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Figure 1. (a) Distribution of Périgord black truffle (yellow) and Piedmont white truffle (blue), and the traditional habitat of Burgundy
summer truffle (red). The star indicates the find location in Germany, with a trained truffle dog (b). Full (c) and cross-section (d) images of
the specimen, showing the gleba (spore-bearing tissue). (e) Microscopic amplification of truffle peridium (surface) reveals horizontal
black/gray layers that, to our knowledge, have never been reported before, and may represent growth increments. (f) Temperature anomalies
of 2010 with respect to 1901–2000, as obtained from the Goddard Institute for Space Studies (www.giss.nasa.gov/). JJA = June–August.

Truffles and climate change 
The Burgundy truffle (Tuber aestivum
syn T uncinatum; Wedén et al. 2005)
rates highly amongst the world’s
most precious culinary delicacies.
Currently, specimens are valued
around €600 (~US$820) per kilo-
gram, depending on production rate,
culinary quality, and consumer
demand. In contrast with that of the
Périgord black truffle (T melanospo-
rum) and the Piedmont white truffle
(T magnatum), the natural habitat of
the Burgundy truffle is less well rec-
ognized (Figure 1a). Indeed, surpris-
ingly little is known about the physi-
ology and ecology of many Tuber spp
(Phylum Ascomycota; Bertault et al.
1998; Martin et al. 2010), in part
because of their hypogeous (below-
ground) life cycle (Trappe and
Claridge 2010) and the general lack
of knowledge regarding the drivers of
fruiting-body growth in ectomycor-
rhizal fungi (Gange et al. 2007).

A trained truffle dog (breed:
Lagotto Romagnolo), attracted by the
intense smell of numerous volatile
compounds emitted by the hypogeous
fruiting body, detected a mature T
aestivum specimen (weight: 414 g;
volume: 407 cm3; diameter: ~10 cm;
value: ~€200 [~US$274]; Figure 1, b

to d) within a mixed oak/beech forest
in southwest Germany, near Lake
Constance (47.72˚N, 8.88˚E). The
testaceous gleba (or spore-bearing tis-
sue) with light venation was perfectly
developed, and the distinctive ring
structures visible on the surface
(Figure 1e) may possibly indicate
growth increments. An additional 2
kg of Burgundy truffle was collected
in the surrounding area, with individ-
ual weights between 5 g and 80 g.
Existence of Burgundy truffle north of
the arc of the European Alps and west
of Lake Constance has hitherto rarely
been reported. Between August and
December 2010, we conducted spo-
radic dog-based surveys for truffles,
which revealed >70 sites of seven
Tuber spp including T aestivum, T
brumale, T excavatum, T fulgens, T
macrosporum, T mesentericum, and T
rufum. The discovery of mature T bru-
male specimens in early November
was a particular surprise, given that
this species usually fruits from
January–March.

Whether an anomalously warm
summer and cold autumn (Figure 1f),
in conjunction with a precipitation
surplus, proved conducive to produc-
ing such an unusually large truffle
specimen remains speculative. How-
ever, the discovery of numerous
smaller fruiting bodies in the same

area may be indicative of a climate-
induced species’ range expansion. We
hypothesize that plentiful truffle har-
vest – now for the first time docu-
mented in southwest Germany, far
outside the traditional cultivation
region – may not simply be related to
short-term weather variations but
rather could be a result of longer-term
climate change, given that below-
ground truffle fruiting under favorable
soil conditions appears to be generally
insulated from weather fluctuations.
The truffle–host symbiosis and associ-
ated carbohydrate metabolism, how-
ever, complicate tracking climate
responses due to lag effects, since the
fungi must compete with the host
plant’s water and carbon demands.
Soil characteristics (eg temperature,
moisture) and microorganism activi-
ties may also enhance or inhibit sub-
terranean mycelial growth and fungal
fruiting (see Figure 2 for a schematic
overview of truffle ecology).

