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Abstract

The thesis contains an analysis of spatial and temporal aspects of macrofungal fruiting.
In total, the thesis contains 8 chapters with 5 experimental chapters. Theseerbapt
involved studies of i) fungal phenology (Chapter 3), ii) fuhgat associations
(Chapter 4), iii) the relationship between fungi and climatic variables (Chapter 5), iv)
seasonal dynamics of fungal interactions (Chapter 6) and v) fungal species co
ocairrence patterns (Chapter 7). Most data, analysed in the studies of phenology, host
associations and influences of climate on fungi were obtained from a long term fungal
dataset with records gathered by local mycologist, Edward G. Gange from more than
1000localities within a 30 km radius of Salisbury, Wiltshire, UK over 50 years. Chapter
3 describes analyses that | have conducted in order to detect changes in fruiting
phenology of ten common fungal functional groups extracted from the dataset.
Meanwhile, n Chapter 4, host ranged of 8 common fungal genera were explored and
responses of mycorrhizas and saprotrophic fungi were compared. Moreover, the
guestion of whether changes in fungal fruiting patterns in the UK could be affected by
climatic factors overacording period are discussed in Chapter 5. For spatial aspects of
fungal community structure, field studies have been conducted in Chapter 6 and
Chapter 7 of the thesis where samples were obtained from study sites in Windsor
Forest (Windsor Great Park)py&l Holloway College (Egham, Surrey) and Wivelsfield
(West Sussex). Chapter 6 describes experiments on a model spEgiisploma
fasciculare to examine whether fruit bodies that fruit in the same place have fruit
more than once a year. Chapter 7 contwiexplanations of an attempt to answer the
guestion whether some individuals have gapsfpdfar during their fruiting seasons
while there are other individuals belonging to the same species that occur elsewhere.

This then followed by identifying factorsahcould triggers the fruit body formation.
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Chapter 1

General Introduction

Fungi are best known fdheir role asdecomposers, and play a major role in nutrient
recycling in ecosystems. Fungi also have direct interactions with plant, animal and
bacterial community structure through a wide variety of interactions. Therefore, any
interference within fungatommunity structure may also disrupt the balance of other
organisms in the environment. For example, many plants are dependent on
mycorrhizal fungi for minerals and nutrients in order to grow. The symbiotic
relationship between plant roots and mycorrhizaingi enables plants to acquire
mineral, nutrients and water while fungi obtain sugars in exchange (Pealy 2008).
Absence of appropriate fungi can significantly alter plant community strucivieber

et al. 2005).

Despite our understanding of fungadles in decomposition activity, nutrient recycling

in ecosystems and associations between fungi and other organisms, there are many
things relevant to the spatial and temporal aspects of macrofungal communities that
have yet to be discovered. The exigftistudies of fungal community structure have
concentrated on several aspects including the diversity and abundance of fruit bodies
(Straatsmaet al. 2001), the importance of exogenous environmental factors in
triggering fruit body production (including teperature, rainfall, soil chemical
properties, vegetation type, structure and age of the forest stand and host genotype
for mycorrhizal species) (e.g. Ruehling & Tyler 1990; Vogt et al. 1981; Last & Fleming
1985), fungahost associations (e.g. Bruasal. 2002), competition and partitioning of
species of various niches (e.g. Bruns 1995). Nevertheless, there are other fascinating
spatial and temporal interactions between fungi and other related external
environmental factors that still require detailed dapation, such as fruiting
phenology, the ability of @pecies toexpand and/or shift their host and also fungal
dispersal. Different attempts to measure spatial and temporal variability displayed
mixed findings, depending at what scale and aspects theydurstructures being

studied. Peayet al. (2008) suggested that this may be due to different patterns
17



between functional groups (e.g. wood decay fungi, soil fungi etc), different taxonomic
criteria (e.g. morphology), differences in sampling efficiency r{sbo long term)
(Woodcocket al. 2006; Peayet al. 2007) and also differences in ecological factors
(nutritional mode). Although these differences in pattern usually do not pose a risk of
extinction, fungi and their allies may be in jeopardy if habitae s proven to be one

of the causative factors of fungal species richness (Bealy 2008).

Recent global climate change has been showrhawve affected a broad range of
organisms with diverse geographical distributions (Otterseal. 2001; Waltheret al.

