood [13]. As a result, effective domestication and
large-scale cultivation techniques are still lacking, despite recent isolated successes [14].
Consequently, the conservation and management of natural truffières remain essential for
ensuring their long-term production [15].

1.3. Sensitivity of T. magnatum to Climatic and Hydrological Conditions

Climatic variables, particularly temperature and precipitation, are known to strongly
influence truffle productivity. Field studies on T. melanosporum and T. borchii have demon-
strated that weather conditions in the months preceding fruiting largely determine inter-
annual yield variability [16–18]. For T. magnatum, the summer dry period is considered
a critical phase, likely corresponding to primordia development [7]. Both drought and
excessive soil moisture have been shown to negatively affect ascocarp production and
mycelial growth [19], highlighting the species’ sensitivity to hydrological conditions.

This ecological fragility suggests that water availability is a key limiting factor for
T. magnatum productivity. In particular, maintaining optimal soil water potential during
critical developmental stages may represent a viable strategy to mitigate climate-induced
stress. Irrigation emerges as a potentially effective adaptive management tool to counteract
drought stress, although its application in natural truffières remains largely unexplored.
Understanding whether controlled water inputs can stabilize soil conditions and enhance
productivity is therefore a key research priority under ongoing climate change.

1.4. Modelling Approaches and Knowledge Gaps

Several modelling approaches have been developed to describe fungal growth re-
sponses to environmental factors, including temperature and moisture, ranging from
empirical formulations to process-based frameworks [20–25]. While these models have
been successfully applied in controlled systems and, more recently, to ectomycorrhizal fungi
under experimental conditions [26–29], their application to hypogeous fungi under natural
field conditions remains very limited. In particular, there is a lack of approaches capable
of linking climatic variability and soil conditions to T. magnatum productivity. At broader
spatial scales, integrative and Earth system modelling approaches have increasingly linked
fungal dynamics to climate variability and ecosystem functioning, emphasizing the con-
tribution of soil fungi to carbon sequestration, nutrient cycling, and ecosystem resilience
under global change scenarios [30,31].

Despite increasing interest in truffle ecology under climate change, quantitative and
field-based approaches specifically addressing T. magnatum remain extremely limited.
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In particular, the integration of soil water balance modelling with in situ experimental
evidence to support adaptive management strategies has not yet been explored for this
species. In this context, the present study provides a novel contribution by combining
process-based modelling, long-term climatic analysis, and a field irrigation experiment
within a natural truffière. This integrative approach allows the evaluation of irrigation as a
practical adaptation strategy to mitigate drought stress and support the conservation and
productivity of T. magnatum under changing climatic conditions.

1.5. Aim of the Study

In this context, the present study aims to evaluate the impact of increasing tempera-
tures and drought on the conservation and productivity of natural T. magnatum truffières.
Specifically, it investigates the effectiveness of targeted irrigation strategies in maintaining
optimal soil water potential during critical phases of the fungal life cycle. By assessing irri-
gation as an adaptive management practice, this work seeks to contribute to the sustainable
management of natural truffle ecosystems under changing climatic conditions.

2. Materials and Methods
2.1. Study Area

The study was carried out in a natural T. magnatum truffle ground located at Barbialla
Nuova Farm, Montaione (Florence, central Italy; 43◦35′30′′ N, 10◦50′55′′ E), within the
high-quality White Truffle production district of the San Miniato hills (Figure 1). The exper-
imental area extends over approximately 1.5 ha and was selected based on its favourable
geopedological characteristics and long-standing truffle productivity, as documented dur-
ing the interregional MAGNATUM project [32].

 

Figure 1. Location of the study area in Tuscany.

The site is characterized by a heterogeneous topography at an average elevation of
about 150 m a.s.l., with a northeast-facing slope of moderate gradient. From a geological
perspective, the area is underlain by Pliocene marine sediments, consisting mainly of sandy
deposits interspersed with thin clay layers. The upper part of the slope includes sub-flat
terraced areas, reflecting historical agricultural land use.
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Vegetation is dominated by hop hornbeam (Ostrya carpinifolia Scop.), white poplar
(Populus alba L.), and field maple (Acer campestre L.), with tree canopy cover ranging
from 40% to 85%. The shrub layer covers approximately 30% of the area and is mainly
composed of Cornus mas L., C. sanguinea L., Crataegus monogyna Jacq., Fraxinus ornus L.,
Ostrya carpinifolia, Pyracantha coccinea M. Roem., and Rubus canescens DC. Hedera helix L.
and Lonicera caprifolium L. occur in both shrub and herbaceous layers, with H. helix locally
forming dense ground cover. The herbaceous layer is species-rich and includes Anagallis
arvensis L., Brachypodium sylvaticum (Huds.) P.Beauv., Ranunculus lanuginosus L., Rubia
peregrina L., Sanicula europaea L., Tamus communis (L.) Caddick & Wilkin, Torilis arvensis
(Huds.) Link, and violets (Viola alba Besser and V. reichenbachiana Jord. ex Boreau).

