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the fruitbody productivity of the Burgundy (aka summer) truffle (Tuber aestivum Vittad.),
a keystone, ectomycorrhizal tree-symbiont occurring on a wide range of temperate cli-
mates. T. aestivum's fruitbody productivity was monitored at 3-week resolution over
up to 8 continuous years at 20 sites distributed in the climatic center of its European
distribution in southwest Germany and Switzerland. We found that T. aestivum fruit-
body production is more sensitive to summer drought than would be expected from

the breadth of its species' climatic niche. The monitored populations occurring nearly
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5°C colder than the edge of their species' climatic distribution. However, interannual
fruitbody productivity (truffle mass year™) fell by a median loss of 22% for every 1°C in-
crease in summer temperature over a site's 30-year mean. Among the most productive
monitored populations, the temperature sensitivity was even higher, with single sum-
mer temperature anomalies of 3°C sufficient to stop fruitbody production altogether.
Interannual truffle productivity was also related to the phenology of host trees, with
~22 g less truffle mass for each 1-day reduction in the length of the tree growing season.
Increasing summer drought extremes are therefore likely to reduce fruiting among sum-
mer truffle populations throughout Central Europe. Our results suggest that European

T. aestivum may be a mosaic of vulnerable populations, sensitive to climate-driven de-

KEYWORDS

1 | INTRODUCTION

Global warming is pushing populations outside their range of physi-
ological tolerance, leading to concerted poleward migration and el-
evational climbing among a broad array of plants, animals, and fungi
attempting to track their thermal niches (Chen et al., 2011; Diez
et al., 2020; Lenoir & Svenning, 2015). The resulting local species
extirpation and migration can disrupt interaction networks, resulting
in loss of ecosystem resiliency and associated services (Ebenman &
Jonsson, 2005). Accurately predicting these shifts is thus essential
for preparing environmental stakeholders to cope with the altered
composition of their ecological communities—particularly when key-
stone species are displaced.

True truffles are fungi belonging to the genus Tuber, whose spe-
cies form symbiotic associations with roots of a wide range of ecto-
mycorrhizal tree species (Benucci et al., 2011; Stobbe et al., 2012).
Truffle species include the most valuable fungi on earth due to
their use in haute cuisine (Reyna & Garcia-Barreda, 2014). As ec-
tomycorrhizal fungi, truffles grant their hosts access to water and
nutrients, protect roots from pest and disease, and interact with and
sometimes kill understory, non-host plants (Gryndler et al., 2014;
Streiblova et al., 2012; Taschen et al., 2020). Much remains unknown
about the life history of these iconic species due to a lack of avail-
able data from natural truffle populations. However, available data
on black truffle production in Spain, Italy, and France suggest that
truffle species may be vulnerable to global climate change (Baragatti
et al., 2019; Biintgen et al., 2011, 2012).

The black Périgord truffle (T. melanosporum Vittad.) is known
to be on the decline in its natural range. During the golden age of
Périgord truffle production in the 19th century, France produced up
to 1588 tons year * of commercial T. melanosporum. Today, the same
regions produce 10-50 tons year™* (productivity data from Baragatti
etal.(2019), Reyna-Domenech and Garcia-Barreda (2009)). Although
wars and economy account for a substantial part of these declines,
they do not tell the whole story. Declines in Mediterranean harvests

clines at lower thresholds than implied by its species distribution model.

climate change, drought extremes, ecological niche, global warming, mycorrhizal fungi, truffles

in France and Italy from 1970 to 2006 are best predicted by a trend
of hotter, drier summers (Blintgen et al.,, 2011, 2012). Existing
Périgord truffle habitat is becoming unsuitable, consistent with the
climate envelope migrating northwards from the Mediterranean
area to Central Europe (Cejka et al., 2020).

Similar data on fruitbody production are unavailable for the
congeneric Summer truffle (Tuber aestivum Vittad. Syn. Tuber unci-
natum Chatin). Summer truffle populations are substantially more
widely distributed than Mediterranean Périgord truffles, produc-
ing fruitbodies in tree stands ranging from the hot, dry climates of
Spain to the cold, temperate climates of Scandinavia (Molinier, Peter,
et al., 2016; Stobbe et al., 2012, 2013). Together with its broad eco-
logical niche, the Summer truffle's long fruitbody production period
and high market value make it attractive for cultivation and wild har-
vesting (Stobbe et al., 2013).

The ecological niche is the core principle describing how species
respond environmental change (Grinnell, 1914). Accordingly, spe-
cies occur within a restricted range of tolerable environmental values
(Hutchinson, 1959). In practice, these tolerable conditions are approxi-
mated using ecological niche and/or species distribution models (Pearson
& Dawson, 2003). In these models, species occurrence data are used
to describe its environmental envelope (a niche by another name). The
models are then used to predict occurrence probability across space (Elith
etal., 2011; Soberdén & Nakamura, 2009) and forward in time, forecasting
species' responses to climate change (Beaumont et al., 2005; Dyderski
et al.,, 2018; Harrison et al., 2006; Kane et al., 2017; Thomas et al., 2004).

