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A B S T R A C T

The Périgord black truffle is an exclusive culinary delicacy, but its Mediterranean harvests have declined,
despite cultivation efforts since the 1970s. The role of long-term irrigation, symbiotic fungus-host
interaction, and microbial belowground progression remain poorly understood, because generally too
short experimental settings miss the necessary degree of real world complexity and reliable information
from truffle orchards is limited. Here, we conduct the first dendrochronological and wood anatomical
assessment of 295 holm oaks, which have been growing under different irrigation intensities in the
world’s largest truffle orchard in Spain. The relationships between different climatic variables (monthly
temperature means and precipitation totals) and dendro-parameters (ring width, vessel count and vessel
size) of the oak hosts are utilized to disentangle direct and indirect drivers of truffle fruit body
production. Irrigation at medium – instead of high – intensity is most beneficial for oak growth. Non-
irrigated trees reveal overall lower stem increments. Warmer temperatures from February to April and
wetter conditions from May to July enhance host vitality and possibly also its interplay with fungi
symbionts via increased fine root production and mycorrhizal colonization. Adequately irrigated
Mediterranean orchards may counteract some of the drought-induced natural truffle decline, and help
stabilizing rural tourism, regional agriculture and global markets.
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1. Introduction

The Périgord black truffle is the fruit body of Tuber melano-
sporum (Vittad.), an ectomycorrhizal hypogeous fungus considered
a unique delicacy by gourmets worldwide (Hall et al., 2003). This
species is characterized by a black peridium and a dark spore-
bearing gleba that matures under cold conditions between
November and February–March within its native Mediterranean
* Corresponding author at: Swiss Federal Research Institute WSL, Birmensdorf,
Switzerland. Tel.: +41 44 739 2679.
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habitat (see references hereafter). Naturally occurring T. melano-
sporum fruit bodies are mainly harvested in Italy, France and Spain
(Delmas, 1978; Ceruti et al., 2003), where their occurrence is
confined to calcareous soils without excesses of nitrogen and
phosphorus, mild summer temperatures and suitable rainfall
regimes (Bonet et al., 2009). The overall scarce distribution of fruit
bodies across the greater Mediterranean region, together with its
harvest dependency on trained dogs (and historically also pigs),
have weaved a component of mystery (Olivier et al.,1996), which in
turn contributed to the organoleptic appeal of the Périgord black
truffle to gastronomy aficionados all over the globe.

In contrast to the increasing demand for black truffles, the
bounty of its harvest has decreased over the second half of the
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mailto:buentgen@wsl.ch
http://dx.doi.org/10.1016/j.agee.2014.12.016
http://dx.doi.org/10.1016/j.agee.2014.12.016
http://www.sciencedirect.com/science/journal/01678809
www.elsevier.com/locate/agee


U. Büntgen et al. / Agriculture, Ecosystems and Environment 202 (2015) 148–159 149
20th century (Callot, 1999). A continuous long-term decline not
only resulted in global price inflation, but also triggered local
cultivation attempts as early as 40 years ago (Chevalier and
Grente, 1979). Host tree inoculation facilitated the expansion of
primary orchards, in which oak seedlings were successfully
colonized by T. melanosporum (Chevalier et al., 1973; Palenzona,
1969). Since the 1980s, widespread plantations have begun to
compensate for some of the loss in wild truffle growth (Le Tacon
et al., 2014), offering rural landowners an economically interesting
alternative to traditional crops (Samils et al., 2003, 2008). The still
emerging Périgord black truffle business currently describes a
multi-million euro industry, not only in France, Italy and Spain, but
also in Australia (Reyna and Garcia-Barreda, 2014), for instance.
Within the past decade, the prices for T. melanosporum ranged
between 100 and 900 euros kg�1 (Reyna and Garcia-Barreda,
2014). The average annual production of T. melanosporum in
Europe was about 68 t for the last ten seasons (2004/05 to 2013/
14). The production in 2013/14 was 125 t with 45 t in Spain
according to the European Group for Truffles (GET), Federación
Española de Asociaciones de Truficultores (FETT) and G. Gregori,
Experimental Centre for Trufficulture ASSAM Regione Marche
Sant’Angelo in Vado (PU) Italy (personal communication),
compared to 8 t in 2013 in Australia (A. Mitchell, President,
Australian Truffle Growers Association, 2013, personal communi-
cation). Today, more than 40,000 ha are used globally for truffle
cultivation, with 14,000 ha planted in Spain of which only 10–20%
have the appropriate “age” to be in production (FETT, GET).
Fig.1. (a) Location of the world’s largest Périgord Black truffle (Tuber melanosporum) plan
(c) the 600 ha large plantation situated between 1100 and 1400 m asl at the southern slop
and �3 �W). Individual holm oak (Quercus ilex) trees were sampled in six sectors within t
medium, high) and truffle harvest (low, high) exists. (d) High-resolution (2400 dpi) scan 