Soil analyses (Table 1) of topsoil (0–20 cm) revealed alkaline conditions, with pH
values ranging from 8.1 to 8.2 and total CaCO3 contents between 4.5% and 6.1%, which
are consistent with the ecological requirements of T. magnatum. These values derive from
topsoil sampling performed within two representative areas of the truffière previously
identified during the MAGNATUM project, corresponding to the plots where the irrigation
experiment was conducted, and are reported as mean values of the analysed samples.

Table 1. Summary of the soil physical and hydraulic parameters used in the model.

Parameter Value

Sand (%) 64
Clay (%) 9
Organic Carbon (dag/kg) 2.26
Bulk Density (g/cm3) 1.4
Field Capacity (FC) 0.32
Wilting Point (WP) 0.10

A comprehensive pedological characterization of the study area, including soil classifi-
cation and full profile description, is reported in [32], based on a representative soil profile
sampled within the same truffle ground under the MAGNATUM project.

2.2. Field Experimental Design and Climate Stress Assessment

A Before–After–Control–Impact (BACI) framework [33] was adopted to assess the ef-
fects of irrigation, applied as a mitigation strategy against climate-related stressors—particularly
increased temperature and summer drought—on Tuber magnatum within the studied
truffière. The BACI approach allows temporal changes observed in impacted plots to
be compared with those occurring in control plots, by testing the interaction between time
(before vs. after) and treatment (control vs. irrigated) [33].

In this study, the “before” period corresponds to pre-irrigation sampling campaigns
carried out in February and May 2013, while the “after” period includes post-irrigation
sampling conducted in August and December 2013. This temporal framework was ap-
plied exclusively to soil T. magnatum DNA amount, for which repeated measurements
were available across all plots. Conversely, for truffle production, no pre-treatment data
were available at the plot scale; consequently, the production-related analysis was kept
strictly independent of the BACI framework and treated solely as a post-treatment spatial
comparison among the experimental groups.

To implement the experimental design, twelve plots (approximately 4 m2 each) were
established in areas homogeneous in terms of vegetation structure and soil characteristics
(Figure 2). The plots were randomly assigned to three treatments: four plots subjected to
a higher irrigation level (T1), four plots receiving a lower irrigation level (T2), and four
untreated plots serving as controls (C). Irrigation was applied during July and August 2013,
corresponding to the period of maximum water deficit in Mediterranean environments.

https://doi.org/10.3390/su18115543

https://doi.org/10.3390/su18115543


Sustainability 2026, 18, 5543 5 of 19

 

Figure 2. Schematic of experimental design implemented in the study area. P: productive sampling
point (T. magnatum fruiting site); N: non-productive sampling point; C: control; T1: higher irrigation
treatment; T2: lower irrigation level treatment.

Irrigation scheduling and water volumes were defined based on rainfall patterns
observed during the most productive years between 2008 and 2011. Irrigation was applied
using manual sprinkler systems, with each event lasting approximately 8 min and deliver-
ing a water depth of about 15 mm. Applications were carried out at approximately 1 m
above ground level, generally during morning hours under calm weather conditions to
minimize spray drift toward adjacent plots.

In the T1 treatment, four irrigation events were applied (3 July, 26 July, 5 August, and
16 August 2013), whereas in T2 only two events were performed (26 July and 16 August
2013). Control plots received no irrigation. To prevent disturbances from wild fauna and
ensure experimental integrity, the study area was enclosed with an electric fence.

Soil moisture and temperature were monitored using probes installed at 20 cm depth
within representative plots (7PC, 8PT1, and 9PT2). Measurements were recorded hourly
using ECH2O sensors connected to an EN50 data logger (Decagon Devices, Pullman, WA,
USA), enabling continuous monitoring and real-time data transmission.

2.3. Soil–Plant–Atmosphere Water Balance Modelling for Irrigation Management

To support the development of a process-based model describing the main physical
and hydrological interactions within the soil–vegetation–atmosphere continuum, mete-
orological and pedological data were integrated to quantify water fluxes and irrigation
requirements of the studied T. magnatum truffière. Thermopluviometric data were collected
from the Peccioli meteorological station (140 m a.s.l., 10 km from the study site) for the
period 2001–2012 (www.sir.toscana.it, accessed on 3 April 2014), selected among available
stations due to its altimetric and geomorphological similarity to the study area. While
air temperature data were obtained from the Peccioli station, precipitation records were
complemented with data from the Fornacino station (San Miniato, PI, 12 km from the study
site) to improve the representation of summer rainfall events and soil moisture dynamics
observed during the MAGNATUM project.

A daily soil–vegetation–atmosphere water balance model was implemented following
the FAO 56 conceptual framework [34,35], in continuity with previous modelling activities
conducted at the study site [36]. In the earlier application, the model was parameterized
using data from a representative soil profile and was applied to simulate soil water dy-
namics at the scale of the entire forest stand, with the primary objective of evaluating
model performance. In the present study, the same conceptual framework is retained but
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parameterized using site-specific topsoil and vegetation data from the truffle-producing
area, allowing a targeted simulation of soil water dynamics and the estimation of irrigation
requirements under experimental conditions.