Over a sufficiently broad gradient of temperature, theory predicts
and observation corroborates that climatic envelopes are unimodal
(Austin, 2007; Chen et al., 2011; Steinbauer et al., 2018; Figure 1a).
Thus, warming pushes populations from their species' hottest suit-
able habitats beyond their climatic optimum (Pucko et al., 2011; Reich
et al., 2015) (Figure 1b). By contrast, populations sheltered near the
center of their climate distributions are relatively stable, as they re-
quire larger temperature increases to push them beyond the species'
tolerable limits (Aradjo et al., 2005; Thomas et al., 2004). Accurately
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FIGURE 1 Conceptual figure, demonstration how local adaptation can sensitize populations to climate change. (a) Species-level
occurrences describe a climate envelope. Individuals <1°C from the max temperature are vulnerable to warming (gray). (b) These at risk-
individuals are limited to the hottest, southern range limits (gray). By contrast, if the species climate-envelope conceals (c) locally adapted
populations, then (d) at-risk individuals occur in the center of the species' geographic and climatic range. The climate envelope is drawn from
temperature of warmest quarter distributions, with species and population mean of 16°C and envelope extending +2 standard deviations

(2.0°C and 0.5°C for species and populations, respectively).

placing individuals within their climatic envelope is, therefore, essen-
tial to predicting their response to climate warming.

Pre-empting the use of species distribution modeling techniques
is the decision to group occurrence data by species. Such species-
level occurrence bagging assumes that each individual can tolerate
climate conditions experienced across the species' entire geographic
range (Figure 1a,b). By contrast, local adaptation can sensitize pop-
ulations to conditions that occur within a species' geographic range
(Figure 1c,d [Dongmo et al., 2021; Kaspari et al., 2015; Nadeau
et al., 2017; Somero, 2010]). Thus, even center-of-range populations
have been found to decline in fitness due to weather events, like
summer drought, that are unusual by local climate standards yet
still fall within the long-term average conditions experienced by the
species across its entire distribution (Atkins & Travis, 2010; Kelly
et al., 2012; Knutzen et al., 2017). It is as though what appear to be
single, resilient species are really mosaics of vulnerable populations.

Further exacerbating this local vulnerability is the increase in
the frequency of extreme weather. Throughout continental Europe,
climate change is increasing the frequency extreme hot summers
(Alexander, 2011; Christidis et al., 2015). Accordingly, summer tem-
peratures historically experienced once a century are now expected
to occur twice a decade. Likewise, anomalies like the 2003 European
heat wave, which historically occurred once every 1000years, are
now predicted to occur twice a century (Christidis et al., 2015). This
begs the question of how safe center-of-range populations will react
to increasing summer drought when sensitized (i.e., locally adapted);
whether threats to the resilience of keystone species may be over-
looked because those species appear to fill a broad climatic niche.

In the absence of local adaptation, summer truffles should be
insensitive to climate warming relative to Périgord truffles, at least
among populations at the center of the species' geographic range
(Figure 1a,b). Alternatively, locally adapted could sensitize summer

truffle populations to the recent trend of hot, dry summer than a
single species distribution model would predict (Figure 1c,d). Only
continuous monitoring data of fruitbody production in natural truf-
fle populations, hereto lacking, can distinguish between these pos-
sibilities. Moreover, observation at a single time point may result in
poor temporal extrapolation. Therefore, it is critical to generate time
series of data suitable for generating model extrapolation across
both space in time.

Here we present 8years (2011-2018) of citizen science monitor-
ing data on the fruitbody production of naturally occurring T. aestivum
populations. Using machine learning, we modeled how truffle produc-
tivity is influenced by soil physicochemical, fungal meta-community,
climate, and host tree phenology. Additionally, we characterized the
broad species climatic envelope of European summer truffles. By
comparing the sensitivity of summer truffle fruitbody productivity
to interannual climate trends, we test whether these center-of-range,

keystone populations are locally sensitized to climate change.

2 | MATERIALS AND METHODS

2.1 | Site selection and truffle monitoring
We selected a total of 20 natural T. aestivum populations from within
the center of its known natural geographic distribution to monitor
truffle fruitbody production (Figure 2a). These populations were de-
fined as spatially restricted locations of known truffle occurrences
ranging in size from 20 to 1000m?, depending on the contiguous
area under compatible host trees where trained truffle dogs found
T. aestivum fruitbodies.

Monitoring occurred every 3weeks throughout the whole year
by citizen scientists using dogs trained to scent summer truffles (see
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FIGURE 2 Truffle monitoring sites from this study come from the geographic and center of the species' European range, potentially
buffering them from a sequence of summer hot temperature anomalies. (a) Species occurrences in Europe, with an inset (b) giving the

location of the monitoring sites from this study and (c) cumulative distrib
all occurrences, inclusive of monitoring sites (circles with black borders) (

ution of the 30-year mean temperature of the warmest quarter for
heat-scale colors are the same in (a), (b) and (c), + symbols indicate O,

25,50, 75, and 100 quantiles). (d) The mean temperature of the hottest quarter (1980-2010) for all monitoring sites from (b) listed in tabular

form. (e) Time series of temperature anomalies for the hottest quarter of

the year, with the 8-year monitoring period shaded in gray. Map

lines delineate study areas and do not necessarily depict accepted national boundaries.