Evidence of Burgundy truffle pres-
ence in southwest Germany – a region
where Tuber spp are classified as Very
Rare or even Extinct on the IUCN
Red List – may suggest a climate-
induced biome shift, in line with
extended growing-season length
(Peñuelas et al. 2009), likely triggered
by increasing average temperatures
(Fischer and Schär 2009). Recent truf-

WRITE BACK  WRITE BACK WRITE BACK



151

© The Ecological Society of America www.frontiersinecology.org

Write Back

fle findings as far north as Gotland (a
Baltic island off the southeast Swedish
coast) further suggest a close link to
environmental change (Wedén et al.
2005). Assessment of high-resolution
climatic data (Mitchel and Jones
2005) revealed spatial differences of
~0.5˚C between mean temperatures
in Burgundy and our study site,
which corresponded with temporal
changes in mean temperatures
observed in Europe between the early
and late 20th century. An average
warming trend of 0.5˚C per century,
depending on seasonal, regional, and
methodological constraints, would
translate in an isothermal upward
(northward) shift of ~100 m (~110
km). Various model simulations fore-
cast a substantially warmer 21st cen-
tury (Fischer and Schär 2009), which
would likely continue to alter the
geographical, ecological, and physio-
logical range of mycorrhizal fungi and
their host plants.

Projected environmental changes
across the Mediterranean truffle foci –
where future temperature and precipi-
tation rates are expected to rapidly
increase and decrease, respectively
(Giorgi 2006) – will be critical for
truffle species with limited dispersal
capabilities, such as T melanosporum
or T magnatum. Likewise, declining
harvests will boost the economic
value of truffles. Understanding differ-
ent ecosystem responses to projected
climate change (ie with opposing sig-

nals south and north of the Alps), as
well as the complex interplay of biotic
and abiotic factors (Figure 2), is thus
of enormous scientific, economic, and
gastronomic importance (Hall et al.
2003; Trappe and Claridge 2010).

Our findings encourage rethinking
the distribution and dynamics of
European truffle populations, pro-
vide insight into the dark world of
hypogeous fungi, and appear rele-
vant to truffle cultivation efforts.
Formerly time-consuming, expen-
sive, and with little guarantee of suc-
cess, truffle plantations may become
more promising for T aestivum and
even feasible for T melanosporum in a
warmer climate north of the Alps.
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Plastic: matching material
with usage 
We are in the midst of a global plastic
pollution crisis. Plastic consumption
has doubled over the past three
decades (Thompson et al. 2009) and,
as a result, large areas of our terrestrial
and aquatic environments are now
overrun with discarded plastic.
Although plastic pollution in the
environment is an issue that must be
addressed, the substance plays an
integral role in human lives and tech-
nology. For example, in automobiles,
plastic replaces metal parts to
increase fuel efficiency by decreasing
weight (see www.bpf.co.uk). Thus, a
total ban on plastic would be imprac-
tical. How, then, should we try to
curb global plastic consumption? A
sensible way to alleviate consumption
would be to identify those products
for which its usage is unnecessary.

It is now a common practice to use
millennia-lasting plastics for every-
day items, such as bags or disposable

Figure 2. Holistic perspective of the numerous, interrelated biotic and abiotic factors
that drive truffle productivity and phenology.   
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drinking cups. Approximately 7–8%
of the world’s petroleum and natural
gas resources are used for plastic pro-
duction; over one-third of these plas-
tics are for short-term usage and are
discarded within a year of being man-
ufactured (Hopewell et al. 2009).
However, if used sustainably, the plas-
tic used would serve a specialized func-
tion, such as heat-resistance or weight
efficiency, and the total percentage of
plastic would reflect the life span of
the product. For example, most dis-
pensable items (eg bags) consist
entirely of plastic, whereas items with
longer life spans tend to use less plastic
(eg an automobile consists of approxi-
mately 11% plastic and lasts on aver-
age 8–14 years; Figure 1). Hence, it is
sensible to set a threshold, where all
dispensable products with a short life
span and high plastic content by mass
are targeted for reduction.

Reduction mechanisms, such as
taxes on plastic bag use and promo-
tion of reusable cloth bags, are now
more common in developed countries
such as Singapore, Germany, and
Australia. While these initiatives
deserve praise, more drastic measures

are likely needed to substantially curb
plastic consumption. Gradual reduc-
tion measures that eventually lead to
complete bans on the production and
distribution of dispensable items with
high plastic content and no special-
ized functions are needed, particularly
by nations with high plastic con-
sumption such as the US, China, and
Canada. Support of biodegradable
materials (eg chitin packaging) by
developed nations will promote more
inexpensive non-plastic alternatives,
which can then be adopted by devel-
oping countries. Immediate regula-
tions on dispensable plastics that pro-
mote their replacement with
environmentally responsible materi-
als are a pressing issue to curb gratu-
itous plastic pollution.
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Does habitat heterogeneity
increase farmland
biodiversity? 
Promoting landscape-scale habitat
heterogeneity – for instance, by
enhancing diversity of cover types
– has been suggested as a method
to enhance farmland biodiversity
(Benton et al. 2003). Here, we cau-
tion against generalizing the poten-
tial biodiversity benefits of this
approach. We argue that the type
and history of agricultural land use
must be considered, because intro-
ducing habitat heterogeneity can be
harmful for specialist (often endan-
gered) species in low-intensity agri-
cultural landscapes.

