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Abstract Climate change affects various facets of life but
there is little data on its effects on wild mushroom fruiting.
Yunnan Province in China is a rich source of wild mush-
rooms and has experienced a temperature rise over recent
decades. This has resulted in warmer temperatures but the
impacts of these changes on mushroom production lack
documentation. We collected data on the fruiting of the
highly prized matsutake mushroom (Tricholoma matsutake)
in West Yunnan, China over an 11 year period from 2000 to
2010. Fruiting phenology and productivity were compared
against the driving meteorological variables using Projec-
tion to Latent Structure regression. The mushrooms
appeared later in the season during the observation period,
which is most likely explained by rising temperatures and
reduced rain during May and June. High temperature and
abundant rain in August resulted in good productivity. The
climate response of matsutake production results from a
sequence of processes that are possibly linked with regula-
tory signals and resource availability. To advance the

knowledge of this complex system, a holistic research ap-
proach integrating biology, ecology, genetics, physiology,
and phytochemistry is needed. Our results contribute to a
general model of fungal ecology, which can be used to
predict the responses of fungi to global climate change.
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Introduction

Our planet is undergoing significant climate changes (IPCC
2007) and these changes are having diverse impacts on
global biodiversity at various scales (Butchart et al. 2010).
Living organisms either develop mechanisms to cope with
changing environments (adaptation) or suffer extinction
(Thomas et al. 2004; Butchart et al. 2010). Adaptation can
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take the form of a shift in species’ ranges (Chen et al. 2011;
Pearman et al. 2011) or changes in physiological traits,
population dynamics, and reproductive behaviour(Hof et
al. 2011). Phenology is the science of periodic plant and
animal life-cycle events and how these are influenced by
seasonal and inter-annual variations in climate. It is one of
the primary indicators of the responses of living organisms
to climate change (Schwartz et al. 2006; Primack and
Miller-Rushing 2011).

Phenological research has traditionally focused mainly
on higher plants and animals (Menzel et al. 2006). Due to
their elusive traits, long-term monitoring of fungi is gener-
ally difficult and expensive and there have been very few
studies (Krivtsov et al. 2003). Researchers have only recent-
ly begun to analyse mushroom phenology, focusing on
fruiting dates and this has been mostly based on collection
times of herbarium records. Studies in southern England
(Gange et al. 2007) and Norway (Kauserud et al. 2008,
2010) have demonstrated a rapid change of fungal phenol-
ogy in terms of first fruiting date, last fruiting date, total
fruiting duration and mean fruiting date (Kauserud et al.
2008, 2010; Gange et al. 2007). In general, changes are
related to temperature and precipitation and are likely to
continue to change as the climate changes (Kauserud et al.
2008). Such research has provided useful knowledge, but it
often includes inherent errors or biases due to lack of actual
observations. The harvesting date, or the time when a spec-
imen is collected, is only a surrogate for the fruiting date.
Moreover, the direction and magnitude of change are spe-
cies and site dependent (Kauserud et al. 2008, 2010). On-
site monitoring and species-specific studies are critical for
validation, and for filling knowledge gaps (Büntgen et al.
2011).

Yunnan is located in the east of the Himalayan mountain
range. It embraces two global biodiversity hot spots, namely
the mountains of southwest China and Indo-Burma (Myers et
al. 2002). This mountainous region harbours enormous fungal
diversity and a host of wild gourmet mushrooms (Yang 2010;
Zhang et al. 2010). A market survey revealed 271 marketable
wild edible mushrooms in this region (Wang and Liu 2002),
amongst which matsutake, morels, truffles, Cordyceps and
boletes are the most valuable and traded globally (Sitta and
Floriani 2008; Yang et al. 2008; Weckerle et al. 2010; Samils
et al. 2008).

Matsutake mushrooms are highly priced, seasonal gour-
met items for the Japanese market (Wang et al. 1997).
Matsutake is the commercial name for a group of higher
fungi belonging to the genus Tricholoma. They are natural
mycorrrhizal fungi that have developed symbiotic relation-
ships with certain tree species, mainly pine (Pinus spp.) and
oak (Quercus spp.). The principal species is T. matsutake.
To date, no artificial cultivation is possible and all mush-
rooms are extracted from the natural environment. As an

item in great demand, the impacts of global change and
potential overharvesting are serious resource management
concerns (Yang et al. 2008, 2009). In this study we aimed to
answer the questions: 1) how have fruiting phenology and
productivity of the matsutake mushroom changed in recent
years and; 2) does the change relate to changes in climate?