(Gärtner and Nievergelt, 2010). (e) The same wood sample after contrast enhancement u
Arx and Dietz, 2005) on the wood sample to determine annual ring boundaries (yellow l
contrast enhancement and image analysis yielded a wide range of different tree-ring pa
simply to enhance visual orientation amongst the three images.
Despite a better understanding of the fungus’ belowground life
cycle (Kues and Martin, 2011), as well as advances in plantation
management principles (Olivera et al., 2011, 2014a,b,c), the
production of truffle sporocarps is not yet guaranteed, even when
using well-inoculated seedlings on theoretically suitable ground
(Guerin-Laguette et al., 2013; Molinier et al., 2013). Despite an
immense plantation effort in many regions, the total harvest of this
ectomycorrhizal ascomycete has declined in Europe compared
with the production 100 years ago (Le Tacon et al., 2014). A
satisfying explanation for this long-term dwindling of both natural
and planted truffle fruit bodies must consider desiccation
constraints in a warmer and dryer climate (Hall et al., 2003;
Büntgen et al., 2012). In fact, T. melanosporum yields increased after
a two-year summer irrigation experiment in southeastern France
(Le Tacon et al., 1982). However, our understanding of long-term
irrigation effects, symbiotic fungi-host interactions, and microbial
belowground processes is, still limited. This knowledge gap partly
originates from erratic and proprietary insight on truffle orchards,
as well as the short-term nature of experimental settings that are
not suitable to capture the complexity of long-term ecosystem
processes.

Disentangling biotic (host plants, fungal partners and rhizo-
spheric bacteria), abiotic (climate, pollution, land cover), and
combined edaphic (soil, microbes) aspects of the mutualistic
relationship between the ectomycorrhizal black truffle and its tree
partners remains a challenging task. Given that both the host plant
and fungal symbiont co-evolved under the Mediterranean climate
tation “Los Quejigares” within the Spanish Province of Soria. (b) Sample collection in
e of the Sierra de Cabrejas, �20 km west of the town of Soria, Central Spain (�41 �N
he plantation (P1–P6), for which detailed information on irrigation intensity (none,
of a holm oak wood sample (E57b) after surface preparation with a core microtome
sing black staining and white chalk, and (f) application of the ROXAS software (von
ines) and individual vessels (red polygons). The combination of surface preparation,
rameters including ring width, as well as vessel number and size. Blue squares are
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where soil moisture availability is the most limiting factor, the role
of this symbiotic relationship in water relations and drought
survival has been a focus of several studies: A decrease in hydraulic
conductance compensated by an increased root system for oak
seedlings highly colonized by T. melanosporum compared to
seedlings with low colonization levels has been demonstrated
(Nardini et al., 2000). Greater survival rates, higher nutrition levels
and improved leaf water potential have all been confirmed for
inoculated versus non-inoculated plants under droughty Mediter-
ranean conditions (Domínguez Núñez et al., 2006; Martínez de
Aragón et al., 2012).

These examples of rather short-term and small-scale observa-
tions reveal advantages for the host trees but do not provide
understanding of the symbiotic relationship or the reproductive
response of the fungal partner. An integrative approach that
combines aspects from mycology and dendroecology might
therefore be suitable for unraveling if favorable conditions for
tree growth are also advantageous for truffle yield. In the specific
case of drought-prone Mediterranean T. melanosporum habitats,
consideration of the host trees’ wood anatomical features, such as
vessel counts and transversal areas, could be further beneficial to
detect hydroclimatic effects.

Here, we combine dendrochronological and wood anatomical
techniques to assess intra- and interannual characteristics and
changes in the radial growth of 295 oak trees, which have been
growing under different irrigation intensities in the world’s largest
truffle plantation in Spain. More specifically, we are interested in
understanding if different irrigation intensities affected ring width
and wood anatomy of the host oaks and further appeared useful for
the truffle symbionts. Growth-climate response analyses of
different oak host chronologies are performed and novel tree-
ring evidence is compared with local and countrywide estimates of
annual black truffle harvest. Our results, emerging at the so far
unexplored interface of mycology and dendroecology, including
wood anatomy, may help to separate direct from indirect effects of
climate variation on Périgord black truffle fruit body production.
Moreover, this study is indicative for a successful cross-disciplinary
approach with application-oriented consequences for local farm-
ers. The discussion places abiotic drivers of the mutualistic fungi-
host symbiosis within a wider context of the ongoing ‘global
climate change’ debate.

2. Materials and methods

2.1. Truffle orchard

The world’s largest Périgord black truffle orchard covers 600 ha
and is situated �1200 m asl at the southern slope of the Sierra de
Cabrejas within the Sistema Ibérico mountain range (Fig. 1;
Table 1
Inventory and metadata of all 295 individual oak samples classified into six sectors wit
Information on fungi ecology contains rough estimates of irrigation intensity (non, me
comprises precise measurements of the four different tree-ring parameters ring width, v
yellow shadings enhance visual comparison.