Table 1 for the years where monitoring data are available for each site).
At each site, only one and the same citizen-dog team performed the
monitoring throughout the whole project. For all belowground fruit-
bodies detected by the truffle dogs, the soil was roughly removed and
the species identity, mass (g), and degree of maturity were assessed.
The degrees of maturity were divided into the following qualitative
categories:

1. unripe: white, hard, no or indistinct odor
2. semi ripe: light beige-light brown, hard, indistinct (nutty) odor

3. ripe: brown to dark brown, hard, intense odor

2.2 | Spatial-temporal climate distributions of
T. aestivum

We defined a climate envelope for European T. agestivum using
georeferenced occurrence records from the Global Biodiversity
Information Facility (GBIF.org) supplemented with 33 geospatial T.
uncinatum records from Wedén et al. (2005), and our own 20 moni-
toring sites (Figure 2a).

All statistical analyses were conducted in R Studio (Version
2022.2.0.443) (RStudio Team, 2022). GBIF occurrences were
checked against common spatial mis-placement using the R package
“CoordinateCleaner” (Zizka et al., 2019).

23 |

Climate means and time series

We tracked the historical annual climate for each monitoring site by
extracting monthly mean temperature at 2 m for the years 1980-
2018 from the ERA-5 reanalysis dataset (Hersbach et al., 2020).
For each year, we calculated the mean temperature for the months
June, July, and August. We then compared these temporal climate
records to the spatial mean climate values experienced by European
T. aestivum. We extracted 30-year mean temperature of the hottest
quarter for all T. aestivum occurrence coordinates from WorldClim
2.0 (inclusive of the monitoring sites, rasters at 1 km resolution; Fick
& Hijmans, 2017).

To track time series of air temperature at 2 m and total pre-
cipitation during the monitoring period, we downloaded ERA-5
re-analysis hourly weather data for the period of 2011-2018, cov-
ering the extent of the map inset in Figure 2a (5-10°E, 45-50°N)
(Copernicus Climate Change Service, 2019, p. 5). We extracted
data for each of the sites in the analysis (Table 1) from rasters at
roughly 9 km resolution (0.1 decimal degrees). Hourly data were
averaged first to daily values. The temperature of the warmest
quarter was calculated by finding the hottest temperature av-
eraged over 90 consecutive days each year (Figures 3d and 5).
Similarly, for precipitation sum of the warmest quarter, the sum
of precipitation was calculated over the same period (Figures 3c
and ée).
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TABLE 1 Summary of site characteristics for 20 sites used in the analysis in descending order of the max truffle mass year™

Total truffle mass (gyear™?)

Location Plot size Dominant tree Monitoring years (20XX,

Site  (°E, °N) (m?) species Min Mean Max truff / dendro) pH (H,0)  Bare soil (%)

Fs 7.80,47.94 150 Fagus sylvatica 1611.7 3089.2 6757.8 11,12,13,14,15,16, 7.5 75.0
12,13,14, 16,17,18

Ub 8.90, 47.75 800 F. sylvatica 0.0 1402.3 4158.3  12,13,14,15,16,17,18 77 0.1

Bb 8.88,47.73 1000 F. sylvatica 971.0 26475 39098 11,12,13,14,15,16,17,18 7.4 0.0

Sl 8.46,47.39 25 Carpinus betulus 38.0 1629.6  3233.0 12,13,14,15,16,17,18 8.2 40.0

R 8.79,48.03 900 F. sylvatica 851.9 1998.1  3130.3 11,12,13,14 7.8 2.0
12,13,14,15

Br 6.28,46.46 300 C. betulus 58.0 812.1 2501.0 13,14,15,16,17,18 6.5 20.0
13,14

K 7.36,46.88 400 F. sylvatica 336.9 1125.2  2388.8  13,14,15,16,17,18 6.7 2.0
13,14,15,16,17,18

T 8.65,48.07 400 Corylus avellana 1538.4 1613.6 1688.8 11,12 7.2 NA

Sd 8.46,47.39 100 F. sylvatica 0.0 626.7 1658.0 12,13,14,15,16,17,18 8.0 2.0

Bk 8.49, 47.40 100 Ostrya 430.0 879.1 1591.0 16,1718 NA NA

carpinifolia

L 8.50, 47.39 400 C. betulus 957.0 1216.0 1473.6  16,17,18 NA NA

Bh 8.89,47.73 100 C. avellana 218.0 716.7 1242.0 11,12,13,14,15 7.7 NA
12

W 8.46,47.36 100 F. sylvatica 224.0 726.2 1141.1 16,17,18 NA NA

A 8.71,48.09 100 Picea abies 568.8 774.3 1030.0 11,12,13,14 6.1 0.0
12,13,14,15,16

Fk 7.96,47.50 400 F. sylvatica 0.0 331.1 752.9 13,14,15,16,17,18 8.1 2.0
13,14,15,16,17,18

Us 8.75,47.34 300 F. sylvatica 656.2 656.2 656.2 13 4.8 0.0
13,14,15, 17

Fb 7.79,47.96 150 C. betulus 8.2 297.0 567.5 11,12,13,14,15 8.1 30.0

Sc 7.16,46.87 400 F. sylvatica 43.2 193.3 381.4 13,14,15,16,17,18 6.4 1.0
13,14,15,16,17,18

N 6.91,47.00 400 F. sylvatica 0.0 120.9 227.0 13,14,15,16,17,18 6.2 1.0
13,14,15,16,17,18

Sg 8.45, 47.39 400 F. sylvatica 0.0 499 158.0 11,12,13,14,15,16,17,18 6.0 5.0

13,14,15,16,17,18

Note: For monitoring years, black numbers refer to years where truffle monitoring took place, green numbers to years where dendrology data (e.g.,
water deficit) measurements were available for at least one tree. Bolded years emphasize overlap within a site of truffle and dendrology data.