2001; Waltheret al. 2002). According to Waltheet al. (2002), these responses,
however, do not respond to approximate global averages but instead respond more at
a regionalscale. In addition, Waltheet al. (2002) also reported that minimum
temperatures that are increasing at twice the rate of maximum temperatures. This
results in reduced diurnal temperature ranges and coupled with changes in the rainfall
regime, these climatic factors will undoubtedly contribute to heterogeneity in
ecological dgamics across systems. Several aspects in ecosystems include the
responses seen in phenology, in physiology of organisms, and in the range and
distribution of species and the interactions within communities. Phenology is defined
by Waltheret al. (2002) aghe timing of seasonal activities for plants and animals in
relation to variation in climate and has been suggested to be the most convenient
method of examining any chang@s the ecology of species in response to climate
change. Studies involving var®types of taxonomic groups and biological events have
demonstrated strong relationships between phenological events and climatic factors,
one of which is earlier flowering in many plant species, suclBetsla pubescens,
Prunus avium, Sorbus aucupaanad Ribes alpinumn Europe (Chmielewski & Rotzer
2001). Warming in the early spring (Februghpril) by iC causes an advance in
flowering of up to 7 days. Besides that, the observed extension of growing season in
the study was mainly due to the earlier ons# spring. Furthermore, the effects of
climate change on phenology of organisms is also reflected in thetésnganalyses

by Cricket al. (1997) and Sparks (1999) who have discovered earlier nesting and arrival
from migration for some bird species. Maver, earlier breeding were also detected

18



in several amphibian species in Southern England as reported by Beebee (1995) who
have suggested thaamphibian reproductive cycles in temperate countries are
responding to climate change. Despite advanced deveblap in several organisms,
there were also delays and expansion in several phenological events, but these shifts
are less pronounced and show more complicated patterns (Wakhex. 2002). For
example, delays have been found in autumnal leaf colour obsiod trees while there

was extension in the length of growing season in some areas in Europe (Menzel &

Fabian 1999).

Recently, fungal phenology has started to raise attention of several mycologists all
over the world. For example, Gange et al. (2088ported advanced fruiting for
autumnal species in England whikauserudet al. (2008,2012) reported delayed
fruiting of autumnal speciesn Norway On the other handadvanced fruiting was
detected in a47-year survey of springruiting fungi (Kauseruet a. 2009). Recently,
Sato et al. (2012 have found differences in the fruiting phenology among three
common fungal functional groups namely ectomycorrhizal (ECM) fungi, litter
decomposers and wood decay fungi. Earlier, Straatstral. (2001) reported thathe
peak of mushroom fruiting was around late summer to autumn based on their long
term survey and suggested temperature to be the potential triggering factor. However,
all of these studies did not explain trends of fungal fruiting in detail, nor any

differencesbetween functionafgroupsacross longetime-series.

Climatic factors are thought to be the one of the main drivers of changes in fungal
community structure. There is a strong body of literature showing that climate
variables such as temperatusnd rainfall affect temporal patterns of various species
of fungi (Zhangt al.2005; Koidest al. 2007; Satet al.H 1 MmH T et aQ2083| IBVis

et al. 2013). Indeed, it appears that climate is changing globally, and with
unpredictable climate at diérent spatial scales across regions, combined with other

potential triggering factors, these could create dynamic fungal assemblages.
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Changes in different aspects of fungal community structure over time can result from a
variety of factors, either interally or externally. To identify these changes, detailed,
longterm data are required to determine trends of fruiting behaviour (e.g. fungal
appearance, disappearance and length of fruiting season). Furthermorestdamg
studies can also reflected respassof fruiting behaviour to external factors, when
combined with timeseries data using quantitative statisticaethods. For example,
Blntgenet al. (2012) found a positive correlation between inaanual autumnal
fungal fruiting with regional cumulativeainfall, suggesting increasing fungal fruiting
frequency in a year is due to the increasing rate of cumulative of rainfall in late June

and early October.

The overall objective of this thesis was to examine somthefspatialand temporal
aspects ofdngal community structure thaére lessunderstood. Such aspects include
phenology, fungahost associations antthe relationshipsbetween productivity of fruit
bodies and weather, which is said to be the main external triggering factor. In addition,
| wasalso interested to determine whether the same individuals are producing fruit
bodies at multiple times and also to find out whether species are able to grow at the

same place every year.

In Chapter 3of this thesis, analysis has been carried out to gtddngal fruiting
phenology from a 58 y old long term dataset, which was obtained from nearly 1,400
localities within a 30 km radius surrounding the city of Salisbury, UK. Detailed
information about the dataset can be referred @hapter 2of the thesis. n total, 368
species were involved in this analysis, which were divided into ten functional groups
according to their habitat. Trends for first fruiting date (FFD), last fruiting date (LFD),
length of fruiting (RANGE) and average of fruiting date (MEANgVery species in
each functional group were examined across years with regression analysis. |
hypothesised that most group may display changes and that there would be variation
between groups, in terms of their fruiting patterns. This was followed bynaxag
relationships between these fruiting aspects with the frequency of species in each
functional group and also against grand mean fruiting date for all 368 species in the
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dataset. For these tests, | hypothesised that there would be significant difesein

the frequency of species in each functional group that responded to each of fruiting
variables that were examined. Furthermore, in order to obtain a better understanding
of responses of fungi dhe genusand individual level, several common genarahe
dataset that fruit at similar times also were examined. Moreover, these genera were
grouped into two categories based on their nutritional mode (mycorrhiza and
saprotroph) and patterns between these groups were compared. | hypothesised that
mycorrhiza and saprotrophic fungi may show differences in their FFD, LFD, length of

fruiting season and also their average fruiting date.