Fungi ecology Dendro data 

Site (code) Irrigation
(intensity)

Productivity
(yield)

Series
(no)

Start
(>5)

End
(>5)

M
(y

E1 None – 17 1981 2012 29
E2 None – 30 1977 2012 30
P1 None Low 29 1982 2012 27
P2 None High 27 1984 2012 24
P3 High High 45 1981 2012 26
P4 High Low 45 1982 2012 26
P5 Medium Low 63 1988 2012 22
P6 Medium High 39 1989 2012 22
Supplementary information Fig. S1). This calcareous terrain is
characterized by well-drained, mild slopes with an average
inclination of �8% in the municipality of Villaciervos (Soria,
Castilla y León, northern Spain). The orchard was established on a
previously open mixed-forestland of Spanish juniper (Juniperus
thurifera L.), Holm oak (Quercus ilex subsp. ballota (Desf.) Samp.),
Portuguese oak (Quercus faginea Lam.), and Scots pine (Pinus
sylvestris L.). This region was well known for its abundant wild
truffle production.

Thousands of Q. ilex seedlings, colonized with T. melanosporum
mycorrhiza, were planted at a distance of 6 � 6 m in the early 1970s
(Fig. S1a and b). Q. ilex is an evergreen tree species with diffuse- to
semi-ring-porous wood that is widespread in the western
Mediterranean (Barbero et al., 1992). Under continental climate
conditions, such as those prevalent in inland Iberia, most of the
species’ primary and secondary growth is restricted to spring and
summer, between April and July (Montserrat-Martí et al., 2009).
Above average spring precipitation totals not only enhance the
formation of wider tree rings and vessels (Corcuera et al., 2004;
Campelo et al., 2010; Gutiérrez et al., 2011), but also stimulate the
maximum fine root production (Coll et al., 2012). The inoculated
oak seedlings originated from France and Spain, and a combination
of agricultural and silvicultural treatments was continuously
applied to reach sustainable sporocarp production. Surface soil
ploughing every spring eliminates weeds. Tree pruning in reverse
cone shape during autumn increases radiation levels in the
understory and thus facilitates truffle hunting. A total of 250 ha are
irrigated with doses of 25 l m�2 at a bi-weekly basis between July
and September. Accumulated irrigation efforts of 36 mm month�1

on medium irrigated areas and at 50 mm month�1 on highly
irrigated areas correspond to more than a doubling of the natural
precipitation totals during this dry period of the year (Fig. S1c).

Climate in this part of the Central Iberian Peninsula is
continental Mediterranean with a mean annual rainfall and
temperature of �515 mm and �11.0 �C, respectively (Fig. S1c).
Although yearly values are fairly moderate, June–August summer
precipitation totals of 100 mm and a corresponding temperature
mean of 19.2 �C imply a drought-prone ecosystem (Büntgen et al.,
2013). Early-spring (summer) temperatures averaged over
February–April (May–July) range from 4 to 8 (13–17) �C and
describe a positive trend since the mid-1970s (Fig. S1d). Precipita-
tion totals, however, remain trend-free from 1976 to 2012
(Fig. S1e), but show slightly increased year-to-year variability
since �1997.

2.2. Tree-ring analyses

Core samples of 5 mm diameter were extracted from 480 Q. ilex
at six disjunct sectors within the orchard (P1–P6) and two natural
hin the plantation (P1–P6) plus two reference sites outside the plantation (E1–E2).
dium, high) and truffle yield (low, high), whereas information on dendroecology
essel count, mean vessel size and maximum vessel size (RW, VC, VS and MVS). The

Ring width Vessel count Vessel size Max vessel
size

SL
ears)

RW
(mm)

Lag1
(r)

VC
(no)

Lag1
(r)

VS
(mm2)

Lag1
(r)

MVS Lag1
(r)

 0.228 0.459 82 0.367 3829 0.342 12,468 0.301
 0.179 0.261 66 0.252 3575 0.338 11,624 0.135
 0.239 0.345 77 0.327 4241 0.271 13,235 0.214
 0.243 0.201 75 0.211 3959 0.367 12,261 0.144
 0.306 0.556 100 0.521 3947 0.523 13,546 0.309
 0.333 0.591 95 0.542 4117 0.433 13,063 0.226
 0.345 0.243 95 0.313 3890 0.529 12,951 0.425
 0.325 0.446 97 0.455 3896 0.488 12,606 0.373
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woodland sites (E1–E2) next to the plantation (Fig.1). While the six
orchard sectors represent different irrigation levels: none, medi-
um, and intense (Table 1), the adjacent natural stands were used as
independent non-treatment references. The two natural woodland
sites E1 and E2 are located �2 km west of the orchard and have
similar environmental conditions with abundant wild truffle
production.

A core microtome was used for surface preparation of each oak
sample (Gärtner and Nievergelt, 2010), after which a combination
of black staining and white chalk was utilized for contrast
enhancement. Wood cores were then examined with a scanner
(Epson Expression 10000 XL, Seiko Epson Corporation, Japan) to
produce high-resolution images (2400 dpi). Digital photographs
were analyzed with the image analysis tool ROXAS (von Arx and
Dietz, 2005; von Arx and Carrer, 2014). This software automatically
recognizes ring borders and vessels to calculate various statistics
(Fig. 1d–f), from which we selected ring width, vessel count
(number of vessels per ring and core sample), mean vessel size
(transversal area) and maximum vessel size (averaged over the
three largest vessels per ring), with the different parameters herein
abbreviated to RW, VC, VS and MVS, respectively.