Site characteristics

24 |

Site characteristics refer to the climatic, vegetational, soil physico-
chemical, and soil fungal meta-community variables that have one
value per site (with no interannual variability). Besides climate variables
derived from interpolated global rasters, the remaining variables were

collected in situ at the monitoring sites (Supplementary Information).

2.5 | Dendrology data

For a subset of sites, point dendrometers (DR20, Ecomatik) provided
hourly stem diameter measurements (e.g., Figure 3b) for up to four po-
tential T. aestivum host trees. Data for at least one tree were available for

52 site x year combinations, representing 11 sites. Eight truffle monitor-
ing sites had = three overlapping annual truffle mass and dendrology
measurements (for a total of 39 measurements, see Table 1 for site x
year combinations with available data). Thus, these eight sites were the

only ones with sufficient data to compare dendrology and truffle data.

2.6 | Total truffle mass, truffle yield, and variance
partitioning

Annual truffle mass was calculated by summing the mass of all truf-
fles from May 1st to April 30th of the following year. The April 30th
cut-off was chosen as it is the yearly low point of truffle productivity
across sites. Because sites differed in size (Table 1), we used two
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different metrics of truffle productivity depending on whether we
sought to explain variability within a site only (linear mixed effects
models) or both within and among sites (random forest models). To
account for potential artifacts due to differences in among sites in
the sampling effort, we included the number (#) of surveys per truf-
fle year as a covariate in our analyses. Only sites x year combinations
with 212 surveys were included in our analyses. For the within-site
analyses, we used annual truffle mass in g year ! and accounted for
differences in site size by fitting random slopes and intercepts for
each site. For the within- and among-site random forest analyses,
we divided annual truffle mass by the size of the plot to give truffle
yields in g m™ year ™.

We decomposed variance in truffle yield (gm'2 year™!) into
the sum of covariance of log-transformed vyields and truffle
numbers and mean truffle mass, respectively (Supplementary

Information).
2.7 | Host tree growing season and fungal
fruiting season

To calculate the lengths of the growing and fruiting seasons for
host trees and truffles, S-shaped Gompertz functions were fit to

the relationship between the numerical day of the year vs tree di-
ameter and cumulative fruitbody production, respectively (Cufar
et al., 2008). The fit parameters were used to calculate the start and
end dates of tree growth and truffle fruiting as well as the day of the
year associated with peak rate of increase in tree diameter and truf-
fle fruit mass (Supplementary Information).

2.8 | Tree growth and tree water deficit

Trees experience a regular cycle of expansion (at night, when water
is taken up) and contraction (in the daytime, when water is lost to
transpiration) (Zweifel et al., 2005, 2016). When sufficient water
is available (and other conditions promote growth), tree expansion
exceeds contraction; when dry conditions constrain tree growth,
contraction exceeds expansion. This daily excess of contraction is
termed tree water deficit (AW). It is measured with a point dendrom-
eter using the following equation:

AW =W,

max

Wact‘ (1)

where W_, is the actual diameter and W, _ is calculated as the

maximum diameter from t = 0 (12:00am on January 1) to the
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present. By definition, W, _ is the largest diameter over a given
period of observation, such that W, >W, ,and AW <0. To distin-
guish between water deficits that occur only during the daytime
(and are relieved before the following dawn), we calculated sea-
sonal averages of the daily maximum values of AW. The total sum-
mer water deficit was calculated as the mean water deficit value

over all the trees for the 3-month period from June to August.

2.9 | Linear mixed-effects models

We analyzed causes to the interannual decline in annual truffle
mass (gyear?) within each site using linear mixed-effects models
and backwards model selection (“Ime4” package) (Bates et al., 2015,
p. 4). First, we built a model with both temperature of the hottest
quarter and precipitation sum of the hottest quarter as fixed effects.
Next, we stripped the model of terms with non-significant p-values
(p>.05), including the covariate describing the number of samples
per year. We performed a similar, but separate, analysis for the fixed
effects of tree water-deficit and tree growth on annual truffle mass
(gyear'i), as there were fewer site x year combinations with avail-
able data (Table 1). As before, random slopes and intercepts were
fit for each site and statistical significance was assessed at p = .05.
Total R? values were decomposed into total proportion of variance

explained by the model (conditional R? ) and the proportion

conditional

of variance explained by the fixed effects alone (marginal Rzmarginal).

2.10 | Random forest model
selection and validation

The machine learning algorithm random forest was used in R (pack-
age “randomForest”; Liaw & Wiener, 2002) to predict variability in
productivity among sites and among years. Relative to other multi-
ple regression models, random forests have been shown to be less
prone to over-fitting, more robust to co-linearity among predictors
(Matsuki et al., 2016) and more capable of identifying complex inter-
actions among predictor variables (Strobl et al., 2009).

Model selection was performed as follows: first, we included all
soil physicochemical, meta-community, dendrological and climatic
variables in our models; second, variables were sorted according
to importance metrics (inc node purity and % mean squared error);
third, we compared model performance (% variability explained) as
predictors were removed from the model, starting with the least im-
portant. Our final model included only those variables beyond the
inflection point of diminishing returns on performance (Figure 6a;
Table S1). To visualize the effects of individual variables on annual
truffle productivity, we extracted the partial feature contributions
using the “forestFloor” package in R (Welling et al., 2016).