The model represents water fluxes within a single soil–plant–atmosphere continuum
and computes the root zone water balance assuming an effective soil depth of 70 cm, corre-
sponding to the active soil layer relevant for truffle mycelium and host plant interactions.
The daily water balance is expressed as:

Vt = Vt−1 + Pt − IFt + It + ROt − ETca,t − DPt

where V is the soil water content of the root zone; P is precipitation; IF is canopy interception;
I is irrigation input; RO is surface runoff; ETca is actual evapotranspiration; and DP is deep
percolation. All terms are expressed as equivalent water depths, and the subscript t refers
to the daily time step.

Canopy interception was estimated using the formulations proposed by Von Hoynin-
gen Hüne (1983) and Braden (1985) [37,38]. Leaf area index (LAI) and canopy cover fraction
were derived using an extinction coefficient of k = 0.9, consistent with dense deciduous
forest canopies. Reference evapotranspiration (ET0) was computed using the Hargreaves
equation, owing to the limited availability of complete meteorological variables (solar
radiation and wind speed). Actual evapotranspiration was subsequently estimated as a
function of ET0, soil water availability, and vegetation characteristics.

Soil physical and hydraulic parameters were derived from site-specific soil sampling
conducted within the MAGNATUM project [32]. Volumetric soil water content at field
capacity (θFC) and wilting point (θWP) were estimated using pedotransfer functions
following [33], based on measured soil texture, organic carbon content, and bulk density.
Total Available Water (TAW), defined as the maximum amount of water extractable by
vegetation from the root zone, was calculated as:

TAW = 1000 (θFC − θWP) · Zr

where Zr is the effective rooting depth. The effective root zone depth (Zr = 70 cm) repre-
sents the soil layer explored by arboreal roots, as derived from pedological descriptions.
Consistent with the FAO-56 approach, soil moisture is treated as a profile-averaged quantity.
Measurements at 20 cm depth were used as a proxy for temporal soil moisture dynamics,
acknowledging that they represent near-surface conditions rather than the full vertical
distribution. Field capacity and wilting point correspond to matric potentials of −100 cm
and −15,000 cm, respectively, reflecting soil water retention characteristics relevant to
plant uptake.

2.4. Assessment of Truffle Production and T. magnatum DNA Amount in the Soil

Truffle production was monitored weekly from September to December 2013, for a
total of 16 surveys, using trained truffle dogs. All harvested ascocarps were individually
labelled, weighed, and assigned to their respective experimental plots.

The assessment of soil T. magnatum DNA amount, used as a proxy for mycelial
biomass, was based on 144 soil samples (12 plots × 4 sampling times × 3 biological
replicates), collected both before irrigation (February and May 2013; n = 72) and after
irrigation (August and December 2013; n = 72). Within each plot, five equidistant soil cores
(30 cm in depth, 16 mm in diameter) were taken along two diagonal transects. To minimize
edge effects, a peripheral buffer zone was excluded from sampling (Figure 3).

For each plot and sampling interval, the five cores were pooled into a single composite
sample. During this process, visible roots, stones, and litter were carefully removed under
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a stereomicroscope. The resulting 48 composite samples were stored at 4 ◦C and processed
within 24 h of collection. To prepare for molecular analysis, samples were frozen at −80 ◦C
and subsequently lyophilized for 72 h using a VaCo 5 freeze dryer (Zirbus Technology, Bad
Grund, Germany). Post-lyophilization, the soil was ground and homogenized in a mortar,
passed through a 1 mm sieve, and stored at room temperature. Three biological replicates
(1 g lyophilized soil each) were prepared for each composite sample. DNA extraction and
qPCR quantification of T. magnatum DNA amount were performed following the protocol
described by [39]. Briefly, total genomic DNA was extracted using a CTAB-based method
and purified with a Nucleospin Plant II kit (Macherey-Nagel, Düren, Germany). Quantita-
tive real-time PCR (qPCR) was performed using the primer pair TmgITS1for–TmgITS1rev
and the TaqMan probe TmgITS1prob. Thermal cycling conditions consisted of an initial
denaturation at 95 ◦C for 10 min, followed by 45 cycles at 95 ◦C for 15 s, 60 ◦C for 30 s, and
72 ◦C for 30 s. Fluorescence thresholds were automatically determined using the adaptive
baseline algorithm of MXPro software (version 4.10; Agilent Technologies, Santa Clara, CA,
United States), and cycle threshold (Ct) values were converted to T. magnatum DNA quanti-
ties using the standard curve method. For each qPCR run, a standard curve was generated
from tenfold serial dilutions of T. magnatum genomic DNA, ranging from 107 to 102 fg per
reaction. DNA of T. magnatum was extracted from 20 mg of immature lyophilized ascocarp
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions for fungal material.

 

Figure 3. Soil sampling scheme carried out in each plot of the study area.

2.5. Statistical Analysis

T. magnatum DNA abundance data were analysed using a Linear Mixed Model (LMM)
to account for the hierarchical structure of the experimental design and potential random
effects. This analysis was performed in R software (version 4.5.1; R Core Team, Vienna,
Austria) using the lme4 package (version 2.0.1; Bates et al.) for model fitting. The lmerTest
package (version 3.2.1; Kuznetsova et al.) was applied to compute p-values based on
Satterthwaite’s approximation, and the emmeans package (version 2.0.3; Lenth) was used
for estimated marginal means and post hoc pairwise comparisons.