While the more traditional dendrochronological parameter of
RW is known to be a good indicator for growth integrating an array
of environmental factors that occur during the entire growing
season, the more novel vessel-related wood anatomical parameters
possibly contain additional information on water transport
Fig. 2. Biological age-trends of the 295 individual oak samples calculated for (a) ring widt
and classified into six sectors within the plantation (P1–P6) plus two reference sites ou
minimum replication of five series.
capacity and water limitation. In the semi-ring to diffuse porous
Q. ilex, VC is closely related to the whole-ring water transport
capacity and may scale up with RW if vessel density does not change
with RW (Campelo et al., 2010). VS values provide a robust estimate
of the cross-sectional lumen of most vessels. The importance of the
widest vessels (MVS) lies in the fact that according to Hagen–
Poiseuille’s law the efficiency of an ideal tube increases with the
fourth power of its radius; the widest vessels therefore contribute
over-proportionally and most to overall hydraulic capacity (Fonti
et al., 2010). Previous work associated with this species, has shown
that the widest vessels (MVS) respond most sensitively to
fluctuations in early spring precipitation (Campelo et al., 2010).

To remove ontogenetic, i.e., non-climatic, geometric- and
hydraulic-induced growth trends (so-called age-trends) from the
parameter-specific raw measurement series (RW, VC, VS and MVS),
two conceptually different detrending techniques were applied at
the sector level: Cubic smoothing splines with a 50% frequency-
response cut-off at 30 years (SPLs; Cook and Peters, 1981) and the
regional curve standardization (RCS; Esper et al., 2003). Different
ways of tree-ring index calculation (ratios or residuals after power-
transformation) were utilized to further account for possible end-
effect problems in the resulting time-series (Cook et al., 1995; Cook
and Peters, 1997). The final set of chronologies, comprising
standard and residual chronologies obtained from the ARSTAN
software (Cook, 1985), was calculated for each of the four tree-ring
parameters using bi-weight robust means. Artificial variance
h RW, (b) vessel count VC, (c) mean vessel size VS and (d) maximum vessel size MVS,
tside the plantation (E1–E2). The resulting regional curves (RCs) are truncated at a
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changes inherent to the chronologies were temporally stabilized
(Osborn et al., 1997).

Growth-climate response analyses were calculated between
the parameter-specific average sector chronologies (RW, VC, VS
and MVS), as well as monthly and seasonal precipitation totals and
temperature means recorded at the meteorological station in Soria
�20 km nearby (Fig. S1). High-resolution 0.25� gridded climate
indices over the European landmass were used for spatial field
correlations (E-OBS v8.0; Haylock et al., 2008; Büntgen et al., 2010).
Annual values of T. melanosporum harvest (weight of all fruit bodies
collected between November and March), estimated for the whole
orchard (600 ha) and entire Spain (Reyna, 2012) (FETT; Federacion
Española de Asociaciones de Truficultores), were correlated against
the various oak chronologies as well as the meteorological station
measurements from Soria and the European grid-box indices.

3. Results

The final dendrochronological (RW) and wood anatomical (VC,
VS and MVS) dataset of 295 cross-dated Q. ilex samples is
replicated by >5 series per sector back to 1989 (Fig. S2). Each sector
contains at least 17 series and a maximum of 63 series. Mean
segment length (MSL) and average growth rate (AGR) values of
each individual sample of the eight different sites reveal a clear
relationship between total annual stem increment and the overall
tree lifespan (Fig. S3). MSL of the natural woodland oaks is slightly
higher (29–30 years) in comparison to the planted trees (22–27
years). Lowest AGR is found for the woodland sites (E1–E2) and the
non-irrigated orchard sectors (P1–P2). Overall higher AGR values
are characteristic for both the medium as well as intensively
irrigated sectors (P3–P6). A more detailed view of the sector-
specific growth levels and trends further underlines the positive
effect of irrigation on radial increment.
Fig. 3. Temporal variation in (a) ring width (RW), (b) vessel count (VC), (c) mean vessel 

sectors within the plantation (P1–P6) plus two reference sites outside the plantation (E1
induced age-trend, because no detrending was applied at this stage. The Rbar values sh
common to all records.
After aligning each individual oak measurement series by
cambial age (i.e., the innermost ring per core sample) and
averaging at the sector-level, it becomes evident that stem
thickening is most pronounced at tree ages between six and ten
years (Fig. 2a). This juvenile RW-increase is followed by a
continuous, near linear, decline. Medium and highly irrigated
oaks reveal comparable growth levels, well above the correspond-
ing RW-values of both the non-irrigated planted as well as natural
reference oaks. A similar picture is reflected by the VC series
(Fig. 2b), whereas the positive age-trends of VS and MVS reveal no
differences among the sectors (Fig. 2c and d). Relevant information
of the parameter- and sector-specific chronologies is summarized
in Table 1.

Interannual to decadal-long variation in the raw measurement
series is either dominated by negative (RW and VC) or positive (VS
and MVS) age-trends (Fig. 3a–d), which also contribute to higher
inter-series correlation coefficients between 0.71 and 0.82 (Rbar).
Reduced parameter-specific coherency is found during the juvenile
growth phase, whereas more agreement characterizes the
chronologies toward their recent end. Increased RW and VC in
the medium and intensively irrigated sectors contrast with the
overall lower values for the non-irrigated natural and planted oaks.
Almost no level offset between the sector-specific data is a key
feature of both the raw VS and MVS chronologies. Some tendency
for slightly smaller vessels is, however, indicated for the first
portion of the medium irrigated chronologies until �1995 AD
(Fig. 3c and d), which possibly reflects ontogenetic effects of these
relatively young trees.