One of the spatiaktudies in this thesis was examining the possible changes in the
associations between fungi and theirdis/substrates. For thaCChapter 4of the thesis
investigated the fungathost associations of eight most common genera from the same
dataset that was previously used in Chapter 3. Those genera Avaemita, Boletus,
Clitocybe, Collybia, Innocybe, LaaiariMycenaand RussulaHere, trends irthe host
range of each species in every genus were compared according to different trophic
group; the mycorrhizas and saprotrophs. Changes in fungal host associations, both in
terms of extension of host range and tlséifting of hosts also were examined. The
hypotheses that were made in the beginning of this study were that: 1) there will be
differences in the rate of host range expansion and host shift between mycorrhizal and
saprotrophic species, and ii) there aentencies of any species in the dataset to shift
host from their common hosts to another. In addition, part of this chapter has been
published in Ganget al. (2011) in which is an analysis of fungal fruiting of the
common funguduricularia auriculgudae, a species that is often cited as being mostly
confined to one host. The records Af auriculagjudae were obtained from the same
dataset and analysishowed thatthe host range of this species has changed in the UK
over the last 59 y. Besides that, tilspecies has also shown altered phenology, with
earlier appearance of fruit bodies and a longer fruiting period, consistent with a
response to observed warming trends in climate. Coincidental with the change in

fruiting time is an expansion of its host rang

21



Rainfall and temperature are two environmental factors that are often suggested to be
the main triggers of fungal fruit body production. However, to what extent these
factors are able to affect the fruiting patterns are still largely unknown. Althpugh
there is no doubt of the effect of these factors on fungal phenology, previous studies
did not fully explain the effect of rainfall and temperature on the fruiting pattern of
fungal functional groups, genera and groups in different nutritional modes.efore,

the overall goal of the study i@hapter Swas to examine which climatic factors show
most influence on the observed variation in the laiegm phenology of macrofungi in
Chapter 3. Apart from that, | also tested the following hypotheses: i) theioaship
between phenology of each functional group and temperature parameters varies year
to year and ii) there are differences in climateluced responses between mycorrhizal
and saprotrophic species in the dataset that previously used in Chapted 8 ahthe

thesis.

The majority of fungi usually appear in the autumn in Britain, although some species
may be seen in a different time of year. This is probably due to the rise in temperature
during summer which causing the substrates to warm up, togetwith frequent
rainfall that provides warm and a damp environment, that encourage fungi to fruit.
Moreover, studies have revealed that several autumnal species tend to be found
fruiting twice a year, in spring also (Garggeal. 2007). ThereforeChapte 6 aimed to
determine whether the same individuals are producing fruit bodies multiple times
throughout the year or the following year. An inoculation method was used to observe
interactions ofHypholoma fasciculare threedifferent study sites ranginfjom a year

to three year observations. | hypothesised that the same individuals will produce fruit

bodies more than once throughout the year.

Chapter 7ocuses on studies of seasonal occurrence otd®mon autumnal species
recorded in Windsor Great Bain three consecutive years (20§@012). In this study,

I hypothesised that some individuals may have gaps/e#ir during their fruiting
seasons while there are other individuals belonging to the same species that occur
elsewhere. This then followedtmy next hypothesis that weather would not be the
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only factor that triggers the fruit body formation, which suggests that there other
factors such as mycelial interactions towards resource availability and gases in
atmosphere that encourage mycelia torfio primordia. Besides that, the findings of
this study were also compared with the previous results in Chapter 6 given that
records of fungal species were obtained at the same sites and within the same period
of time. | further expected variations in theguences of fruiting time and frequency

of occurrence over years for each species which would likely be due to individualistic

responses towards climatic conditions and resource availability
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Chapter 2

Data set properties

The dataset used for studies in Chapters 3, 4 and 5 consists of 59,868 records of fruit
body individuals, 7,486 more records than the one previously analysed by Gange et al.
(2007) with additional records of macrofungi for the period 2@0%008. The earliest

date where the fruit body was found has been recorded in the year 1937. However,
due to the scattered number of records in the earlier records, only those from the year

1950 have been taken into account in the analysis, giving 58 years of recording.