We cross validated our models using k-fold cross-fold evaluation.
Data were separated into k = 10 partitions and model performance
was gauged by summarizing the coefficient of determination for
1000 random folds.

oo, MO

3 | RESULTS

3.1 | Spatial-temporal climate distributions of
European T. aestivum

The combined T. aestivum and T. uncinatum occurrences show a
distribution across Europe, from Southern Spain to Scandinavia
and northern England (Figure 2a). The 20 truffle monitoring sites
are near the center of the pan-European distribution, occurring
within the borders of Switzerland and southwest Germany (Baden-
Wouerttemberg, Figure 2b).

The 30-year (1980-2010) mean and median temperature of the
hottest quarter of all European T. aestivum occurrences were 17.27
and 16.40°C, respectively. The truffle monitoring sites have average
temperatures during the hottest quarter that fall in the lower 75% of
the European T. aestivum records (18.50°C, Figure 2d), with the three
coldest sites having average temperatures of the hottest quarter less
than the bottom 25% (15.80°C, sites A, K, and R in Figure 2d). Thus,
the range of temperatures separating the truffle monitoring sites
from the climatic edge of the European distribution—which indicates
the range of temperature anomalies necessary to put an individual
site outside the mean climate distribution of the species—ranges
from 4.4 to 6.7°C.

The truffle monitoring sites have not generally experienced
anomalies of this magnitude over the past 40years—with the ex-
ception of the record-breaking 2003 European summer heat wave
(Figure 2e). However, the 40-year climate record includes increas-
ingly frequent 1 and 2°C temperature anomalies, particularly in the
last decade. Thus, during the 30-year period from 1980 to 2010,
+1°C anomalies took place once a decade and +2°C anomalies once
every 30years; for the most recent period (2011-2019), +2°C anom-

alies occurred every other year.

3.2 | Summary of raw monitoring results

Over the course of 1781 independent truffle surveys, citizen sci-
entists sampled a total of 6633 T. aestivum fruitbodies (with a total
mass over 100kg) over the 20 sites from the period of 2011-2018.
The timing of truffle fruiting varied among sites and years. According
to median values, fruiting began in early July, reached peak produc-
tivity in September, and ended late October. However, there was
considerable variability among sites: fruiting start was observed as
early as April 22 and as late as June 30 (Figure 4a). Unripe truffles
were the first observed, with a peak in mid-June, followed 52 days
later by a peak in ripe truffles and 52 days after this with a peak in
over-ripe truffles. However, whereas unripe truffles emerged first,
they continued to emerge continuously during the fruiting season,
and exhibited a second peak in early spring (Figure 4b).

The T. aestivum fruiting season overlaps with the second half of
the tree growing season, which also corresponds to the hottest quar-
ter of the year (Figures 3a,b and 4a). Tree growth starts earlier than
truffle fruiting, generally beginning in the spring (median May 13),
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FIGURE 4 The hottest quarter of the year (red bars) occurs over
the peak and latter half of host-tree growing season and beginning

of the (more variable) truffle fruiting season. (a) The seasonality

of host-tree growth and truffle fruiting arranged on the y-axis by
category (tree vs. truffle) and increasing peak date. (b) The cumulative
probability for the collection of unripe, semi-ripe, and ripe-truffles.

with all trees reaching their peak growth rate before July 8 (before
the majority of truffle sites begin their fruiting). The second half of the
tree growing season spans from (median values) 16 June to 22 July,
peaking and ending during the hottest quarter of the year. Relative
to T. aestivum fruiting season, tree growing seasons had 73.1% less
variability in length (the standard deviation of the truffle fruiting and
tree growing seasons were 59.5 and 16.0days, respectively).

Over the entire monitoring period, the Bb site had the greatest
total truffle mass (g), accounting for ~19.3% of the mass and truffle
numbers harvested during the study. However, when total mass is
divided by the area (hereafter yield, g m™) of the monitoring plot, the
most productive site was Sl (which, relative to Bb, produced 53.8%

as much truffle fruitbody mass over an area 2.5% as large, Table 1).

3.3 | Variance decomposition
Variability in truffle yield among sites and years was related primar-
ily to differences in the number of truffles sampled and less so to
the mean truffle mass. There was a four-fold greater range of values
over the log(truffles m) relative to log(mean truffle mass) plotted
for each year. Variance decomposition revealed that 82.7% of the
variance in log(yield) is explained by its covariance with log(truffle
number), whereas the remaining 17.2% is explained by its covariance
with log(mean truffle mass) (Figure S4).

When variability in total truffle mass is decomposed into among-
and within-site components, it reveals that approximately 45% of

variability exists among site (SS;,./SS,,,) and the remaining 55% of
variability is due to the residual (interannual) variability within each

site (SS,../SS;qta1)-

3.4 | Linear mixed-effects model with climate
Mixed-effect models demonstrate a statistically significant decline
in annual truffle productivity (kgyear‘l) with increases in the mean
temperature of the hottest quarter when monitoring sites have a
random slope and intercept (p <.001, df = 66.55, t = -4.47). Every
increase of 1°C in mean summer temperature is associated with ap-
proximately 408.76 +91.54 (STE) g reduction in truffle yield across
sites (chondmonal =0.734, R2marginall =0.175). For each site, we calcu-
lated the predicted % change in yield with a 1°C temperature anom-
aly relative to the site's 30-year average summer temperature. The
predicted changes range from -70.8% (Sl) to 20.6% (A, with only
one other site, Fk, having a positive predicted change in yield with
temperature of the hottest quarter), with a mean and median value
of -21.6% and -21.8%, respectively (Figure 5).