After age-trend removal, the ensemble of sector-specific RW
and VC chronologies is almost identical (Fig. 4a and b). More
disagreement, however, exists within and between the VS and MVS
chronologies (Fig. 4c and d). Year-to-year variability in all four tree-
ring parameters appears strongest in the non-irrigated trees,
size (VS) and (d) maximum vessel size (MVS), with all data being classified into six
–E2; see Fig. 2). Each of the raw chronologies contains a high fraction of biologically
ow the degree of parameter-specific coherency between 1989 and 2012, the period



Fig. 4. Chronologies of (a) ring width (RW), (b) vessel count (VC), (c) mean vessel size (VS) and (d) maximum vessel size (MVS) after the application of different detrending
techniques (individual 30-year splines and RCS; regional curve standardization), index calculations (with and without power-transformation) and chronology versions
(standard and residual), with the resulting time-series being classified into six sectors within the plantation (P1–P6) plus two reference sites outside the plantation (E1–E2).
See supporting information for more details on parameter- and site-specific growth coherency (Figs. S5–S8). (e) Anomalies of truffle production averaged over the plantation
and Spain, together with their correlation (Rbar). The left inset (yellow shading) shows correlating coefficients between truffle production and the ring width (RW), vessel
count (VC), mean vessel size (VS) and maximum vessel size (MVS) chronologies of the two reference sites and six plantation sectors (E1–P6 expressed by the individual
vertical bars).
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particularly when considering the greatest and most consistent
annual extremes as, for instance in 1997 and 2011. VC is
significantly positively correlated with RW, whereas VS correlates
negatively with VC and RW. Wider rings contain more, though
generally smaller vessels. The size of the largest vessels (MVS) was
found to be quite variable and thus less robust as an anatomical
parameter. The largest peaks in MVS are found in the highly
irrigated sectors after �2000 AD. More details regarding the high
level of sector-specific chronology coherence is separately
provided for each parameter (RW, VC, VS and MVS) in the
corresponding sections of the supporting information (Figs. S4–
S7). The most distinct growth anomaly occurred in 1997, when RW
and VC reached maximum but VS minimum values (with a reverse
behavior during the 2005 drought). A similar though slightly less
pronounced pattern occurred in 2011. Lowest RW and VC indices
terminate the chronologies in 2012 (Fig. 4a and b). Those years are
extreme in RW and VC but not in VS and MVS (Fig. 4c and d).

Interannual to decadal-long changes in the estimated local
T. melanosporum fruit body production at the plantation as well as
Spanish-scale describe decreasing variance from �1997-present
(Fig. 4e). Little agreement is found between the local and
countrywide yields (r = 0.27). Comparisons between the different
tree-ring chronologies and the T. melanosporum production
estimates show significant positive (negative) relationships
between Spanish truffle yields and RW and VC (VS) over the past
decades (Fig. 4 inset). Most significant correlation coefficients of
0.56 and �0.55 are obtained between the Spanish yields and RW,
VC and VS, respectively (Fig. S8). Although MVS does not show a
clear relationship with truffle harvest, there are still some
consistent peaks, e.g., 1999, 2003, 2008 and 2009 (Fig. 4). Most
striking is the Spanish-wide truffle boost in 1997, which coincides
with anomalously high RW and VC but low VS values. High
temperatures between February and April followed by precipita-
tion surplus between May and July characterize this year (Fig. S1).

The highest correlation of the sector-specific RW and VC
chronologies is found with precipitation totals between May and
July (Fig. 5a). Spanish truffle yields also reveal the highest
correlation with summer precipitation totals. In contrast, truffle



Fig. 5. Correlation coefficients of monthly and seasonally resolved (a) precipitation totals and (b) temperature means computed against the mean ring width (RW) and vessel
count (VC) chronologies from the eight sectors, and records of truffle harvest averaged for the plantation (dark brown) and entire Spain (light brown). The horizontal dashed
lines refer to the 99% significance levels.

154 U. Büntgen et al. / Agriculture, Ecosystems and Environment 202 (2015) 148–159
harvest and oak growth both correlate significantly positively with
February–April temperature means (Fig. 5b). Non-irrigated oaks
within and outside the plantation are found to be more sensitive to
summer precipitation (P1–P2 and E1–E2), whereas stem incre-
ments from the medium and highly irrigated sectors (P3–P6)
reveal increased spring temperature-sensitivity. Almost all corre-
lation coefficients based on the various precipitation totals are
positive, while both significantly positively and negatively
associations are found with temperature. Some of the observed
patterns likely reflect the inverse relationship between precipita-
tion and temperature. Although years of elevated T. melanosporum
fruit body production coincide with cold summers, wet conditions
ultimately appear most beneficial for truffle growth. Comparison
of the various VS and MVS chronologies from the eight sectors
against monthly and seasonally resolved climate indices mainly
reveals randomly distributed and non-significant correlation
coefficients (Figs. S9 and S10).

