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Abstract

Tuber borchii is an ectomycorrhizal edible truffle, commonly called “bianchetto” (whitish truffle)
to distinguish it from the more valuable white truffle found in Italy (T. magnatum). Although Tuber
borchii also has a fairly high commercial value, information on its ecology, and especially its opti-
mum rainfall and temperature values are lacking. In recent years the issue of climate change has
steadily grown in importance, not only in the scientific world, but also politically and in civil so-
ciety. Over the last century there has been a general increase in the temperature in Italy of about
1°C. Several studies have underlined how climatic changes influence the optimum growth and dis-
tribution of various species of truffle. This contribution aims to illustrate the fluctuation of T. bor-
chii sporocarps production in different timescales and show how these alterations are driven by
rainfall and temperature factors. The research, carried out in five different natural T. borchii pro-
duction areas, reveals that the production of truffles is significantly higher after autumn months
characterized by abundant rainfall and cold temperatures.
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1. Introduction

Truffles are ectomycorrhizal subterranean fruiting bodies of ascomycete fungi belonging to the genus Tuber
(Trappe, 1979). While the worldwide number of Tuber species presumably exceeds 180 [1] [2], only a few have
edible sporocarps (truffles) of considerable economic and culinary importance [3]-[5]. The most commercially
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important species are Tuber magnatum Pico and Tuber melanosporum Vittad., but other species such as Tuber
aestivum Vittad. and Tuber borchii Vittad. provide excellent truffles and are becoming increasingly popular in
the marketplace [4] [6]. In Italy the truffle Tuber borchii is commonly called “bianchetto” (whitish truffle) to
distinguish it from the more expensive Tuber magnatum [4]. Tuber borchii growth mainly depends on mutual
relationships with a wide range of broadleaf trees, including oak (Quercus spp.), hazel (Corylus avellana L.),
poplar (Populus spp.), linden (Tilia spp.), chestnut (Castanea sativa Miller) and alder (Alnus spp.), and conifer-
ous species such as pine (Pinus spp.) and cedar (Citrus spp.) [1] [4] [7]. It is reported to have a wide distribution
in Europe, being found from southern Finland to Sicily, and from Ireland to Hungary and Poland [4]. Since its
first cultivation in Italy in 2000 T. borchii has become an increasingly popular species: it has high ecological
adaptability and low host specificity [6]. However, information on its ecology is lacking and limited to studies of
soil, vegetation geology and ectomycorrhizal communities in northern and central Italy [6] [8] [9], while the as-
pect of the rainfall and temperature factors on sporocarps production have been virtually ignored.

Sporocarps production varies from year to year, and that the amount, duration and frequency of fruiting are
influenced by numerous environmental factors e both biotic and abiotic, as well as complex interactions among
them. Several short and long-term field surveys have related fruit body yields recorded as weight to environ-
mental factors, including climate variation, especially rainfall and ambient temperature [10]-[19].

In recent years the issue of climate change has steadily gained importance—not only in the scientific world,
but also politically and in civil society. This has led to a new awareness: it is now widely understood that climate
change is not a remote phenomenon, but is already taking place, and that its effects could be very serious. Ac-
cording to the Stern Report [20], the differences in water availability between regions will become more pro-
nounced in the near future: areas that are already relatively dry, such as the Mediterranean, will see further re-
ductions in the availability of water (up to 30% per year), accompanied by an increase in temperature of 2°C.
According to the National Conference on Climate Change [21] there has been a general increase in temperature
in Italy of about 1°C over the last hundred years. This value is higher than those of both other European regions
and the global average (0.76°C). The areas particularly affected by this increase are the southern regions and
some areas of central Italy. Some recent estimates predict a further warming of about 2°C in the Mediterranean
area over the next 50 years.