3.5 | Random forests and truffle yields

A random forest model explains approximately 58% of out-of-bag
variability in annual yields with three variables (ranked from most-
to-least important): soil pH, % bare soil (land surface not covered
by herbs, moss, and/or litter), and precipitation sum of the warm-
est quarter (Figure 6a,c-e). k-fold cross-validation reveals that
model performance with only the three most important variables
is stable to a 10% loss of training data—the mean coefficient of de-
termination (c.o.d.) of the 1000 k-fold models was 77.31% with an
among-model standard deviation of 4.12% and coefficient of vari-
ation of 5.31% (Figure 6b). Inclusion of other variables, including
other soil physicochemical, vegetative community and soil fungal
meta-community principal component (PC) axes increase model
complexity but offer no additional predictive power (Figure 6a;
Table S1).

Partial feature contributions reveal that truffle yields are highest
among sites with alkaline soils and a high percentage of bare sail,
with steep inflection points at pH> 8.1 (explaining the high yield of
the most productive site, Sl) and % of bare soils >40% (Figure 6c,d).
The third variable, precipitation sum of the hottest quarter, explains
both among- and within-site variability in annual truffle yield. The
partial feature contribution shows yields increase with precipitation,

particularly at >300mm (Figure ée).
3.6 | Negative temperature versus precipitation
correlations during the hottest quarter

The linear mixed-effect models identify temperature as more im-
portant than precipitation for total truffle productivity within a
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FIGURE 5 Annual truffle yield

of each site in gram (y-axis) tends to
decline with the mean temperature of
the warmest quarter in °C (x-axis). The
30-year (1980-2010) mean temperature
of the hottest quarter is indicated by the
broken line. Sites are ordered according
to the maximum observed productivity.
Data points are labeled by year (2011-
2018). Red x's indicate yields of zero.
Best-fit linear regression lines are colored
according to the predicted % change

in yield given a one degree increase in
temperature

FIGURE 6 The majority of inter-site
and inter-annual variability truffle yields
can be stably accounted for using only
three predictor variables. (a) The % out-
of-bag variability explained in truffle yield
(gm~?) by random forest models versus
the number of predictors (sorted by
importance, Table S1). (b) The distribution
of coefficient of determination for 1000
iterations of k = 10-fold cross-validation.
(c,d, and e) Partial feature contributions
of the three most important predictors of
truffle yield, showing highest yield among
sites with (c) alkaline pH, (d) greater % of
bare soil, and (e) greater total precipitation
during the hottest quarter.

site (gyear?), whereas the random forest models identify precip-
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3.7

itation as somewhat more important than temperature for truffle

yields (gm™2 year™) among sites and years (Table S1). However,
precipitation and temperature during the hottest quarter are
not independent of one another: each 100 mm increase in pre-
cipitation is associated with a 1° drop in temperature (Figure S3).

Thus, both models track the decline of T. aestivum fruiting in hot,

dry years.

Truffle productivity and dendrometer data

To visualize the relationship between climate and dendrologi-
cal measurements, we scaled these variables and performed a PC
analysis. The first two PC axes explained 71.60% (PC1 = 51.48%,
PC2 = 20.12%) of the orthogonal variability among sites and years.
Visual inspection of the loading values on the first PC axis shows

that tree growing season is negatively correlated with temperature
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FIGURE 7 Hotanddry summers
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and positively correlated with precipitation (both values calculated
during the hottest quarter of the year). Likewise, inspection of the
second PC axis shows that tree growth is negatively correlated with
tree water deficit (Figure 7a).

As dendrological data were available for only a subset of
sites (Table 1), we fit a separate linear mixed-effects models for
the effects of tree growth and water deficit variables on total
truffle mass. We found that the total truffle mass (gyear™) in-
creases with the length of the tree growing season (p = .006,
df = 32.59, t = 2.958). For each one-day increase in tree grow-
ing season, there was an 22.60+7.64g increase in truffle mass
=0.690,R? i\ =0.084).In
contrast, there was no statistically significant relationship between

: 2
(estimate + standard error, R°__ iiional
annual truffle mass (gyear™) and total annual tree growth or mean

water deficit.

4 | DISCUSSION

Our results show that T. aestivum populations in the center of the
species' broad European climatic range produce less fruitbodies dur-
ing hot, dry summers. Our linear models predict that anomalies of 2-
3°C are sufficient to stop truffle productivity among our monitored
sites. Based on first approximation of the climatic niche, which is
commonly inferred from species-distribution records, these moni-
tored truffle populations should be far from the hot-edge of their
climatic envelope. Our findings suggest that this approximation is er-
roneous. Instead, T. aestivum populations appear locally adapted to
narrow climate conditions, sensitizing them to the expected increase

in summer drought frequency throughout the 21st century.