Spatial field correlations further indicate robust relationships
between May and July precipitation totals and oak RW chronolo-
gies from the non-irrigated sectors (P1–P2) (Fig. 6), whereas most
significant positive correlations with February–April temperature
means are found for medium irrigated RW data. Less distinct
patterns are found between spring temperature and non-irrigated
oak growth, as well as summer precipitation and medium-
irrigated RW. Interannual variation in the radial stem increment
of oaks that obtain a medium dose of water from the summer
irrigation treatment is mainly driven by springtime temperature
variability over most of the Iberian Peninsula and large parts of
southwestern France, and thus earlier or later onsets of the
vegetation period. In contrast, growth rates of the non-irrigated
oaks are mainly determined by changes in summer precipitation
originating from the Bay of Biscay. Almost similar spatial patterns
derive from correlations with average Spanish truffle harvest
(Fig. 6), indicating not only significantly positive correlations with
summer precipitation totals over northern Spain, but also with
spring temperature means at the scale of the Iberian Peninsula.

In summary, non-irrigated Q. ilex tend to have smaller rings,
whereas medium, instead of intense irrigation triggered largest
radial stem increments (Fig. 7). Although stimulating the overall
growth level and slightly dampening the interannual growth
variability, irrigation at medium to high intensity was not enough
to prevent the drought-induced RW depressions in almost all
cases. RW and VC chronologies of the non-irrigated oaks correlated
significantly positively with May–July precipitation (r = 0.56–0.60).
Most positive correlations with February–April temperatures were
obtained from the medium-irrigated RW and VC chronologies
(r = 0.57–0.61). Tree-ring data from sectors with generally higher or
lower truffle production showed similar relationships with
climate. RW and VC chronologies from non-irrigated but highly
productive oaks correlated significantly positively with Spanish
truffle harvest (r = 0.56), which in turn revealed a clear dependency
on summer precipitation and spring temperature (r = 0.57 and
0.53). Little statistical evidence for physiological host-fungus
interactions and/or similar ecological responses have been found
for the VS and MVS chronologies, as well as the annual T.
melanosporum yields estimated for the plantation.



Fig. 6. Spatial correlation fields of the mean ring width (RW) chronologies from non and medium irrigated sectors (P1–P2 and P5–P6), as well as the Spanish truffle
production computed against a European-wide high-resolution gridded dataset of surface temperature and precipitation indices. Blue star indicates location of the truffle
orchard near Soria, Central Spain (�41 �N and �2 �W), whereas the blue zone refers to some of the main Spanish truffle habitats.
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4. Discussion

This study, exploring fungi-host associations (Fig. S11) in the
world’s largest T. melanosporum orchard in Spain, provides
conceptual advancement at the yet little explored interface of
mycology and dendroecology (Büntgen and Egli, 2014), including
wood anatomy. Mounting evidence suggests summer irrigation at
medium intensity to be the most beneficial for the growth of host
trees. Above average temperatures between February and April
trigger an earlier onset of the vegetation period, whereas
precipitation surplus from May to July prolongs the growing
season. Changes in temperature prior to February and in
precipitation after July are most likely irrelevant for oak growth
because it is too cold before and too dry afterwards. A combination
of warm spring and wet summer conditions not only enhances tree
growth but likely also the complex interplay with the belowground
truffle mycelium. A favorable summer climate possibly augments
carbohydrate supply for mycelium development and mycorrhizal
colonization of the host’ s fine roots. The formation and harvest of
mature truffle fruit bodies, however, occurs about six months later.

Despite pinpointing our findings, it is noteworthy to mention
that constraints related to the data used and methods applied are
manifold. The smallest vessels, for instance, could have been
missed in the scanned cores because of limited image resolution, or
their total number and size range might be dampened by a reduced
phenotypic plasticity. In field observations, vessel diameter of
Q. ilex declined in response to lower water availability across
geographical gradients (Villar-Salvador et al., 1997) or in response
to severe drought conditions (Corcuera et al., 2004). A throughfall
exclusion, however, did not result in any change in VS with water
availability but caused an increase in lumen fraction, accompanied
by a reduction in the transpiring leaf area, in the dry treatment of
the experiment (Limousin et al., 2010). Vessels are generally
formed within a two- to four-week interval (Albuixech et al., 2012).
Assuming VS generally decreases from the early- to the late-
formed portion of the annual ring, any positive and negative
deviation from the usual trend in one of the intra-annual zones is
smoothed-out in the mean value. VS values are therefore not
cumulative in the same way as RW. VS indices were not
significantly related to temperature and precipitation in this
study. In contrast, positive correlations of holm oak VS and MVS
with year-round precipitation and negative correlations with
spring temperature have been found (Abrantes et al., 2013). Our
findings also juxtaposes with other studies about ring-porous