Subsequently, temporal changes in soil T. magnatum DNA abundance between control
and irrigated plots were analysed using the BACI framework, testing the significance of the
time × treatment interaction. In contrast, given the absence of baseline pre-treatment data at
the plot scale, differences in truffle production (number of ascocarps and total fresh weight)
were evaluated independently using a standard one-way analysis of variance (ANOVA) to
compare the post-treatment outcomes across the experimental groups. When significant
effects were detected, Tukey’s HSD post hoc test was used for pairwise comparisons.

https://doi.org/10.3390/su18115543

https://doi.org/10.3390/su18115543


Sustainability 2026, 18, 5543 8 of 19

Data normality was assessed using the Shapiro–Wilk test, while homogeneity of
variances was verified with Levene’s test [40]. Statistical analyses were performed using
XLSTAT software version 7.5.2 (Addinsoft, Paris, France).

3. Results
3.1. Interannual Variability of Climate and Truffle Production

To quantify irrigation requirements for the experimental area, thermopluviometric
data from 2001–2012 were compared with T. magnatum production records provided by the
truffière owners at Barbialla Nuova farm. This comparison revealed marked interannual
variability in truffle fruiting, closely associated with variations in temperature and soil
moisture conditions (Supplementary Materials Table S1).

According to farm-scale records, yields were excellent in 2003 and very good in
2007 and 2010, whereas markedly low production occurred in 2004, 2008, and 2011. Sensor-
based measurements collected during 2008–2011 indicate that fruiting takes place in au-
tumn, coinciding with periods of soil water recharge, with average soil moisture around
25% and temperatures near 13 ◦C (Figure 4). In contrast, years characterized by prolonged
summer drought showed persistently low soil moisture over several consecutive months,
leading to substantial reductions in truffle production.

Figure 4. Monthly mean soil temperature (a) and soil water content (b) recorded in the study area
between 2008 and 2012. Continuous lines represent monthly mean soil temperature (◦C) in panel (a)
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and volumetric soil water content (v/v) in panel (b). Vertical bars indicate the amount of T. mag-
natum production (g) recorded during the corresponding autumn–winter fruiting seasons. The

figure highlights the temporal relationship between seasonal soil hydro-thermal conditions and

truffle production.

3.2. Identification of Reference Soil Moisture Conditions

Among the monitored years, 2010 exhibited comparatively wetter conditions and
higher yields. Due to the combination of favorable soil moisture patterns, high truffle
production at the farm scale, and the availability of continuous soil moisture observations,
this year was selected as the reference for defining target soil moisture conditions. The
temporal soil moisture pattern observed in 2010 was therefore used as a reference target in
subsequent irrigation simulations.

The reference year was not intended to represent an absolute optimal state, but rather
a realistic soil moisture regime empirically associated with favourable production under
natural conditions. Given the intrinsic complexity of truffle ecosystems and the limited
availability of long-term quantitative yield data, this target-based approach provides a
practical framework for irrigation management aimed at reducing severe water stress.

3.3. Model Performance and Validation

Model simulations for the 2009–2012 period reproduced the main seasonal dynam-
ics of the soil–plant–atmosphere system (Figure 5), including autumnal soil rewetting,
progressive depletion during spring and summer, and responses to episodic rainfall events.

Figure 5. Daily simulated and measured soil moisture for the period 2009–2012 (upper panel).
Measured values are shown as red lines, while model predictions are shown as blue lines. The lower
panel shows the relationship between measured (x-axis) and predicted (y-axis) soil moisture values,
with the corresponding coefficient of determination (R2).

Model performance was further evaluated using standard error metrics. Across
the 2009–2013 period, the model showed a mean absolute error (MAE) of 0.021 m3 m−3

and a root mean square error (RMSE) of 0.028 m3 m−3, with a negligible mean error
(ME = 0.00018 m3 m−3), indicating the absence of systematic bias. The coefficient of deter-
mination (R2) was 0.81 (N = 1826), confirming a good agreement between simulated and
measured soil moisture values.

The agreement between observed and simulated soil moisture was generally satisfac-
tory, although a lower fit was observed for 2013. In that year, soil probes were relocated to
different plots within the truffière to monitor the experimental areas, likely introducing
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variability due to differences in canopy cover and local soil properties that may have
produced unreliable values in the first months of observation. This is supported by the
consistently lower winter soil moisture observed in these plots compared to previous years.

3.4. Simulated Irrigation Requirements

A daily soil water balance model, calibrated using soil moisture observations, was
applied to the 2009–2012 period to simulate soil moisture dynamics under observed climatic
conditions. Irrigation requirements were then estimated by introducing water inputs
whenever simulated soil moisture fell below the corresponding values of the 2010 reference
trajectory, with the objective of minimizing deviations between the two profiles over time.