The hottest year observed over the monitoring period was insuf-
ficient to push any one of our 20 truffle sites outside the 30-year av-
erage summer temperatures experienced by the populations at the
hot, Mediterranean edge of the species distribution (Figure 2a-c).
Summer truffle populations in Spain and Italy produce fruitbodies
when 30-year summer temperatures average 20°C, whereas popu-
lations in the cooler forests of Switzerland and Southwest Germany
do not fruit when summer temperatures reach 20°C in a single year.
Summer truffles exhibit the same pattern as European beech trees
and marine copepods, which have been shown to be sensitive to
climate changes, even when they are insufficient to push them to
the edge of the respective species' environmental envelope (Garate-
Escamilla et al., 2019; Kelly et al., 2012; Knutzen et al., 2017).

Truffles depend on animals to eat their fruitbodies and distribute
their spores, which are most likely needed as fertilizing partner to
produce fruitbodies (Selosse et al., 2017). Thus, sustained fruitbody
removal could result in local spore limitation and a consequent de-
cline in truffle productivity. However, the effects of sampling were
minor compared to the effects of interannual temperature and pre-
cipitation (in both linear mixed effects and random forest models).
The stronger association of truffle mass with interannual climate
is best exemplified by data from year 2014—three years into the
sampling. Summer 2014 was unique during the monitoring period
in having lower temperature and higher precipitation than the 30-
year average for each site. These conditions also led to increased
fruitbody production, particularly among the sites that suffered the
largest interannual declines over the entire monitoring period. Even
if harvesting reduces an inoculation source, a previous study showed
that a high percentage of mature fruitbodies are not detected by
trained truffle dogs (Schneider-Maunoury et al., 2019). The fall of
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the summer truffle production is associated with a heating and dry-
ing trend expected to continue and intensify with global climate
change (Christidis et al., 2015; Stott et al., 2004).

Our data do not address whether declines fruitbody production
are associated with a decline in ectomycorrhizal formation, spore ger-
mination, failure to form primordia, or to a decline in hyphal mass.
Among wood-decaying fungi, fruitbody production and mycelial abun-
dance are correlated with one another (Ovaskainen et al., 2013), the
same was found for diverse ectomycorrhizal fungal species (Guidot
et al.,, 2004; Lian et al., 2006; Zhou et al., 2001). However, several
studies comparing fruitbody presence and abundance with below-
ground structures such as ectomycorrhizal root tips or mycelia show
incongruence (Anderson & Cairney, 2007). Mycelium density and
fruitbody production have been shown to be correlated in both the
Périgord (Suz et al., 2008) and summer truffle (Todesco et al., 2019).
By contrast, although mycelium density and fruity bodies are cor-
related in the congeneric white truffle (T. magnatum), mycorrhizal
connections and hyphal mycelia have been detected in the absence of
fruitbody production (Murat et al., 2005; Zampieri et al., 2009). This
creates uncertainty as to whether, when T. gestivum fails to fruit, it
continues to persist in soil/plant roots belowground.

Based on genotyping fruitbodies, T. aestivum individuals are
mostly short-lived, with a high annual turnover of genotypes
(Molinier, Murat, et al., 2016). This implies that mycelia would also be
rather short-lived coinciding with fruitbody production as proven for
the ruderal ectomycorrhizal fungal species Hebeloma cylindrosporum
(Guidot et al., 2004). However, a few perennial truffle genotypes were
also present and could potentially persist as mycelia without forming
truffles. Thus, it is possible that sites with no fruitbodies contain resil-
ient T. aestivum populations belowground. In fact, T. aestivum myce-
lial growth has proved to be drought resistant as compared to other
fungal species, being able to grow at soil hydric potentials below the
temporary wilting point (i.e., pF 4.2; Todesco et al., 2019).

It is therefore currently unclear whether populations that ceased
fruiting during hot/dry years will recover in cooler/wetter ones. In
this context, summer drought could be detrimental to the annual
success of truffle fruitbody foragers without imperiling the viability
of the truffle populations. However, the absence of truffle fruitbod-
ies also indicates the absence of sexual recombination and progeny
production in the form of spores. In evolutionary terms, sex gener-
ates new and potentially beneficial allele combinations that are the
basis for local adaptation. Furthermore, truffle fruitbodies facilitate
active dispersion and gene flow. Their absence could be especially
problematic for local populations when environmental variation ex-
ceeds phenotypic plasticity of existing individuals.

Truffles may be adapted to local climates by their host trees. Thus,
hot and dry summers that reduce host tree growth and photosynthesis
(McDowell, 2011) could consequently reduce the carbon provisioned
to mycorrhizal fungi—including T. aestivum (Hagedorn et al., 2016;
Joseph et al., 2020). However, we found no relationship between
truffle productivity and either total tree growth or tree water deficit
during the hottest quarter. This might partly be explained by the find-
ing that tree growth is more sensitive to atmospheric drought than
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carbon assimilation (Zweifel et al., 2021). Truffle fruitbody growth is
directly dependent on recent assimilates during the early season and
from stored carbon after the end of the host trees' carbon assimila-
tion (Tacon et al., 2013). During the hottest quarter of the year, higher
temperatures are associated with shorter tree growing seasons, lower
precipitation, and decreased truffle productivity. While direct effects
of these climatic parameters on truffle fruitbody production are likely,
indirect effects via reduced supply of recent assimilates due to short-
ened growing seasons are conceivable as well.