Fig. 7. The most important correlation coefficients obtained between early spring (February–April) temperature means and early summer (May–July) precipitation totals
(from Soria) and the four different oak chronologies ring width, vessel count, mean vessel size and maximum vessel size (RW, VC, VS and MVS) from the six sectors in the
plantation (i.e., 48 pairings in the main diagram), with additional division into high and low productivity (HTP and LTP as separated by the dashed horizontal line). Correlation
coefficients with the corresponding belowground components, as well as between climate variation and truffle production averaged for Spain (countrywide) and the
plantation (local) are also shown (grey zone at the bottom). Correlation coefficients >0.55 are highlighted in bold and all pairings either refer to direct mechanistic dependency
or common climatic sensitivity.
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deciduous Mediterranean oak species that confirmed relationships
between VS and climate (Alla and Camarero, 2012). Our results
suggest a rather small phenotypic plasticity of VS to external
drivers in Q. ilex. Such behavior may be indicative for a species that
evolved in a region with very predictable summer droughts and a
relatively short growing season imposed by continental conditions.
In this situation, phenotypic plasticity bears costs that can readily
be saved by a rigid genetic fixation of this trait (Valladares et al.,
2007).

Particular interest emerges from the positive (negative)
correlations between RW, VC, (VS, MVS) and Spain-wide truffle
production versus the local plantation yield in 1997/98. With
nearly 80 t of fruit bodies from natural and planted oak woodlands
(Reyna and Garcia-Barreda, 2014), this season had the highest T.
melanosporum production in Spain over the last 40 years, likely
triggered by warm temperatures in February, March and April,
followed by precipitation surplus in May, June and July (Fig. S2).
The truffle production in our plantation, however, does not reflect a
similarly high level of harvest for that year, possibly due to reduced
drought stress during spring and summer as irrigation treatments
continued to be applied despite wet and cold summer conditions
(Fig. S12). The importance of episodic drought stress in the
development of the full potential of the mycorrhizal symbiosis of T.
melanosporum has been reported from a truffle orchard (Olivera
et al., 2014a). Continuous irrigation of Q. ilex between May and
October resulted in lower root tips colonized by T. melanosporum.
The same study also revealed that mitigating all evapotranspira-
tion loss through irrigation does not favor mycorrhizal develop-
ment. In fact, water stress may also be important for the
development of T. melanosporum fruit bodies (Fischer and Colinas,
2013). Water potential below �3 MPa caused a decrease in truffle
production, whereas allowing the water potential to drop from
�0.5 to �1 MPa for 2 and 3 weeks appears to favor black truffle
production as opposed to weekly irrigations that eliminate
drought stress. Le Tacon et al. (1982) also showed a positive effect
of episodic medium irrigation (only three applications of �40 mm
each between July and September) on black truffle yields in a
Quercus lanuginosa plantation in southeastern France. Overall,
truffle production does not seem to be limited by water-transport
efficiency of the host trees. This is supported by negative (absent)
relationships between fruit body harvest and VS (MVS). Further-
more, T. melanosporum is a very competitive fungal symbiont in
Mediterranean climates characterized by periodic summer
droughts.

The high correlation of VC with truffle harvest is likely a mere
consequence of wider RW, which resulted from intermediate
irrigation levels. To achieve optimal hydrological conditions,
farmers should avoid over watering by adapting their irrigation
regimes to accommodate for specific periods of natural water
deficit in summer, allowing seasonal climatic and plant metabolic
perturbations with a certain level of system oscillation while
avoiding prolonged or extremely low water potentials. Precluding
unnecessary over watering also prevents wasting water. Irrigation
should avoid keeping soil moisture at or above field capacity for
extended periods.

The development of the ectomycorrhizal symbiosis between
Q. ilex seedlings and T. melanosporum often depends on the
environmental conditions under which it occurs, and determining
how mycorrhiza formation of T. melanosporum in Q. ilex is driven by
fluctuations in soil temperature and moisture during the warm
season is a still pending issue. For instance, Olivera et al. (2014b)
observed a relationship between soil temperature and moisture on
the amount of T. melanosporum ectomycorrhizal formation per
inoculated seedling. In their experiment cooler conditions were
the most favorable for developing black truffle mycorrhizae, even
with medium-low soil moisture. High soil moisture, however, only
increased the capacity of competitor fungi to form mycorrhizae,
regardless of soil temperature (Olivera et al., 2014b). According
to this study and our findings, strategies to manage substrate
temperatures should be implemented in nurseries or
when establishing truffle orchards in particularly warm sites
(Olivera et al., 2014c).
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Examinations of the mycorrhizal fungi communities present in
the Arotz plantation have shown that the truffle-producing holm
oaks at the age of almost 40 years had greater percentages of T.
melanosporum colonization than non-producing trees (Águeda
et al., 2010), which were colonized by more than 105 other
mycorrhizal species. With ongoing truffle production it is clear that
T. melanosporum has been joined but not displaced by other fungi
in this site. Mycorrhizal fungal diversity is expected to increase
with forest stand age, with changes in the assemblages of these
fungi, sometimes classified as early- and late-stage fungal
colonizers, reflecting their physiological capacities to colonize
and support the host trees at different stages of forest stand and
forest soil conditions (Ishida et al., 2008). Root densities and fungal
exploration types also appear to be important factors (Peay et al.,
2011). Because T. melanosporum has been observed to be a
“pioneering species”, capable of colonizing seedling by spore
germination and supporting tree growth at the establishment
phase, the management practices of soil cultivation and tree
pruning to maintain stand and soil conditions favorable to the
persistence of this symbiosis are priorities. The study by Águeda
et al. (2010) revealed a tendency for higher T. melanopsorum
colonization percentages in the plots with soil cultivation
compared with control, suggesting that frequent manmade
perturbation may contribute to this persistence.