Methods

Study area

The village of Haitangwa (N 25°16′27.6″, E 99°18′15.0″,
Fig. 1) is located in the east of Yunnan Province around
20 km from Baoshan City. Situated along the Gaoligong
mountain range, the region has a montane subtropical cli-
mate with a clear division between the dry and rainy sea-
sons. Mean monthly temperatures (data from 1971 to 2000)
range from 8°C in January to 22°C in June. Total monthly
precipitation ranges from 13 mm in December to 173 mm in
August. In accordance with global climate warming, tem-
peratures have increased by 0.9°C between 1965 and 2005
(Ma et al. 2009) and showed a slight decrease on annual
average temperature in the following years (Fig. 2).

The forest type producing matsutake is mainly Pinus yun-
nanensis which grows in mixture with oak trees (Quercus
spp.). Canopy cover ranges from 60 to 80%. In order to
manage the highly-priced matsutake, the village committee
of Haitangwa divided the forest lands among households.
Each household is responsible for managing and harvesting
mushrooms on the assigned land (Yang et al. 2009). There are
48 patches of forest ranging in size from 0.13 ha to 1.6 ha. The
specific forest site under observation encompasses an area of
one ha on a south-facing slope with an average inclination of
25°.

Climatic data

Since site-specific weather data is not available at the study
location, we used data (1999–2010) from the climate station at
Baoshan City, about 20 km away. Data were acquired through
the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn/index.jsp). We tested the correlation
of the data collected from the main station in Baoshan with
on-site observation from a meteorological station installed at
the study site in 2009. The result showed that both temperature
(R200.92, p<0.01) and humidity (R200.84, p<0.01) were
highly correlated between locations. The temperature in Hai-
tang was (on average) 5°C lower than in Baoshan, however;
and relative humidity was 16% higher. The coefficient of
determination for precipitation was relatively poor (R20
0.43), even though the correlation was still significant (p<
0.05). On average, monthly precipitation in Baoshan was
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30 mm higher than in Haitang. The original dataset included
daily temperature (mean, maximum, and minimum), humidity
(mean andminimum) and precipitation.Whenever trace quan-
tities of precipitation were reported, we substituted these with
0.01 mm (which is 10% of the minimum recorded
precipitation).

Shiro observation

Theoretically, a shiro is a structure of solid, tight aggregate
of mycelium and mycorrhiza underground from which fruit-
ing bodies emerge (Peter 2006; Ogawa 1975, 1976, 1977;

Yamada et al. 2006). Because of the difficulty of exploring
how the mycelium occupies the underground territory, shiro
boundaries are typically delineated based on visible fruiting
bodies above ground. This was done based on field experi-
ence of multiple years. The rule of thumb is spatial distance:
the closer the distance (<5 m), the higher the likelihood that
a structure belongs to the same shiro (Fig. 3). A total of 56
shiros were observed continuously throughout 2000–2010.
Each shiro was coded numerically and classified according
to its micro-environment, such as nearby tree and topo-
graphic characteristics. Dates of emergence from the soil
were noted for each individual fruiting body. The numbers
of fruiting bodies were aggregated for each month and year
and used as an indicator for productivity. For each shiro, the
first fruiting date was registered, when the first matsutake
emerged. Likewise, the last fruiting date was when the last
matsutake emerged. The fruiting duration was then comput-
ed as the difference between last fruiting date and first
fruiting date. The mean fruiting date was the average of all
observations. In total, the dataset consists of 4578 records of
individual fruiting bodies recorded during the observation
period.

Statistical analysis

Descriptive statistics and graphs were used to analyse and
illustrate the results. The variation in fruiting phenology

Fig. 1 Location of the study
site. The triangle indicates the
position of Haitangwa village,
located 20 km NE of Baoshan
City

Fig. 2 Trend of annual mean temperature at the study site (data source:
the China Meteorological Data Sharing Service System, http://
cdc.cma.gov.cn/index.jsp)
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(mainly referred to as first fruiting date, last fruiting date,
fruiting duration, and mean fruiting date) and variation in
production were analysed. To explore the relationships be-
tween meteorological variables and fruiting behaviour, we
used Projection to Latent Structures (PLS; also known as
Partial Least Squares) Regression (Wold 1995; Wold et al.
2001) The PLS model coefficients and the variable impor-
tance plot (VIP) were used to interpret importance and
effects of predictor variables. Predictors with VIP scores
above 0.8 were considered important for the PLS model
(Wold 1995).