Several studies have pointed out that climatic changes influence the optimum growth and the distribution of
several species of truffle [14] [15] [22] [23]. In this context our investigation seeks to clarify how T. borchii
sporocarps production fluctuates, and to what extent these alterations are driven by climatic factors. Climate data
(rainfall and temperature), in tandem with split period approaches and multiple linear regression (GLM) models
were used to detect temporal variability in the response patterns of T. borchii sporocarps productivity.

2. Materials and Methods
2.1. Study Area

The research was conducted in five different natural T. borchii production areas (A, B, C1, C2 and P), allocated
in the Parco Regionaledella Maremma [Marina di Alberese, province of Grosseto, Tuscany: lat. 42°39'N 11°2'E,
altitude 5 m above sea level (a.s.l.)]. The areas, covering 1121 mq (C1 and C2), 2148 mq (P) and 2238 mq (A
and B), are characterized by coniferous woods, where Pinus pinea and P. pinaster are the dominant species,
with Erica multiflora L., Pistacia lentiscus L., Myrtus communis L., Juniperus oxycedrus L. subsp. macrocarpa
(S. and S.) Bull., Phillyrea angustifolia L., Juncus spp. and Inula spp. present in the natural shrub layer. The
areas are characterized by a Mediterranean climate (mean annual precipitation 590 mm and mean annual tem-
perature 14.7°C), with August being the hottest month (mean temperature over 23.5°C) and January usually the
coldest one (7.3°C). The most abundant rains are recorded in autumn (October and November), with an average
of 90 mm per month, while June and July are the driest months, with only 20 mm of rain per month. The soil,
observed in a small profile, is sandy, single grain and calcareous in all horizons (13% - 21% of total CaCO5),
with a pH of 8.0 - 8.3. It is similar to that described as representative of the Marina Soil Typological Unit in the
Tuscan Regional Soil Map at 1:250.000 scale [24]. According to Soil Taxonomy [25] it belongs to the group of
“Typic Xeropsamments, mixed, calcareous, thermic”.

2.2. Climate Assessment and Truffle Production

To perform the climatic analysis, data for the period 1943-1999 were obtained from the meteorological moni-
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toring station situated in Casello Idraulico (Alberese, province of Grosseto). This thermopluviometric data was
used to calculate the seasonal precipitation concentration index (the ratio between the total rainfall for each sea-
son and a quarter of the mean annual total), the modified Fournier index as modified by [26] (also known as the
Feao index, which expresses the monthly concentration of rainfall, given the sum of the squared monthly rainfall
divided by the annual total), as well as the series of other indices (Lang’s rain factor; De Martonne’s index and
Emberger’s pluviometric quotient) traditionally used for climatic analysis [27] [28]. Truffle production was as-
sessed weekly from January to April for four years (1996-1999) (190 surveys in total) using trained dogs. All
truffles collected were identified morphologically, counted, weighed, measured and recorded.

2.3. Statistical Analysis

The Pearson correlation coefficient was calculated to determine correlations between the number and weight of
T. borchii fruiting bodies and parameters (rainfall and temperature) derived from the climate data. The data col-
lected were grouped by area, year and month of sampling, Table 1 shows the variables used in the analysis. The
P-value was set at the 5% significance level. Statistical analyses were performed using the STATISTICA 5.0
(Stat Soft. Inc.) package of programmes.The weight of the different variables (rainfall: Pm, Pm-1, Pm-2, Pm-3,
Pm-4, WPm; temperature: Tm, Tm-1, Tm-2, Tm-3, Tm-4, WTm) in relation to the production of fruiting bodies
was assessed by estimating the significance of the parameters of multiple linear regression in relation to the data
derived through the application of a general linear model (GLM). Statistical analysis was performed using the
PROC REG procedure in SAS/STAT software (SAS Institute Inc., Cary, NC, USA).

3. Results

During the study period, 1033 (total weight: 5657 g) T. borchii fruiting bodies were collected. The largest num-
ber of truffles (527) was collected in area P (2877.25 g), while truffles of greater size were observed in area B
(mean 20.47 mm). All truffles were found at an average depth of 3 cm (Table 2).