The equilibrium between the host plant and the mycorrhizal
fungus most likely represents a dynamic relationship with a
multitude of factors that drive the direction of nutrient transfer
(Plett and Martin, 2011) and could potentially be optimized to
increase truffle production. Increasing inputs (i.e., irrigation,
fertilization) does not necessarily have a positive effect on the
quantity of black truffle mycorrhiza, as demonstrated by Bonet
et al. (2006) and Olivera et al. (2011). It seems logical that
improving tree growth could have positive benefits for the
ectomycorrhizal system (Le Tacon et al., 2013), because the
carbohydrates derived from the host’s photosynthesis will sustain
mycorrhizal species. Both photosynthetic rate (Huikka et al., 2003;
Nara et al., 2003) and basal area increment (Bonet et al., 2012) are
positively correlated with sporocarp production of ectomycor-
rhizal fungal partners. However, from our knowledge, only Shaw
et al. (1996) reported a positive relationship between truffle fruit
body production and tree basal diameter in a young T. melano-
sporum plantation in southern France, but further research is
needed in order to confirm this.

5. Conclusion

In this study, a combined dendrochronological and wood
anatomical assessment was, for the first time, applied to
reconstruct intra- and interannual growth trends and character-
istics of 295 holm oaks (Q. ilex), which have been growing for
almost four decades under different irrigation intensities in the
world's largest Périgord truffle (T. melanosporum) orchard in north-
central Spain.

The cross-disciplinary approach primarily aimed at providing
conceptual advancement at the yet little explored interface of
mycology and dendroecology, including wood anatomy. Growth-
climate response patterns of the oak hosts were used to help
disentangling direct and indirect abiotic drivers of truffle fruit body
production. Above average temperatures between February and
April trigger an earlier onset of the vegetation period, whereas
precipitation surplus from May to July prolongs the growing
season. Changes in temperature prior to February and changes in
precipitation after July are most likely irrelevant for oak growth
because it is too cold before and too dry afterwards. Summer
irrigation at medium – instead of high – intensity was found to be
most beneficial for the radial stem enlargement, i.e., tree-ring
width, of the host oaks.

A combination of warm spring and wet summer conditions not
only enhances tree growth but most likely also its complex
interplay with the belowground truffle mycelium. A favorable
summer climate thus possibly augments carbohydrate supply for
mycelium development and mycorrhizal colonization of the host’s
fine roots. The formation and harvest of mature Périgord black
truffle fruit bodies, however, occurs six to eight months later.
Consideration of wood anatomical parameters additionally sug-
gests truffle production to be non-limited by the water-transport
efficiency of its host trees, because negative relationships have
been observed between T. melanosporum fruit body harvest and
Q. ilex mean vessel size (VS).

To enhance future truffle research, we prioritize eight research
avenues: (i) Perform in situ excavations of well defined soil units
between the putative period of increased fine root production and
mycelia formation in summer and fruit body harvesting in winter
to expose intra-annual dynamics of the fungus lifecycle. (ii) Install
continuous high-resolution (dendrometer) measurements of
radial stem growth, including sap flow for comparisons with
observations of fruit body and mycelial growth to ultimately detect
linkages between the phenology and net primary productivity of
mycorrhizal fungi webs and their host partners. (iii) Trace
symbiotic carbon, nutrient and water (host-fungi/fungi-host)
pathways and fluxes including actual rainfall and accumulated
reservoir water via isotopic labeling to reconstruct the continuum
between plant growth and ectomycorrhizal fungus energy capture
and partition. (iv) Perform field and greenhouse experiments with
model host-fungus pairings to quantify the power abiotic factors
may have in the reciprocal transfer of nutrient, phosphorus, water
and carbon in order to predict environmental effects on symbiosis
functioning. (v) Utilize the advent of bioinformatic sensor
technologies, such as metagenomic and/or metatranscriptomic
analyses or biochemical assays to gauge belowground functional
hyphal activity for evaluation against intra-annual ring width
patterns. (vi) Relate long-term truffle inventories to dendroeco-
logical, wood anatomical and meteorological records to disentan-
gle direct and indirect climatic drivers of the quantity and
phenology of fruit body production. (vii) Adjust orchard manage-
ment strategies to assess the effects of diverse age classes and
stand structures, open versus close canopies, as well as more or less
intense irrigation doses with different seasonal timings. (viii)
Consider natural and planted truffle sites of different host species
and age classes along elevational and climatological gradients to
gain further insight into their ecological plasticity.

These ample research needs and subsequent challenges,
however, appear as marginal tasks when compared to the level
of commercial mistrust, which regrettably hampers straightfor-
ward truffle research. Conversely, personal curiosity should be
resilient enough to foster new collaborations and generate exciting
science with enough economic incentives and benefits for local
farmers, regional gastronomes and global markets. Only if raw data
from laboratory experiments and field inventories associated with
plantation efforts are freely accessible for scientific usage, new
insights are likely to emerge.
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