Irrigation was simulated as discrete events of fixed depth (25–30 mm), and their
timing and frequency were determined iteratively by the model on a daily time step. The
resulting irrigation requirements were subsequently aggregated into 10-day periods for
interpretation (Figure 6) and into monthly and annual totals (Table 2). Table 2 summarizes
these cumulative irrigation volumes, showing that irrigation was required as early as
late spring in 2009 and 2011, while August consistently represented the period of highest
water demand.

Figure 6. Simulated irrigation frequency required to restore soil moisture levels to the reference
benchmarks established for the 2010 target year.

Table 2. Simulated monthly irrigation volumes (mm) required to maintain soil moisture levels
comparable to the 2010 reference year.

May (mm) June (mm) July (mm) August (mm) September (mm)

2009 40 50 0 90 0
2011 90 0 0 90 20
2012 0 40 30 90 0
2013 0 0 25 75 0

For this specific soil type and the use of sprinkler irrigation, interventions of 25–30 mm
were considered in the simulation.

The simulations indicate that soil moisture deficits may occur as early as May–June in
dry years, requiring one or two irrigation events of 20–25 mm. During July and August,
prolonged drought periods exceeding 30–40 days can critically affect truffle survival; under
such conditions, three irrigation events of approximately 30 mm, spaced at 10-day intervals,
are required, particularly in August. Irrigation in September is generally unnecessary,
although it may be beneficial under exceptionally hot and dry conditions.

3.5. Field Irrigation Experiment

In 2013, irrigation was managed in real time based on monitored soil moisture condi-
tions. Irrigation was applied whenever the mean soil moisture of the current 10-day period
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fell below the corresponding value of the 2010 reference trajectory. However, operational
constraints in the forest environment limited both the frequency and the amount of water
applied, preventing full adherence to the simulated irrigation schedule. Irrigation events
of approximately 15 mm were applied, representing a compromise between simulated
optimal volumes and operational constraints. In treatment T1 (higher irrigation level), four
irrigation events of 15 mm each were applied, whereas in T2 (lower irrigation level), two
events were carried out.

Although irrigation volumes in the field were constrained by practical limitations,
the simplified soil water balance model, calibrated using five years of soil moisture ob-
servations, proved effective in reproducing soil moisture dynamics within the truffière.
The model allows for the identification of seasonal wet and dry periods and provides a
quantitative, albeit approximate, estimate of the irrigation requirements needed to mitigate
prolonged drought conditions detrimental to T. magnatum production, using a reference
year representative of optimal conditions.

However, it should be noted that the field irrigation experiment did not fully imple-
ment the irrigation volumes suggested by the model. Due to operational constraints in
the forest environment, irrigation events of 15 mm were applied, representing a reduced
and pragmatic implementation of the simulated optimal regime (20–25 mm per event). As
a consequence, the field trial should be interpreted as an exploratory test of the system’s
response to supplemental water inputs, rather than as a full validation of the model-derived
optimal irrigation schedule.

The 2013 growing season was characterized by a medium-to-low yield compared to
the historical standards of the San Miniato hills, reaching approximately 25% of the local
historical maximum. This reduced production was consistent with unfavourable climatic
conditions, including prolonged summer drought and elevated soil temperatures, which
resulted in persistently low soil moisture levels during the critical months preceding the
fruiting season. Such conditions are known to negatively affect both mycelial persistence
and sporocarp formation in T. magnatum. However, as discussed above, truffle production
is driven by a complex interaction of climatic, edaphic, and biological factors, and soil
water balance alone cannot fully explain interannual variability in yield. The climatic
conditions observed in 2013 therefore represent a necessary but not sufficient explanation
for the reduced production. Consistent with this negative trend, the sites monitored within
the MAGNATUM project between 2008 and 2010 [39] exhibited a marked reduction in
ascocarp production compared to previous years (personal communication).

In 2013, a total of 10 truffles (ranging from 6 to 33 g) were collected within the overall
study area. However, only two of these ascocarps were harvested specifically within
the 12 experimental plots: one weighing 17 g (plot 2T1) and another weighing 7 g (plot
8T1). Notably, both specimens were recorded in plots subjected to the high irrigation level
(T1 treatment). While the presence of production exclusively in irrigated plots is noteworthy,
the extremely low number of samples represents a significant limitation. Accordingly, these
observations should be interpreted as preliminary and exploratory, rather than as evidence
of a statistically robust production response.

3.6. Seasonal Dynamics of T. magnatum DNA Amount

Table 3 summarizes the seasonal dynamics of T. magnatum DNA abundance across the
experimental plots. Spring was identified as the period of maximum mycelial expansion,
while summer represented the most critical phase for fungal survival.

To statistically evaluate the effect of irrigation treatments (C, T1, T2) over time, a
Linear Mixed Model (LMM) was performed with season as a fixed effect and plot as a
random effect. The ANOVA results from the model indicated no significant differences
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for the “Treatment” effect (F = 0.85, p = 0.459) or the “Treatment: Season” interaction
(F = 0.8, p = 0.577; Supplementary Materials Table S3). The pairwise post hoc comparisons
confirmed the absence of significant differences between treatment groups within each
season (p > 0.05; Tables S4 and S5). Mean values and standard deviations for each group
are detailed in Table 4, while the complete dataset and statistical outputs are available in
the Supplementary Materials (Tables S2–S5).