Table 3 compares the main meteorological information recorded in the area during the study period (1996-
1999) with that recorded 7 and 44 years before, respectively. During the study period (1996-1999) the mean an-
nual temperature was 14.7°C. The coldest year was 1998, while the warmestwas1996. The average number of
days with a mean temperature higher than or equal to 10°C-considered as an index of the potential duration of
the growing season [29]—was relatively high, particularly in 1997 (Table 3).

Table 1. Variables used in the statistical analysis.

Freg-ha number of truffles (reported per hectare) for each month and year of sampling
Prod-ha the sum of their weights (reported per hectare), as well as their weights month-to-month
Pm mean monthly rainfall in the month of truffle production
Tm mean monthly temperature in the month of truffle production
Pm-1 mean monthly rainfall one months before truffle production.
Pm-2 mean monthly rainfall two months before truffle production.
Pm-3 mean monthly rainfall three months before truffle production.
Pm-4 mean monthly rainfall four months before truffle production.
Tm-1 mean monthly temperature one months before truffle production.
Tm-2 mean monthly temperature two months before truffle production.
Tm-3 mean monthly temperature three months before truffle production.
Tm-4 mean monthly temperature four months before truffle production.
WPm sum of the mean monthly rainfall in the autumn months (September-December) before truffle production.
WTm sum of the mean monthly temperatures in the autumn months (September-December) before truffle production.
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Table 2. Truffle production (number of fruiting bodies, total weight, mean diameter and mean depth of discovery)
in the five truffieres.

Total A B C1 Cc2 P
Surface area (mq) 8866 2238 2238 1121 1121 2148
Number of observations 190 34 41 36 29 50
Number of truffles 1033 156 180 112 58 527
Total truffle weight (g) 5657.21 771.17 1051.33 639.07 318.39  2877.25
Mean diameter of truffles (mm) 19.24 17.33 20.47 20.00 19.24 19.14
Mean depth of discovery (cm) 3 3 3 3 3 3

Table3. Main meteorological data for the study areas.

1943-1987 1988-1995 1996 1997 1998 1999

Mean annual temperature ("C) 14.77 14.50 1484 14.83 14.66 14.73
Mean annual precipitation (mm) 650.35 625.13 786.80 556.60 416.50 508.10
Mean temp. in hottest month (°C) 23.56 23.78 2343  23.20 24.40 24.30
Mean temp. in coldest month (°C) 6.63 5.99 6.84 8.90 6.30 6.10
Mean max. temp. in hottest month (°C) 30.79 30.50 29.85 28.50 30.70 28.80
Mean min. temp. in coldest month (°C) 1.19 0.25 1.22 3.50 2.10 0.00
N° days with mean temp. > 10°C 269 264 280 290 256 259
N° rainy days 63 59 86 130 54 58
Seasonal precipitation concentration index (winter) 1.28 0.61 0.59 0.47 1.94 0.97
Seasonal precipitation concentration index (spring) 0.78 1.02 0.39 1.06 1.24 0.96
Seasonal precipitation concentration index (summer) 0.51 0.72 0.93 0.28 0.35 0.89
Seasonal precipitation concentration index (autumn) 151 1.65 0.88 243 1.14 1.59
F-FAO 92 96 54 58 86 130
Lang’s rain factor (R) 44 43 53 38 28 35
De Martonne’s index (l1a) 26 26 32 22 17 21
Emberger’s pluviometric quotient (Q) 63.22 58.60 88.44  69.58 44.40 61.26

The mean annual precipitation during the study period was around 564 mm. In contrast to the temperature,
which remained essentially the same compared to the previous 40 years, on average precipitation decreased
(Table 3). The mean seasonal distribution of rainfall was not homogeneous, as the seasonal precipitation con-
centration indices ranged from 0.28 to 2.43 (Table 3). The lowest number of rainy days (1 - 4 days) was always
in typically summer months (June and July), except in 1997, when the months with the lowest number of rainy
days were February and September.