In total, the data set represented 368 species, which were obtained from nearly 1,400
localities within a 30 km radius surrounding the city of Salisbury, Wiltshire, UK which
covered approximately 2,828 Krof area. The sampling area covered both deciduous

and conierous tree species, mostly dominated @uercus robufEnglish Oak}agus
sylvatica(Common Beech) anBetula pendulgSilver Birch). Sampling sites included

most of the natural woodlands and plantations in the New Forest and Salisbury Plain
areas. Howewe a wide variety of other woodlands, and localities such as natural
grasslands, pastures, churchyards, waste ground and agricultural land were also
AyOf dZRSR® 9@SNE GAaAld G2 Ftyeé arAdsS Aa KSNJ

In terms of sampling methodology, ealdtality was randomly selected without relying

on any systematic basis, in order to avoid bias in results. For each particular visit at
SOSNE t20ltAades G tSIrad GKNBS K2dzZNA &SN
The foray was held at leasthice a week of every year and each locality was visited at
least once per year. Only fresh fruit bodies were put into the records, excluding the
perennial species with permanent fruit body structures. Most fungal species in the
data set were collected andlentified by Edward G. Gange (EGG). If this was not

possible, then identities were confirmed by the Royal Botanic Gardens, Kew.

The data set consists of information on the species entity, date of collection, the

collector, host association, localitieschgrid reference where fungi were collected.
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Figure 2.1Map of study area ranging from New Forest National Park to Salisbury.

Furthermore, standard meteorological data including daily temperature, daily rainfall

and relative humidity data durinthe period of fruit body recording were obtained

from two of the nearest local weather stations, which were Hurn Airport (currently
1y26y | a . 2dzZNY SY2dzi K ! A NLI2 NI ov @ yorf ® Gl A G dgf
Southampton Weather Station (Latitude: 50.9°, Lardp: -1.40°).

With so much fungal information in the original data set, a summary of species was
created that contained essential fruiting aspects for each of the fungal species. The
aspects included were first fruiting date (FFD), last fruiting dat®)(LEngth of fruiting
period (RANGE), the average date of fruiting each year (MEAN), number of records per
year and the ratio of records to foray number for every species in the data set. FFD is
defined as the first date in a year when the fresh fruitipavas found. Meanwhile, LFD

was the last date of the year when the fresh fruit body was seen. The average date of
first and last fruiting of each species was calculated for the entire period of study. The
range of fruiting season (RANGE) was determinedubgracting an average date of

first fruiting from an average date of last fruiting of each species in the data set. The
average date of fruiting period of each species in each year was calculated as the mean

of all records in any one year for that spexecross 58 years.
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To examine phenological changes, trends for FFD, LFD and RANGE data for each fungal
species were examined with multiple regression analysis where the average date of
FFD, LFD, and RANGE of each of the species was regressed against Tyears
conservative method of linear regression was applied to relate mean fruiting date to
year, with the number of records for a species in each year used as a weighting factor,
G2 | @2AR 0AlFL & FNRY WolRQ TFNMYzAGAY a@an&eS| NE
(mean of all records over 58 years) for every species was calculated and plotted
against the regression coefficient which was obtained by relating FFD to year with

number of records applied as weighing factor.

All 368 species were divided into temntctional groups: i) grassland (n = 47), ii)
mycorrhiza with coniferous trees (n = 12), iii) leaf litter (n = 48), iv) mycorrhiza with
deciduous trees (n = 75), v) live leaves (n = 11), vi) needle litter (n = 9), vii) manure (n =
10), viii) soil (n = 14)x) living trees (n = 15) and x) dead wood (n = 127) to enable
comparisons of the responses of all group. A complete list of species used in the

analysis is given in the Appendix.
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Chapter 3
Changes in fungal fruiting in a 58 year historical datat in southern

England

3.1 Introduction

3.1.1 Understanding fungal fruiting phenology

Fungal fruiting phenology is a new field of mycology in which the literature is still
lacking and which requires far more comprehensive studies covering variougsaspec
fruiting. Knowledge of fungal fruiting phenology offers numerous opportunities to
improve the understanding of their community structure. The presence of fruit bodies
is indicative of the presence of the species in the substrate, though of course the
opposite is not always true (Gardes & Bruns 1996). Therefore an understanding of this
field will be able to support the analysis of observation e.g. by knowing how likely a
species is to be seen in a particular condition, we will be able to predictesepce or
absence at sites (Mackenzie &Royle 2005; Newbaairal. 2010). Alsoknowledgeof
fungal fruiting phenology is important to guide the design of fruit body surveys and a
way to explain their findings (Newbourd al. 2010). If the causes of funigfauiting are
known, the timing and intensity of surveys can be planned (Newbainal. 2010).