When interpreted in relation to microclimatic parameters (Figure 7), the seasonal
pattern confirms that the increase in spring temperatures acts as a key driver of vegetative
mycelial development. Conversely, summer thermal and water stress lead to a decline in
fungal biomass across all treatments, indicating that while irrigation may influence local per-
sistence, the broad seasonal trend is primarily governed by regional climatic fluctuations.
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Figure 7. Seasonal dynamics of T. magnatum DNA amount in relation to soil temperature and
precipitation. P (puple bars) indicates precipitation (mm) referred to the left Y-axis. The solid lines
represent the trend in T. magnatum DNA amount for each irrigation treatment: T1 (yellow solid line)
for the highest irrigation level, T2 (blue solid line) for the lowest irrigation level, and C (light gray
solid line) for the control plots. The orange dashed line represents the temperature (◦C), with values
referred to the right secondary Y-axis (shared with mycelial biomass units).

Table 3. Seasonal variation of T. magnatum soil DNA amount (µg/g dry) across irrigation treatments
(T1: higher irrigation level; T2: lower irrigation level; C: non-irrigated control).

Plot Treatment Winter Spring Summer Autumn

1 C 171.63 355.65 17.93 138.78
2 T1 0.31 0.13 0.12 0.05
3 T2 4.00 7.38 2.87 0.81
4 T1 0.38 0.52 1.75 2.49
5 T2 119.90 282.08 75.63 89.40
6 C 11.92 13.58 15.55 22.56
7 C 119.42 153.03 128.94 81.54
8 T1 97.77 158.93 111.70 110.05
9 T2 48.18 54.10 60.90 65.88

10 T1 59.09 106.29 64.11 83.79
11 T2 74.71 27.97 7.91 19.95
12 C 15.67 14.28 11.37 18.48
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Table 4. Mean values and standard deviation (SD) of soil T. magnatum DNA abundance (µg/g dry
soil) for each irrigation treatment and season.

Season Non-Irrigated
Control (C)

Higher Irrigation
Level (T1)

Lower Irrigation
Level (T2)

Winter 4.646 ± 0.584 3.708 ± 1.341 4.552 ± 0.655
Spring 4.756 ± 0.686 3.764 ± 1.488 4.625 ± 0.665
Summer 4.403 ± 0.485 3.344 ± 1.218 4.255 ± 0.627
Autumn 4.668 ± 0.449 3.315 ± 1.396 4.244 ± 0.940

3.7. Effects of Irrigation on T. magnatum DNA Dynamics

Comparative analysis among treatments yielded results of particular relevance for
sustainable land management. In plots subjected to the higher irrigation level (T1), the
summer decline in T. magnatum DNA amount was significantly less pronounced than in
control plots (C) and in those subjected to the lower irrigation level (T2). Moreover, the
T1 treatment promoted a more stable maintenance of T. magnatum DNA amount in the
soil, also attenuating the sharp autumn recovery peaks observed in the other treatments.
Analysis of variance (ANOVA) confirmed the statistical significance (p < 0.05) of the
observed differences, both with respect to the timing of water inputs (pre- and post-
irrigation) and among the different experimental irrigation treatments tested (Table 5).

Table 5. Analysis of variance (ANOVA) testing the effects of irrigation timing and regime on soil
T. magnatum DNA amount (BACI analysis), and the post-treatment effects of irrigation on truffle
production components expressed as number of truffles and total fresh weight (T1: higher irrigation
level; T2: lower irrigation level; C: non-irrigated control).

Type III, F p-Level

T1 and T2 watering

number of truffles 2.142857 0.10805
total truffle weight 1.788079 0.16300

soil T. magnatum DNA amount 11.83810 0.00001

before and after watering

number of truffles 2.090909 0.13516
total truffle weight 1.757962 0.18378

soil mycelium 18.83890 0.00000

4. Discussion
The results of this study confirm the strong dependence of T. magnatum development

and productivity on soil moisture and temperature regimes, suggesting that irrigation could
represent an adaptive management option to mitigate the negative impacts of increasing
climatic variability on natural and semi-natural truffières. The marked interannual variabil-
ity observed in truffle yields, as reported by truffière owners and supported by long-term
thermopluviometric data, is consistent with previous studies that identify T. magnatum as
one of the truffle species most sensitive to hydrological and thermal constraints [41].

The analysis of soil temperature and moisture conditions during productive and
unproductive years confirms that T. magnatum fruiting is favored by autumn soil water
recharge, with optimal conditions occurring at soil moisture values around 25% and tem-
peratures close to 13 ◦C. These thresholds are in agreement with earlier findings from
Central and Northern Italy, where truffle fructification has been linked to moderate tem-
peratures and sustained soil humidity following summer drought [42]. Conversely, the
prolonged summer droughts observed during the 2008–2011 period resulted in critically
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low soil moisture levels persisting for several consecutive months, severely limiting both
mycelial survival and fruiting body formation. Such climatic patterns are increasingly fre-
quent in Mediterranean regions and are projected to intensify under future climate change
scenarios [4], posing a significant threat to the persistence of high-value ectomycorrhizal
fungi such as T. magnatum [16,43].