The modified Fournier index (Fgao) revealed a modest degree of concentration of the monthly rainfall, mostly
below 100, with the exception of 1999 when it was 130 and marked a situation of climatic aggressiveness.

In comparison to the previous 40 years, in which Lang’s rain factor (R) was >40, this index was lower during
the study period (1996-1999) (Table 3), identifying climatic conditions of great aridity. The same trend was also
observed for the De Martonne aridity index (Am), even if the differences were less marked. Emberger’s pluvi-
ometric quotient (Q) indicated a sub-humid Mediterranean climate, with the exception of 1998 in which Q =
44.4, indicating a semi-arid Mediterranean climate.
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Figure 1 represents the thermopluviometric trend recorded in the study area over the four years, in relation to
total truffle production. The highest production of truffles was observed in the months of February and March,
especially in February 1997 when 130 truffles (789.14 g) were collected. Of the 4 years of the study, 1998 was
the worst year for fruiting: 137 truffles (802.84 g) were collected, compared to 336 (1833.33 g) in the previous
year (Figure 1).

In 1996 the rainfall was abundant and well distributed throughout the seasons, while in the following years
the rainfall decreased and in 1997 it was concentrated in the month of November, when 227 mm of the annual
total of 556 mm of rainfall.

In general, the production of truffles seems to decrease during particularly rainy months (Figure 1), while it
seems not to be particularly affected by the average monthly temperature. In fact, the production decreased li-
nearly with increases in rainfall of only 30 - 40 mm per month (Figure 2), while higher monthly rainfalls did not
seem to be associated with any regular pattern.

Overall, the precipitation have a negative effect on the production of sporocarps in fact statistically significant
negative correlations (p < 0.01) were found (Table 4) between monthly rainfall (Pm) and the number of truffles
(reported per hectare) for each month, and year of sampling (Freg-ha) and the sum of their weights (reported per
hectare), as well as weight month-to-month (Prod-ha).

Using a multiple linear regression model with the stepwise method and the parameters Pm-3, WPm and WTm
a significant amount of the variance was explained, which was not explained by total monthly rainfall (Table
5(a)). When we combined these parameters into a single regression model (Table 5(b)), Pm-3 and WPm had a
significant effect on both the number and weights of T. borchii. WTm, which had a significant (negative) effect
on Prod-ha (Table 5(a)), had no significant effect when the rate of variance due to precipitation was removed
from the general linear model (Table 5(b)).

Table 6 reports the relationship between climatic parameters in the autumn months before truffle production
(WPm and WTm) and the weight of the truffles in the five study areas, using a multiple regression model. With the
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Figure 1. Graph of mean monthly temperature, total monthly rainfall (mm), and number of T. borchii sporocarps in the study

period.
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Figure 2. Linear regression analysis between monthly rainfall in the month of collection and truffle production.

Table 4. Pearson correlation coefficient between climatic parameters (rain in mm and average monthly temperature in °C)
and truffle production. The data collected were grouped by area, year and month of sampling. For each area, we calculated
the number of truffles (reported per hectare) for each month and year of sampling (Freg-ha) and the sum of their weights
(reported per hectare), as well as their weights month-to-month (Prod-ha). For each cell the following are shown: the cor-
relation coefficient (first row), the significance level (second row) and sample (third row).

Mean monthly rainfall

Mean monthly temperature

Freg-ha Prod-ha Freg-ha Prod-ha

. —0.32689 0.0048 —0.349830.0024 —0.225430.1081  —0.251210.0724

Sampling month (Pm, Tm) 73 73 50 59
Previous month (Pm-1, Tm-1) 70.00237’% 0.9840 0.0037;130.9750 70.24545 0.0657 70.18325; 0.1727
Sum of the previous two months (Pm-2, Tm-2) —0.0167730.8883 —0.002673;0.9824 —0.1542(;0.2261 —0.1692:; 0.1830
Sum of the previous three months (Pm-3, Tm-3) —0.02035;0.8627 0.01407730.9060 —0.0134(1520.9132 —0.009:;;; 0.9372
Sum of the previous four months (Pm-4, Tm-4) 70.030320.7968 0.01417730.9053 0.19127230.1051 0.18257130.1222
Sum of the four autumn months of —0.120330.3106 —0.089550.4512 -0.121470.3060  —0.16020 0.1758

the previous year (Sept-Dec) (WPm, WTm) 73 73 73 73

exception of area B, WTm had a significant negative effect (p < 0.05) on the weight of truffles in all areas con-

sidered.