Fruit body surveys are a basis for documenting fungal diversity, as sporocarps can be
identified to the species level and having these recorded in a good regsite
system/database can provide an insight into the characteristics of fungi and may
explain their relationship/associations with their néiming environment. Apart from

that, due to the important associations between fungal community structure and thei
environmental conditions which mampvolve physical, chemical or biotic factors, the
effects of any changing environmental factors on fungal fruiting patterns can be
predicted. Fungi play an important role in ecosystem functioning especially in the

deconposition of organic matter and nutrient cycling in the soil. Therefore, any
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changes in fungal fruiting could reflect changes in mycelial growth and potentially

affect the ecosystem services of the soil biota.

3.1.2 Factors that contribute to the produatiof fruit bodies

Many field studies have shown that there are a number of environmental factors
contributing to the production of fruit bodies and the trigging of the primordial
formation of macrofungi in the natural environment. Some have shown that the
productivity of aboveground fruit bodies is related to annual climate conditions i.e.
average monthly rainfall and average monthly temperature (e.g. Lagarmé 2002;
Salerniet al. H n N H T R St al. AID7A Krgbset al. 2008; Pinnaet al. 2010).
Regarding rainfall and temperature, a few attempts to explain the duration of fungal
fruiting in relation to climate change have e recently been discussed (Straatisaia

2001; Mihailet al.2007; Ganget al. 2007; Kauserudt al. 2008, 2012).

Furthermore, the productivity of fungi is also determined by habitat characteristics.
Generally, forest stands display greater epigeous mushroom productivity than mature
stands (Pinnaet al. 2010). Nevilleet al. (2002) revealed that there were significant

associations between soil depth and type of mycorrhizal association in aspen,
supporting the hypothesis that ectomycorrhizal levels were highest in the shallow

organic layer and arbuscular ewrrhizal levels were highest in the deeper mineral soil.

The plant host has been identified as an influential factor in the production of fruit
bodies, especially for ectomycorrhizal species, due to the need for some nutritional
elements to build sporopdres in the forest (Selossat al. 2001; Dickieet al. 2010).
However, this factor is considered as an indirect effect and through the differences of
leaf fall quality in several host species, there nisy keychanges in the litter and
topsoil chemical coiposition that in turn, may affect the ECM community assemblage

(Aponteet al. 2010).
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3.1.3 The use of historical data in order to determine fungal fruiting pattern in a long

term basis

A complete and understandable data set is a necessary tool for demtimg every
single fruit body found in the field. Even though the records of fungi only partially
represent the fungi in the ecosystem, however, with proper, systematic methods of
analysing the data, the overall summary for the observed aspects can hevedh
Elaborate and longerm data sets are required to summarise the occurrence and the
behaviour of fruit bodies which are mostly affected by environmental conditions, such
as temperature and precipitation (Straatsned al. 2001). Many surveys have been
conducted to look for productivity of fruit bodies (e.g. Wasted & Ingelog 1981; Last

g CftSYAYy3d mMdbypT RS | NI I’ yetah 19821 Watlifgdk993; f R
Schmitet al. 1999; Straatsmat al. 2001; Richaret al.2004; Baptistaet al. 2010;) and
substrate preference of the macrofungi (e.g. Gamgeal. 2011; MartinezGarcia &
Pugnaire 2011). However a study of the dates or the length of fruiting period on a
longterm basis is still lacking. By using ldegn data to detect any changes in fungal
fruiting patterns, it allows for a comparison of cunteand historical data of fruiting
bodies, constituting a valuable tool for management and conservation strategies
(Molinaet al. 2001; Richaret al. 2004). Most studies on the duration of fungal fruiting
havebeen performedon a shortterm basis rangindrom one year to 8 years of data
collection (Voget al. 1992; Mihailt al. 2007; Baptistat al. 2010; Pinnaet al. 2010).

For some purposes, one year of sampling is enough however most of the research
guestions may need longer periods of investigatidodt et al. 1992). Therefore, the
present study was carried out to: analyse tends for first fruiting date (FFD), last
fruiting date (LFD), length of fruiting (RANGE) and average of fruitingld&aN) for
every species in differerfunctional grou from a 58 ylongterm dataset,ii) examine
relationships between these fruiting aspects with the frequency of species in each
functional groupand ii) examinecommon genera in the dataset that fruit at similar

times.
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3.2 Methods and Analysis

3.2.1Data Collection

The data set used for the study is the one previously analysed by @ardg2007)

with additional records of macrofungi for the period 26R808.

If not otherwise stated in Chapter 2, all analyses were carried out with the following

methodology.