Results

Fruiting phenology and productivity

Matsutake fruiting phenology was highly variable across
years, indicating high sensitivity to environmental change
(Fig. 4). Generally, fruiting commenced in mid-June and
ended in October, with some outlier fruiting bodies emerging

up to mid-November. The inter-annual variation of first fruit-
ing date can be greater than one month, with the first fruiting
date ranging from 7th June in 2004 to 19th July in 2005.Mean
first fruiting date, last fruiting date and mean fruiting date
during the observation period occurred on 19th June, 30th
October and 22nd August, respectively, resulting in a mean
fruiting duration of 133 days.

We observed a pattern of delayed first fruiting date over
time (Fig. 4a). The mean fruiting date and last fruiting date
fluctuated but did not show a clear trend (Fig. 4a). Interest-
ingly, the period of 2003–2005 presents a wide variation
during which fruiting dates were delayed dramatically in
2005 and fruiting duration was extremely long in 2004
(Fig. 4a and b).

Productivity in terms of the number of fruiting bodies
produced also demonstrated dynamic variation among study
years (2000–2010, Fig. 5a). In the most productive year
(2003), a total of 810 fruiting bodies were produced, com-
pared to only 233 in the least productive year (2008). The
mean number of observed fruiting bodies over all years was
416 with a standard deviation of 167. Productivity de-
creased after the exceptionally high production in 2003. In
2009, it recovered slightly. The most productive months
were August and September (Fig. 5b). On average, 26, 83,
110, 123, and 56 fruiting bodies emerged from June to
October during the period from 2000 to 2010. Productivity
levels also differed between shiros, with some consistently
producing more fruiting bodies than others (Fig. 5c). For
example, shiro 24 produced on average 41 (SD017) fruiting
bodies per year, whereas shiros 5, 28, 40, 43, and 58 did not
fruit every year.

Climate-fruiting relationships

Fruiting characteristics such as first fruiting date and num-
ber of fruiting bodies were analysed against temperature,
humidity and precipitation. The results (Fig. 6) show that,
temperature of 8 months, humidity of 6 months and precip-
itation of 3 months relates significantly to first fruiting date.
In general, high temperature during May-July delayed the

Fig. 3 Schematic map illustrating the delineation of shiros. Fruiting
bodies (grey dots) were grouped as one shiro (black line) if their spatial
distance was less than 5 m. The boundary drawn was based on
observations over multiple years

Fig. 4 Variations and trends in
fruiting dates (a) and duration
(b)
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first fruiting date, as indicated by positive model coefficients
in the Projection to Latent Structures model. Negative mod-
el coefficients for temperatures between December and
March imply that high temperature during these months
advanced first fruiting dates. Likewise, high humidity and
precipitation during May-July delays first fruiting. For pro-
ductivity, temperature of 4 months, humidity of 8 months
and precipitation of 3 months are significant responsive
variables. High temperature and high precipitation in Au-
gust were correlated with a high number of fruiting bodies.
In contrast, high temperature in June and high humidity
from November and December of the preceding year to
May were correlated with low numbers of fruiting bodies.

Discussion

We used an 11-year monitoring dataset collected at Haitangwa
village in Baoshan Prefecture, Yunnan Province, China. Since
1997, research on promoting matsutake production through
forest enclosure has been carried out at this location. This
project was conducted by the Baoshan Forestry Bureau and
Institute of Tropical Forestry, Chinese Academy of Forestry
(Gong et al. 2002). During this period, Pinus yunnanensis
forests have been well protected. Harvesting was restricted
to methods with low environmental impact. We monitored
and recorded the fruiting behaviour of matsutake in the forest
between 1999 and 2010. The underlying assumption of the
study was that human impact on fruiting is minimised by good
management and is not a significant factor impacting varia-
tion. We therefore hypothesise that climatic factors drive
variation in matsutake fruiting phenology and productivity
in the observed forests.