The selection of 2010 as a reference year, characterized by favorable moisture con-
ditions and higher truffle productivity, provided an ecologically meaningful baseline for
defining irrigation thresholds. This approach is consistent with adaptive forest manage-
ment strategies that use favorable climatic analogues to guide mitigation actions under
increasingly variable environmental conditions [44]. The soil water balance model applied
in this study showed an adequate ability to reproduce the main seasonal wetting and drying
dynamics, particularly during autumn recharge and summer depletion phases. However,
limitations were observed in simulating short-term increases in soil moisture beyond field
capacity, a behavior commonly reported in modelling applications in heterogeneous forest
soils [35,45]. In particular, larger point-scale deviations between measured and simulated
soil moisture were mainly associated with rainfall events, during which soil water content
recorded by sensors could temporarily exceed field capacity for a few hours. As the model
operates at a daily time step and represents drainage once field capacity is exceeded, these
short-term peaks cannot be explicitly reproduced. Consequently, the observed discrepan-
cies reflect event-driven deviations rather than systematic seasonal biases in simulated soil
moisture dynamics.

A lower agreement was observed in 2013, when soil moisture sensors were relocated
within different plots characterized by heterogeneous canopy cover and local pedological
conditions. This change likely altered the measured soil moisture regime relative to previ-
ous years and highlights the sensitivity of point-scale simulations to sensor placement and
site heterogeneity, rather than a deterioration of model structure or performance.

In addition, the use of meteorological data from off-site weather stations likely con-
tributed to discrepancies between simulated and observed soil moisture during localized
summer rainfall events. This highlights the importance of high-resolution microclimatic
monitoring in forested truffle systems, where canopy structure, soil heterogeneity, and con-
vective precipitation can generate strong spatial variability [46]. As irrigation requirements
were derived from daily soil water balance simulations, this limitation may introduce
uncertainty in the timing of individual irrigation events under highly localized rainfall
conditions. Future studies should integrate on-site rainfall measurements and soil mois-
ture monitoring with model-based approaches to enable adaptive, real-time irrigation
management under highly variable microclimatic conditions.

Despite these limitations, the use of the 2010 moisture regime as a reference provided
a practical basis for defining irrigation timing and volumes. While highly localized summer
rainfall events may not always be captured by off-site meteorological stations, the mod-
elling framework reliably identifies periods of critical soil moisture depletion. Irrigation
recommendations derived from the model are therefore intended to support adaptive
management decisions, to be implemented in combination with local observations of rain-
fall and soil conditions. The simulations indicate that soil moisture deficits can arise as
early as late spring, with August consistently representing the most critical period. These
findings corroborate previous studies suggesting that summer drought, rather than winter
or autumn conditions alone, plays a key role in determining the success of T. magnatum
fructification in the subsequent season [7,8].

The assessment of T. magnatum DNA amount in the soil revealed a clear seasonal pat-
tern, with maximum expansion occurring in spring and a pronounced decline during sum-
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mer. This dynamic reflects the strong coupling between fungal vegetative growth and favor-
able thermal and moisture conditions, as observed in other ectomycorrhizal fungi [47,48].

The results indicate that the T1 treatment promoted a more stable maintenance of T.
magnatum amount in the soil. Specifically, while absolute DNA concentrations were charac-
terized by high spatial variability (Table 4), the BACI analysis confirmed that the summer
decline in T. magnatum DNA was significantly less pronounced in T1 plots compared to
control and T2 plots. This suggests that the higher irrigation level effectively attenuated the
negative impact of summer drought on the mycelial network. Notably, the T1 treatment
also reduced the pronounced autumn recovery peaks observed in non-irrigated and less
irrigated plots, indicating a more continuous and stable mycelial presence in the soil. Such
stability might contribute to the resilience of the fungal network, as repeated cycles of
severe summer decline followed by abrupt recovery could weaken the fungal network and
its symbiotic efficiency over time [49,50].

Although truffle production within the experimental plots in 2013 was very limited,
likely due to generally unfavorable climatic conditions, sporocarps were observed exclu-
sively in plots subjected to the higher irrigation level. However, this sample size is too
small to support strong claims of yield stabilization. Given the well-known lag between
mycelial dynamics and sporocarp formation, longer-term experiments are required to fully
capture the productive response to irrigation treatments [51]. Long-term monitoring is
also essential to evaluate the persistence and stability of irrigation effects over time and to
assess the robustness of this adaptive strategy under interannual climatic variability.

Future research should also integrate ecological and hydrological approaches with
biochemical and metabolomic analyses (e.g., VOCs and sulfur compounds) to bet-
ter understand the physiological mechanisms underlying T. magnatum responses to
environmental stress.