3.2.2Analyses

Regression coefficients of FFD, LFD, RANGE and MEAN of every species in each group
were plotted against frequency of species recorded in each ecological group to allow
comparisons between number of species that appear earlyatar in the fruiting

season. A positive regression value indicates that a species shows delay in fruiting
aspect meanwhile a negative represents earlier fruiting. Species used in these analyses
GSNBE (GK2aS 0KI G ©SNB NI LN otrécyrdsSAR statisticall (1
analyses were conducted with the UNISTAT 4.53 Software Package.

Further analysis was conducted to examine the relationship between each fruiting
aspect (FFD, LFD, RANGE and MEAN) and mean fruiting date (MFD) for each of the
species in the data set. Furthermore, analysis of responses of species within genera
that fruit at similar times also were conducted on several common genera in the data
set which included the generamanita Inocybe Lactarius RussulaClitocybe Collybia

and Mycena,to obtain a better understanding of the fruiting aspects of individual

species.
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3.3 Results

3.3.1 Changes of first fruiting date, last fruiting date, length of fruiting and average of

fruiting of each ecological groups

Most ecologicalgroups have shown changes in their fruiting aspects throughout 58
years of data collection (Figure 3.1). However, the proportions of species that show
changes in the four fruiting aspects were different from one functional group to
another. Of the four gsects analysed, the length of fruiting (RANGE) has shown
considerably higher proportions of significant changes in most groups especially for
fungi inhabiting grass, leaf litter, needle litter, manure, living trees, dead wood and
mycorrhizal fungi in botltoniferous and deciduous trees. Meanwhile, for first fruiting
date, it can be seen that proportions of species that show significant changes were
around 40% to 90% of the total species in the ten groups studied. Fungi inhabiting live
leaves have shown thieighest proportion of species showing earlier appearance (91%)
(Figure 3.1e) meanwhile fungi remained on manure show the lowest (40%) (Figure
3.1g). On the other hand, the last fruiting dates for half of the total species in all
ecological groups also hawedergone changes. The greater rate of change was
detected in soil fungi where 93% of their total species have experienced changes in
their last fruiting date (LFD) (Figure 3.1h). In other respects, the average date of
fruiting was also different betweegroups. 82% of fungal species found inhabiting live
leaves have shown changes of their mean date, while needle litter species have shown
few responsesn mean date, with only one species showing a significant change

(Figure 3.1f).

3.3.2 Frequency of spesivs. regression coefficient of first fruiting date (FFD)

A wide range of responses in FFD of species was found in all groups ranging from
positive to negative values of regression coefficients (FigurejR.Zzoups with higher
number of species displag big range of values e.g. the woeddcayers (Figure 3.2))

whilst the groups with smaller number of species tend to have narrow ranges e.g. fungi
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Figure 3.1(g) Proportion of species showing significant changes in first fruitatg (FFD), last
fruiting date (LFD), length of fruiting (RANGE) and average of fruiting (MEAN) for different
ecological groups. Dagoloured bars indicate significant changes in species proportion for
each fruiting parameters meanwhile lighbloured barsshowing nomsignificant changes in
species proportion for each fruiting parameters.
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inhabiting needle litter (Figure 3.2f). Some groups showed mostly positive (delayed)
responses such as needle litter dwellers (Figure 3.2f). In some groups most vataes we
positive, i.e. delayed appearance, e.g. soil fungi (Figure 3.2h). However, most of the
groups displayed negativeegressions meanin@arlier appearance in the season.
Among these earlier fruiters, some have shown much greater responses than others
e.g.fungi inhabiting live leaves (Figure 3.2e). On the whole, the vast majority of the
bars that show the changes in species were found in the negative range of regression
coefficient of FFD, indicating that most species in all groups tend to have earlier
appearance during the fruiting season. Meanwhile, individualistic responses were
common as nhot every species showed significant results. However, there were groups
which have showrtlear patterns such as wood decayers, in which most coefficients
were negativeThis group formed the highest number of species and majority of them

have shown earlier appearance over the 58 years.

3.3.3 Frequency of species vs. regression coefficient of last fruiting date (LFD)

In contrast to FFD, the LFD of most species igralips have shown changes wherein
their disappearance hasebbome later (Figure 3.3 Ofall later fruiters, fungi found

on grass have shown a wider range of regression coefficients compared to the other
groups (Figure 3.3a). Surprisingly, there wereugsowhich have an early FFD and
subsequently tend to have later LFD. Those inhabiting leaf litter under deciduous trees
(Figure 3.3c) and fungi inhabiting living trees (Figure Ba&i) FFDshat were earlier,

but also also displayed later disappearance.