Variability in annual truffle yield among our sites was associated
with soil pH, % bare soils, and interannual precipitation totals during
the hottest quarter—and not strongly associated with 60 other soil
physicochemical, climate, and vegetative and soil fungal community
variables (Table S1). Thus, T. aestivum yields were not influenced by soil
nitrogen, texture, cation exchange capacity, site elevation, tree species,
or soil fungal species composition, nor any of the 19 bioclimatic vari-
ables drawn from 30-year climate means. In fact, we found that our
random forest model performance could not be improved by adding a
single additional variable over our top three (Figure 6a). Together, these
results suggest that—at least within sites that met our criteria for truffle
monitoring—truffle yields are governed by a few principal factors.

Our results for which factors are important are not surprising
given previous studies. For example, soil pH was the most important
predictor of T. aestivum fruitbody yields in our random forest mod-
els, which is consistent with previous studies linking T. aestivum to
alkaline soils (Hilszczanska et al., 2019; Robin et al., 2016). Likewise,
the congeneric Périgord truffle, T. melanosporum is known to sup-
press vegetation by releasing allelochemicals that produce charac-
teristic bralé patterns of bare soil around the stems of host trees
(Taschen et al., 2020). These brlés are thought to create a microen-
vironment conducive to fructification. Our results strongly corrobo-
rate these earlier findings regarding the importance of soil pH and %
bare soils, as these two emerged as dominant explanatory variables
in a completely inductive model selection procedure that could have
assessed 2% possible variable combinations.

An inspection of the partial feature contributions reveals the
nonlinear, threshold responses of T. aestivum yields to environmen-
tal factors. T. aestivum yields are insensitive to soil pH until they in-
crease sharply at pH>8.1. Likewise, truffle yields increase sharply
when bare soils reach 40% and then level off. However, these soil
and land-cover responses were driven by a few sites and therefore
need to be verified including additional sites. Response to precipita-
tion during the hottest quarter was also nonlinear, with little differ-
ences in T. aestivum yields among sites and years until precipitation
>300mm. The shape of yield responses is useful for predicting how
populations will respond to climate change and for managing the
productivity of truffle plantations. For example, our data suggest
that irrigation and soil amendments to increase pH might have little
effect on truffle yields unless they push populations beyond their
response thresholds.

Based on restricted species occurrence to the southern parts in
Europe, we would expect the Mediterranean Périgord truffle (T. mel-
anosporum) to be more tolerant to hot and dry conditions than the
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more cosmopolitan summer truffle. Accordingly, we would predict
that prolonged climate warming would lead to a replacement of T.
aestivum along the species' southern, hot range-limit with the more
heat-tolerant T. melanosporum. However, the opposite is the case.
Whereas a northward migration is documented for the Périgord
truffle (Biintgen et al., 2019), the summer truffle mycelia better
resist hotter and particularly drier conditions (Pifiuela et al., 2021)
and seem to replace the Périgord truffle in wild sites on the Iberian
Peninsula (Pifiuela et al., 2021; Sanchez et al., 2016). The data pre-
sented here now suggest an additional dimension. If northern T.
aestivum populations cannot tolerate temporal climate trends that
fall within the species contemporary, spatial-climate envelope, then
there may be declines in T. aestivum well north of the migration fron-
tier of T. melanosporum. Such climatic sensitization of T. aestivum
could lead to prolonged absence of both Tuber species and their as-
sociated ecosystem services.

The sensitivity of T. aestivum populations observed here sug-
gests that these central populations cannot tolerate temporal heat-
ing and drying trends similar to populations in southern Europe, or/
and that they currently undergo stronger selection pressures than
southern populations. Such sensitization puts T. aestivum in the com-
pany of common tree and crustacean species that also fail to tol-
erate climates falling inside the respective species' envelope (Kelly
etal,, 2012; Knutzen et al., 2017). Local adaptation could explain the
sensitization of T. aesitivum. Within the true truffle genus, genetic
strains of the congeneric T. borchii strains have been shown to have
genetically different heat-stress thresholds (Leonardi et al., 2017).
Population genetic data indicate that T. aestivum shows limited gene
flow, with strong population differentiation even if only 3 km apart
(Molinier, Murat, et al., 2016). Within populations, significant isola-
tion by distance indicates that offspring generally stay close to the
parents (Molinier, Murat, et al., 2016) and inbreeding is likely as seen
for the Périgord truffle (Selosse et al., 2017). Limited gene flow is
characteristic for animal- and not wind-dispersed, hypogeous fungi
(Douhan et al., 2011). In addition, spatial genetic structure indicates
that most spores do not travel at all but colonize the soil when un-
detected fruitbodies decay and release them (Molinier, Murat,
et al., 2016; Selosse et al., 2017). Such limited gene flow indicates
that populations may suffer from an adaptational lag to local climate
conditions (Aitken et al., 2008). Thus, if environmental change hap-
pens too fast, then beneficial alleles from more heat-tolerant south-
ern populations may be out of reach.

A critical implication of the present study, combined with simi-
lar findings for other organisms, is that center-of-range populations
are not safe from climate change. As global climate change increases
both long-term mean temperatures and the incidence of extreme
weather anomalies—particular summer drought and heat waves—
climate envelopes defined by species-level occurrences may under-
estimate local responses to short-term climate trends. Our results
also call for genomic studies on local adaptation of these precious
fungi, which could inform the application of climate-adjusted prove-
nances (Prober et al., 2015) for truffle cultivation and restoration as
proposed for plant species.
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