From a sustainable forestry perspective, the results of this study provide valuable
insights into adaptive management strategies for truffle-producing forest ecosystems. Care-
fully calibrated irrigation, applied during critical summer periods, appears capable of
mitigating drought stress without inducing excessive soil moisture fluctuations that could
negatively affect soil structure, microbial balance, or host tree physiology. However, irriga-
tion in forest environments must be carefully balanced against water availability, ecological
integrity, and economic feasibility. The relatively low volumes proposed in this study
(20–30 mm per intervention) represent a compromise between ecological effectiveness and
sustainability, particularly in regions increasingly exposed to water scarcity. Overall, the
integration of soil moisture monitoring and modeling approaches provides a preliminary
framework that, if validated by longer-term data, could assist in enhancing the resilience of
T. magnatum habitats. Furthermore, if confirmed over longer periods, these strategies could
potentially support truffle production and help preserve the broader ecological functions
and socio-economic value of traditional truffle landscapes.

Study Limitations

Despite the insights provided by this study, several limitations should be acknowl-
edged. First, the research was conducted at a single study site, which restricts the gen-
eralizability of the findings to other truffle-producing ecosystems with different climatic,
soil, and ecological characteristics. Second, the field irrigation experiment was limited
to a single growing season (2013), preventing the assessment of interannual variability
and long-term ecosystem responses to irrigation practices. Third, the number of truffles
recorded within the experimental plots in 2013 was very low, which does not allow for a
quantitative statistical evaluation of production responses and limits interpretation at the
productive level to exploration and qualitative evidence. Fourth, the modelling approach
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relied on meteorological data from off-site weather stations, which may not fully capture
the spatial heterogeneity of precipitation and microclimatic conditions typical of forest
environments, introducing uncertainty in soil moisture simulations and derived irrigation
timing. Finally, although irrigation clearly influenced mycelial dynamics, the relationship
between below-ground mycelial responses and sporocarp production remains difficult to
resolve, due to the complex and still incompletely understood ecological controls governing
Tuber magnatum fruiting. These limitations highlight the need for multi-site and long-term
experimental designs integrating high-resolution microclimatic monitoring and extended
production datasets.

5. Conclusions
This study supports the role of soil water availability as a key factor influencing T.

magnatum persistence and productivity under Mediterranean conditions. These findings are
based on a single-season, small-scale field experiment and should therefore be interpreted
with caution. Summer drought and thermal stress were associated with a reduced soil
T. magnatum DNA amount, whereas targeted irrigation during critical periods appeared
to mitigate these effects. A higher irrigation level maintained a more stable T. magnatum
DNA amount presence throughout the year and aligned with positive trends in truffle
production components, although a definitive causal link remains unproven under these
experimental constraints.

The proposed irrigation strategy represents a potentially feasible adaptive manage-
ment option for truffle-producing forest ecosystems, balancing ecological effectiveness with
water-use efficiency. Although the direct productive responses remain tentative and require
longer observation periods due to the lag between mycelial dynamics and sporocarp for-
mation, the stabilization of fungal biomass highlights the potential of irrigation to enhance
ecosystem resilience.

Importantly, the use of a locally calibrated soil water balance model proved essen-
tial for identifying site-specific moisture dynamics and defining operational irrigation
thresholds. This approach provides a transferable framework that may be adapted to other
forest systems, supporting the development of context-specific irrigation strategies under
increasing climatic variability.

Overall, these findings contribute to the development of sustainable management
practices for T. magnatum habitats, promoting the monitoring of truffle production dy-
namics and the conservation of the ecological and socio-economic value of traditional
truffle landscapes. However, further long-term and larger-scale studies are needed to
confirm the effectiveness and general applicability of irrigation strategies under different
environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18115543/s1, Table S1: Thermopluviometric data (2001–2012)
from the study area, obtained from Peccioli and Fornacino meteorological stations and from soil
probes in the experimental plots. Production levels of Tuber magnatum are categorized as follows: +++
indicates years with excellent production, ++ indicates years with good production, and --- indicates
years with poor production. Abbreviations: T, air temperature; P, precipitation; ET0, reference
evapotranspiration; U, soil moisture; Pot, soil water potential. Table S2: Complete dataset of Tuber
magnatum DNA concentrations (µg/g dry soil) across 12 experimental plots, categorized by irrigation
treatment (T1: higher irrigation level; T2: lower irrigation level; C: non-irrigated control) and sampling
season (Winter, Spring, Summer, Autumn). These raw data served as the input for the Linear Mixed
Model (LMM) analysis. Table S3: Results of the Analysis of Variance (ANOVA) performed on the
Linear Mixed Model (LMM). The model included “Treatment”, “Season”, and their interaction as
fixed effects, with “Plot” as a random effect. Denominator degrees of freedom (df) were calculated
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using Satterthwaite’s approximation. F-values and p-values indicate the global significance of the
factors on T. magnatum DNA abundance. Table S4: Estimated marginal means (EMMs) and pairwise
comparisons (contrasts) between irrigation treatments (C, T1, T2) for each individual season. Results
were obtained using the “emmeans” package in R. The “Estimate” column represents the difference
between means; p-values are adjusted using the Tukey method for multiple comparisons. Table S5:
Statistical contrasts evaluating seasonal variations of T. magnatum DNA abundance within each
specific irrigation treatment (C, T1, and T2). Results were obtained using the “emmeans” package in
R. The “Estimate” column represents the difference between means; p-values are adjusted using the
Tukey method for multiple comparisons.
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