High-intensity, long-established
agricultural landscapes are character-
ized by substantial inputs of fertilizers
and pesticides. Typically, their biodi-
versity value has declined sharply
since 20th-century agricultural in-
tensification. In such landscapes,
increasing habitat heterogeneity will
indeed typically benefit farmland
and landscape-wide biodiversity,
especially if historical landscape ele-
ments are reinstated (eg hedgerows;
Benton et al. 2003). For example, in
intensive cropland landscapes of the
midwestern US, long-term regional
declines of songbirds associated with
agricultural intensification were
partly ameliorated by the re-estab-
lishment of semi-natural grasslands
(Veech 2006).

In contrast, the role of heterogene-
ity should be viewed differently in
low-intensity agricultural land-
scapes, such as calcareous grasslands
in Western Europe (Steffan-Dew-
enter and Tscharntke 2002) or
extensively managed grasslands in
Central Europe (Batáry et al. 2007).
Landscapes supporting such tradi-

Figure 1. The global plastic pollution crisis is largely caused by overusing dispensable
plastics. Overuse of dispensable plastics is primarily caused by mismatching materials with
usage. Paradoxically, items with the highest plastic content for no specific usage (ie to the
left of dashed threshold line) have the shortest life span. This paradigm must be reversed if
plastic pollution is expected to be reduced. All values were calculated or derived from the
following sources: http://repair2000.com/lifespan.html, www.eoearth.org/article/Computer
_recycling, www.epa.gov/ozone/title6/608/disposal/household.html, www.bpf.co.uk/
Innovation/Automotive.aspx.   

% plastic
of total mass: 100%                     ~23%                   ~12%                       ~11%

Specialized
purpose for
plastic (Y,N):

No specilized
function

Yes: light weight
and heat resistant

Yes: light weight
and heat resistant

Yes: light weight 

Efficiency of
product
increases (Y,N):

No                         Yes                       Yes                           Yes

Average
life span

1 day                <3–5 years             8–14 years             8–14 years

Cutoff between materials and practical usage



153

© The Ecological Society of America www.frontiersinecology.org

Write Back

tional agro-ecosystems are character-
ized by low chemical inputs and high
biodiversity, and often are threatened
by potential intensification. In
Europe, low-intensity agro-ecosys-
tems are some of the most species-
rich habitats (Steffan-Dewenter and
Tscharntke 2002). Unlike those in
intensively managed agricultural
landscapes, management practices to
increase heterogeneity in such low-
intensity landscapes are not ex-
pected to enhance biodiversity, but
can actually reduce it. As an exam-
ple, the introduction of treelines
and hedge-ows in low-intensity
grasslands benefits generalist bird
species (eg European magpie, Pica
pica), but inhibits open habitat spe-
cialists (eg IUCN red-listed great
bustard, Otis tarda). Similarly,
Batáry et al. (2007) studied the bee-
tle fauna of the Hungarian puszta

landscape, which is a semi-natural,
steppe-like pasture, and found that
increased habitat heterogeneity
was linked to dominance by habi-
tat generalists. Steffan-Dewenter
and Tscharntke (2002) also con-
cluded that the diversity of special-
ist insects in calcareous grassland
systems would be negatively
affected if traditional land uses
were abandoned or if new land-
scape elements, such as trees, were
introduced.

The introduction of new types of
habitat heterogeneity in tradition-
ally managed agricultural land-
scapes tends to benefit only gener-
alist species (Filippi-Codaccioni et
al. 2010). By contrast, specialist
species of high conservation prior-
ity are often negatively affected,
because their habitat is reduced and
fragmented. On this basis, we cau-
tion against the uncritical applica-
tion of measures to increase habitat
heterogeneity in low-intensity agri-
cultural landscapes. The same mea-
sures that might be beneficial to
farmland biodiversity in high-
intensity agricultural landscapes
(such as those in Western Europe
and North America) might be
detrimental to farmland biodiver-
sity in other locations (eg in
Eastern Europe).
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Figure 1. Caption to be supplied