3.3.4 Frequency of species vs. regression coefficient of length of fruiting season (Range)
Interestingly, all ecological groups have shown similar patterns where most species
were found at the positive range of regression coefficient indicating thay teed to

have an extended length of fruiting (Figure 3jtaMeanwhile, the individualistic

NBaLl2yasSa 2F OSNIFAY 3INRdzLJA 6SNB | AFAy O
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behaviour especially for all species found inmme (Figure 3.49), living trees (Figure

3.4i) and mycorrhizal under coniferous trees (Figure 3.4b).

3.3.5 Frequency of species vs. regression coefficient of MEAN

Various trends were seen across different functional groups where some species tend
to hawe earlier average fruiting dates and some havdaged fruiting. Most species
found ongrass, mycorrhizal fungi found in deciduous trees and soil fungi have become
later whereas the majority of fungi inhabiting live leaves, waleday fungi and

mycorrhizalin coniferous trees show earlier averages (Figure 3.5).

3.3.6 Relationship between regression coefficients of first fruiting date (FFD) versus

year and overall mean fruiting date (MFD)

For all groups, there was a tendency for early fruiters to showydein appearance,
while later species showed advances (Figure 3.6). Negative relations between MFD and
regression coefficient of FFD were seen in three ecological groups; mycorrhizal with
deciduous trees (Figure 3.6d), fungi inhabiting needle litter (Eigu6f) and wood

decay fungi (Figure 3.6j). This suggests that late fruiters tend to have an advanced

appearance, while early fruiters have delayed appearance.

3.3.7 Relationship between regression coefficient of last fruiting date (LFD) and mean
fruiting date (MFD)

With LFD, most groups displayed no trend, and in only one (deciduous mycorrhizas)
was this significant in the relationship between regression coefficient of LFD and MFD
(Figure 3.7). This negative relation indicates that later fruiters tendisappear earlier

than species that fruit earlier in the season.
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3.3.8 Relationship between regression coefficient of length of fruiting (RANGE) and
mean fruiting date (MFD)

Most groups showed positive coefficients, indicating range expansion, but there was
very little evidence that early or later fruiters showed different responses (Figure 3.8).
In only one group (needle litter fungi) was a positive relation found, indicating that the

later a species appeared, the greater the expansion in its range (Figure 3.8f).

3.39 Relationship between regression coefficients of average of fruiting (MEAN) and

mean fruiting date (MFD)

There was a tendency for early fruiters to have delays in their average of fruiting, while
later species showed advances (Figure 3.9). Howeverfisagmirelationships between
MFD and the coefficient of average of fruiting were only seen in two ecological groups;

fungi inhabiting needle litter (Figure 3.9f) and wededcay fungi (Figure 3.9j).
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3.3.10 Responses of genera that fruit at similar times
a) Mycorrhizal genera
GenusAmanita

In general, the pattern of change Amanitawas not the same for each parameter. It

can be seen in Figure 3.10athmost Amanita species have shown a trend to early
appearance, with five species displaying significant changes in their FFD. There were
only two species that showed delays, which wdyecitrinaand A. muscariaFigure
3.10a)

)
—
[
o
—
o
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m B

SN
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Regression coefficient
iR
Regression coefficient
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Species Species

Figure 3.10The changen a) first fruiting date, b) last fruiting date, c) length of fruiting date
and d) average of fruiting date for 9 species of mycorrhigahlnita over 57 years growing
under deciduous trees. A.e represerAsnanita echinocephajaA.s,A. strobiliformis A.r, A.
rubescen A.v,A. vaginata A.f,A. fulvg A.vir,A. virosa A.p,A. pantherina A.c,A. citring and

A.M, A. muscaria Blackcoloured bars indicate species which displayed significant changes
meanwhile whitecoloured bars indicate species with neignificant changes in each of their
fruiting aspects.
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Meanwhile four species showed delays in their last fruiting date, whereas five species
showed trends to earlier disappearance. Interestingly, all species with delayed LFD
have shown significant changé€Bigure 3.10b). In terms of their length of fruiting,
every species in the genus has shown significant changes with an extension of the
fruiting season, but some species have shown a much greater variation in the response
than others. The species which hid greatest extension in the fruiting season was
echinocephalameanwhile the species with the shortest expansion Was/aginata
(Figure 3.10c). For the average date of fruitiAg.echinocephaland A. strobiliformis

were two of the species with adwnced fruiting compared with othekmanitaspecies.

In contrast,A. muscariawhich is the species with the most delayed average date of
fruiting, also was found to have significant change in its average of fruiting date, this

becoming later (Figure 3.10d).