Climate response of matsutake fruiting and underlying
mechanisms

Analysis of herbarium data has recently provided new
insights into the fruiting phenology of fungi. On-site mon-
itoring has also been intensified, in order to understand the
effects of environmental drivers on fungal diversity, fruiting
and productivity (Büntgen et al. 2011; Egli 2011; Pinna et
al. 2010; Baptista et al. 2010; Newbound et al. 2010; Krebs
et al. 2008). Yet studies to date have only presented the
pooled result of a collection of fungal species, even though
the response of individual species to environmental change
may differ. Research focusing on specific species is still
limited by a shortage of data from long-term observations.
For example, Mihail et al. (2007) present valuable results on
spatial and temporal patterns of fruiting, but only for a single
species (Morchella esculenta) and for a relatively short
period (2001–2005). Our unique dataset on matsutake
mushroom allows a species-specific investigation into

Fig. 5 Variation in productivity between years (a), months (b), and
among shiros (c). In figures b and c, SE is the standard error and SD is
the standard deviation from the mean
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fruiting phenology and thus contributes to the development
and validation of fructification models.

Fruiting results from a complex series of processes, in-
volving stimulation by environmental cues and endogenous
regulatory signals (Ugalde 2006; Busch and Braus 2007),
which induce expression of genes involved in the fruiting
process (Busch and Braus 2007). Furthermore, the fruiting
process requires surplus energy and nutrients at the time
when fundamental requirements for vegetative growth are
met (Busch and Braus 2007). Thus the observed climatic

factors affecting fruiting are either directly or indirectly
affected by the above-mentioned process. We speculate that
the time of fruiting is likely dependent on regulatory signals
which might be induced by climate cues; whereas produc-
tivity is more related with resource availability.

Similar to patterns found for other fungi, matsutake fruiting
is sensitive to changes in environmental conditions. First
fruiting date and productivity were sensitive to change, show-
ing active inter-annual and inter-shiro variation. The observed
trend towards delayed first fruiting was explained by

Fig. 6 Relationships between first fruiting dates (FFD; a) and the
number of fruiting bodies (NFB; b) with temperature (T), humidity
(H) and precipitation (P) from November (11–1) of the preceding year
to October of the fruiting year, as indicated by PLS regression. The VIP

plots indicate the importance of each variable, and model coefficient
plots show the direction in which high values for each factor influence
the dependent variable
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temperature, humidity and precipitation over several months.
To interpret the link between significant variables and first
fruiting date, we constrained the efforts to months before and
during the early stage of fruiting, as correlations of fruiting
with environmental conditions after fruit emergence make no
biological or ecological sense. March,May and June appear to
be the most important months for determining the onset of
matsutake fruiting. The mechanism underlying the response
of matsutake fruiting to weather in March is unclear. It may be
linked with mycelium development, biomass and nutrient

accumulation, which are essential for fruiting. A warm and
dry March may favour these processes and induce early fruit-
ing. Prior to fruiting onset, the mycelium aggregates, forms
knot structures and then produce primordia. These processes
most likely take place in May and June. A further analysis of
the climate data revealed a clear temperature increase and
precipitation reduction in May (Fig. 7). Moreover, their sig-
nificant correlation with first fruiting day (Fig. 8) leads to the
conclusion that rising temperature and reduced precipitation in
May appear to have caused the delay of fruiting onset. Similar
patterns were observed for June but with lower significance.
The most reasonable biological and ecological explanation for
this relationship is a cold shock, as reported by Pinna et al.
(2010), or a phenomenon equivalent to the chilling require-
ment of perennial plants in cold environments (Yu et al. 2010).
High temperature may have delayed the fulfilment of chilling
requirements for onset of fruiting, while drought enhanced the
effect of temperature. The extreme late fruiting of 2005 pro-
vided the best evidence, when temperature inMaywas 20.1°C
(0.4°C higher than average) and precipitation was only
5.3 mm (130 mm on average). We speculate that the function
of cold shock induces metabolic process and releases chemo-
sensory signals for fruiting.