4. Discussion

This study evaluated the effect of rainfall and temperature conditions in natural T. borchii areas for the first time.
Ecological responses to climate variations have been reported for a broad range of taxa, including fungi [14]
[30]-[35], across a variety of spatiotemporal scales [36] [37]. Previous authors have studied only epigeous
mushroom and shown how climate change over the last 50 years has extended the fruiting period of several fungal
species. Ranging from local surveys [14] [30] [38] to national and even international networks [31] [32] [39],
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Table 5. (a) Results of the multiple linear regression with the stepwise method. For each dependent variable
(Freg-ha; Prod-ha) the estimates of the regression parameters were reported for the significant results; (b) Analy-
sis of multiple linear regression using a general linear model and the significant parameters results in (a) as a pre-

dictor.
(@)
Freg-ha
Parameter estimated SE Type Il SS Valore F p-level r? Partial r? Model
Intercept 1194 17.16 204,767 48.41 <0.0001 nla nla
Pm -1.2 0.41 35,930 8.49 0.0048 0.1069 0.1069
Intercept 17255 842.66 19,965 4.19 0.0459 nla nla
WTm -29.3 14.96 18,246 3.83 0.0559 0.0712 0.0712
Prod-ha
Parameter estimated SE Type 11 SS Valore F p-level r? Partial r?> Model
Intercept 782.4 139.83 3,790,526 31.30 <0.0001
Pm -9.8 2.45 1,914,911 15.81 0.0002 0.1224 0.1224
Pm-3 2.0 0.78 806,948 6.66 0.0120 0.0293 0.1516
WPm 14 0.67 520,607 4.30 0.0419 0.0498 0.2014
Intercept 10291.0 4562.61 710,229 5.09 0.0285
WTm —175.5 80.98 655,954 4.70 0.0350 0.0859 0.0859
(b)
Pm Pm-3 WPmM WTm df r> Model
Parameter estimated -1.59 0.31 0.26 1.29 4.68 0.1736
SE 0.45 0.14 0.13 3.98
Freg-ha
t -3.53 2.18 —2.04 0.32
p-level 0.0007 0.0329 0.0453 0.7474
Parameter estimated -9.72 2.04 1.27 -12.17 4.68 0.2051
SE 247 0.78 0.7 21.77
Prod-ha t -3.94 26 -18 -0.56
p-level 0.0002 0.0113 0.0756 0.5780

there is clear evidence of a longer mushroom fruiting season in temperate forest ecosystems, which parallels an
extended vegetation period [40]. However, these climate changes have not had the same effect on hypogeous
species, in particular of the genus Tuber. In fact, species such as Tuber magnatum and T. melanosporum have
declined in their natural Mediterranean habitat despite efforts at their cultivation since the 1970s [3] [5], while

others (e.g. T. aestivum) have expanded their range of distribution [15].

The results of our study indicate that variations in rainfall and temperature parameters have significant effects
on Tuber borchii truffle production. The correlation analysis showed the negative effect of average monthly
rainfall (Pm) on productivity (number and weight) of Tuber borchii sporocarps. This indicates that exceeding the
certain degree of soil moisture essential for the fructification of most fungi [18] [41] [42] becomes a limitation to
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Table 6. Relationship between climatic parameters in the autumn months before truffle production (WPm and
WTm) and the size of the truffles found in the 5 study areas.

Area  Variable df Parameter estimated SE t p-level Total variance (adj-r?)

Intercept 1 21.427 4.063 5.27 <0.0001

A WPmM 1 0.007 0.003 2.37 0.0188 0.1262
WTm 1 —0.324 0.074 -4.37 <0.0001
Intercept 1 12.019 4.865 247 0.0144

B WPm 1 0.010 0.003 2.92 0.0040 0.0454
WTm 1 —0.149 0.093 —1.60 0.1123
Intercept 1 21.120 6.812 3.10 0.0025

C1 WPm 1 0.007 0.004 1.86 0.0655 0.0505
WTm 1 —0.312 0.134 —2.32 0.0220
Intercept 1 23.459 7.878 2.98 0.0044

C2 WPm 1 0.005 0.004 1.19 0.2385 0.1008
WTm 1 —0.346 0.146 —2.37 0.0216
Intercept 1 16.544 2.390 6.92 <0.0001

P WPm 1 0.003 0.001 2.74 0.0063 0.0415
WTm 1 -0.214 0.045 4,77 <0.0001
Intercept 1 17.818 1.790 9.95 <0.0001

Total WPmM 1 0.005 0.001 5.24 <0.0001 0.0535
WTm 1 -0.244 0.034 —7.24 <0.0001

the fruiting of T. borchii. Indeed ectomycorrhizal species, in contrast to saprotophs, receive water from the host
tree through hydraulic lift (nocturnal water transfer from the tree to the associated mycorrhizal symbiont) [43], and
transfer this water to the sporocarps [44]: if the water content becomes too high aeration is reduced, which can be
inhibitory [42].

The production of T. borchii is positively correlated with the rainfall of the previous three months (Pm-3) and
in general with those of the autumn months prior to collection (WPm). This confirms the results of several stu-
dies [10] [12] [17] which have shown that the production of sporocarps is delayed in relation to rainfall, to de-
grees that vary according to latitude [42]. This period is necessary for the acquisition of energy and nutrients by
perennial mycelia [42]. Moreover, high yields in one year are often followed by low yields the following year
[12], presumably due to the insufficient time to build up resources to be allocated to fruiting again. Although our
data are based on only four years of investigation a similar case has been observed, in fact a year of high prod-
uctivity (1997) was followed by one (1998) in which the number and weight of truffles was drastically reduced.

Evapotranspiration is also an important factor for the production of sporocarps [13], especially in the Medi-
terranean basin where soil water availability can be subject to significant fluctuations [22]. In line with the find-
ings reported by the author cited, our results show that low temperatures in the autumn months prior to truffle
production (WTm) correspond to larger truffles. This result is more difficult to interpret from an ecological point
of view, and could be due to complex interactions with other soil microorganisms, which are restricted by colder
temperatures in the months prior to collection and could therefore indirectly lead to an adaptive advantage for
the mycelium, or to complex chemical-physical interactions at soil level, such as a greater availability of nu-
trients in relation to the coldest temperatures. These hypotheses are not currently supported by the data analyzed,
as further and more detailed investigations are required to clarify the ecological mechanisms behind the results
obtained. Considering the modest share of variance explained by individual factors (max. 20%) other factors not
considered in this analysis are probably able to explain more than 80% of the variation from year to year and
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from month to month.

Although the data (climate and production) refer to almost 10 years ago, it was still possible to highlight how
rainfall and temperature variations significantly affect the production of these valued crops. In comparison to the
highly prized Tuber magnatum and T. melanosporum, T. borchii has a high ecological adaptability, low host
specificity and is highly competitive with other mycorrhizal fungi, thus being easier to cultivate [7]. However,
changes in this parameters could lead to changes in the geographical distribution of this species too, as observed
by Bintgen et al. [14] [15] for Tuber aestivum, and to a drastic decrease in productivity, as already witnessed for
T. magnatum and T. melanosporum [3] [5]. Further studies involving larger datasets and genetic techniques,
combining ecological (including climate) and phenological details, may be useful to elucidate the distribution of
Tuber borchii and identify potential drivers of sporocarps production.
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