The positive effect of a warm November and low humidity
from November to May on productivity indicates that such
conditions favour mycelium development, leading to high
productivity. Both temperature and precipitation in August
were positively correlated with yield. This is possibly
explained by the host-fungi relationship, with high amounts
of carbohydrates produced by the host leading to high pro-
ductivity of the matsutake. It is worth noting that the highest
productivity occurring in 2003 was accompanied by the high-
est temperature in August (22.1°C), and interestingly the
lowest precipitation (111.9 mm, compared to a long-term
mean of 180 mm from 1951 to 2010) of the same month. This
contradictory observation against the above mentioned pre-
cipitation effect may reflect the fungi’s response to abnormal
climate conditions. As noted in a previous study (Busch and
Braus 2007; Ugalde 2006), fungi have two systems for repro-
duction. In general, growth of vegetative hyphae is sufficient

Fig. 8 The relationships
between temperature and
precipitation with first fruiting
days (day of year)

Fig. 7 Changing patterns of temperature and precipitation in May
during 2000–2010
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for sustaining the local population. Fructification is not a
necessity, but dispersed spores have the function to explore
new territories and maintain genetic diversity (Ugalde 2006).
In normal years, the number of fruiting bodies depends on
resource availability. In an abnormal year, however, fungi may
use strategies to lower the risk of extinction. High productivity
in a dry August might be one such strategy to cope with an
environmental extreme by enhancing the sexual reproduction
with the purpose to expand the range and to boost genetic
diversity. Similar observations were made in 2010 at Qingcai-
tang in Chuxiong Prefecture (another research site), where
drought conditions in the whole summer postponed fruiting
dates but doubled productivity. The tendency to allocate more
resources to sexual reproduction system under harsh environ-
mental conditions was well documented in higher plants, e.g.
Fan and Yang (2009). Fungi may respond in the samemanner.
Further research is required on this topic, including during
harsher conditions than we observed. While much drier than
the annual average, the August of 2003 may still not have
been dry enough to trigger survival strategies in matsutake.

We would also like to recommend caution in the use of
second hand data, such as herbarium records, for studying
fungal phenology. Differences in fruiting dates between shiros
can be greater than 2 months even in a small area such as in
our study site. This implies that, for species with long fruiting
duration, multiple or even full-time field observations rather
than one-time or one-spot data collection is required to make
an appropriate inference for the dynamics of fungal phenolo-
gy, which was also suggested by Halme and Kotiaho (2012)
from an intensified practical research from Finland.

Challenges for fungal ecology and phenology research

With increasing recognition of the role and function of fungi
as important components of ecosystems for element cycling,
carbon exchange, economic value and ecosystem equilibri-
um, an understanding of their biology, ecology, and their
responses to climate change is essential. Pickles et al. (2012)
summarized the possible responses of ectomycorrhizas under
natural and anthropogenic forms of climate change. The pub-
lications of Gange et al. (2007) and Kauserud et al. (2008,
2010) have clearly demonstrated the need for research on the
response of fungal ecology and phenology in an environment
of global change. However, many challenges still exist. First-
ly, we currently lack systematic frameworks, methodologies,
and techniques to satisfy these needs. There is no standard or
well-established method for examining relationships between
fungal phenology and climate change. This is due to limited
understanding of the fruiting mechanism and its controlling
factors, especially in the context of mycorrhizal fungi, few of
which are cultivable (Salerni and Perini 2004). Furthermore,
the temporary nature of sporocarps and the underground pres-
ence of myceliummake research into fungal ecology difficult.

Research using model species (categorized by trophic acqui-
sition modes) which can be manipulated experimentally is
needed.

Secondly, selection of response variables and corresponding
statistical methods is difficult and somewhat arbitrary. The
response variables normally used are averages or figures accu-
mulated at certain interval bases. Correlation coefficients and
regression are the statistical methods frequently employed.
New variables or indices and innovative statistical methods
should be developed to understand the covert fungus-
environment relationship. Projection to Latent Structures Re-
gression, as employed in the present study, is a step in this
direction.

Thirdly, no matter which method and data are used, the
most challenging task is interpreting the results in an eco-
logically sound manner. Do temperature and rainfall affect
fruiting behaviour as significantly as the statistics suggest?
Have we discovered an actual ecological relationship or is
this just a chance finding? If it is an ecological relationship,
what mechanism drives it?

Research into fungal ecology and phenology has just
begun (Kauserud et al. 2008), and we lack understanding
to make confident accurate ecological interpretations. We
should, on the one hand, develop generalized models based
on site- and taxon-specific cases; and on the other hand
incorporate modern technology, such as genetic approaches
to test ecological hypotheses. In summary, a holistic ap-
proach and research framework integrating biology, ecolo-
gy, genetics, physiology, and phytochemistry is needed in
order to advance this area of research.
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