Genusnocybe

The mycorrhizalnocybespeciesshowed a consistent response in their first fruiting
date, with all ten species showing later appearance. The species showing the greatest
change in first fruiting date was umbrina while the species showin the least
extension on its first fruit date wak asterosporalt can be seen that alhocybe
displayed significant changes in their FFD extqmtouillardii(Figure 3.11a). A similar
pattern was seen in last fruiting date, where all species shoavddlayed fruiting with
seven species displayed greater delay in their disappearance. Furthermdrecyibe

species were found to have significant changes in their LFD (Bduit®).

In terms of length of fruiting season, six species showed an extermdithe season
with I. patouillardii exhibiting the greatest extension. Meanwhile, there were four
species showed a contraction of the fruiting season Wwitmbrinahaving the greatest
contraction. Also, it can be seen that species which displayedegreapansion and
contraction in their fruiting seasons were found to have significant changes in their
fruiting season (Figure 3.11c). All species have shown significant changes in their
average date of fruiting except rimosa.The two species which gikyed the most
delayed fruiting werd. umbrinafollowed byl. lacera(Figure 3.11d).
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Figure 3.11The change in a) first fruiting date, b) last fruiting date, c) length of fruiting date
and d) average of fruiting date for 10 species of mycorrHizatyle over 57 years growing
under deciduous trees. l.a representsocybe asterosporal.p, Inocybe patouillardii I.b, I.
bongardij 1.g,1. geophylla l.py,I. pyriodora Llil, I. lilacing L.r, I. rimosa I.n, I. nappies LI, I.
lacerg and l.u,l. umbrira. Blackcoloured bars indicate species which displayed significant
changes meanwhile whiteoloured bars indicate species with neignificant changes in each
of their fruiting aspects.

GenuslLactarius

Response was varied in the first fruiting date faactariusspecies. Eleven species
showed a delay in their appearance and four species showed earlier appearance in the
fruiting season.L. deliciosuss one of the early fruiters and it showed the greatest
advance in first fruiting date. Alst, pyrogalusthe species with greatest delayed FFD
has shown significant change too (Figure 3.12a). Meanwhile, thirteen species showed a
delay in their last fruiting date, while only two species were earlier in their last fruiting
date. Moreover, all species have stio significant changes in their fruiting season with

L. subdulcishowing the greatest extension of the fruiting followedlbytabidusandL.
fuliginosus(Figure 3.12c). Meanwhile, the species with the greatest contraction of the
fruiting season was. tupisfollowed byL.rufusand L. blenniusPursuing this further,

five species of.actariushave displayed significant changes in their average of fruiting
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date shown by their greater delays compared to other species. Those lwéabidus

L. blenniusL.glyciosmusL. turpisandL. pyrogalugFigure 3.12d).

GenusRussula

Figure 3.13a shows that moRiussulapecies tend to show delays in their first fruiting
date with 79% of species exhibiting a positive regression coefficient value. Moreover,
most Russlla have shown significant changes in their FFD except two species which
were R. heterophyllaand R. claroflava.The species with the greatest delay in its
appearance waf. betularumfollowed byR. lepida There are only four species that
have appeared ader in the fruiting seasonRk. sardonia, R. adusta, R. ochroleaod

R. emeticavith R. sardoniaahead from the others in its first day of fruiting. Moreover,
some species have been delayed even further in their last fruiting date besides their
late appearance e.gR. cyanoxanthaR. heterophyllaR. maireiand R. fragilis(Figure
3.13b). Several species have shown interesting changes in their first and last fruiting,
where species such &. ochroleucdad an earlier appearance in its first fruiting but
seem to be delayed in its last fruiting date. This led to a considerable extension of its
season. Not only have that, &lussulashown significant changes in their length of
fruiting season (Figure 3.13c). There were four species with greater delagponse

to the changes in average of fruiting led By lepida followed byR. betularum, R.
aerugineaand R. delica These species were among the species that showed greater
delay on the first day they were found and also on the last day they were sepngFi
3.13d).
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b) Non mygorrhizal genera (Saprotrophic genera)

GenusClitocybe

Similar toAmanita most saprotrophicClitocybehave shown earlier first appearance, with
only three species showing delays, namély dealbata C. clavipesand C. phyllophila
(Figure 3.14a). Referring the first two charts, five species namdly vibecinaC. rivulosa

C. gibbaC. nebularind C. fragranswhich have had early appearances, tend to have a
delayed last fruiting date. Of these, only three speci€s,rivulosa C. gibbaand C.
nebulars have shown delays in their last fruiting date (Figure 3.14b). In response to the
length of fruiting, mostClitocybehave shown significant changes in their fruiting season.
83% of the species have shown an extension Witlibecinghowing the greatesthange

with greater extension in its length of fruiting. Meanwhite, phyllophilehas shown the
greatest contraction in its fruiting season. Moreover, significant changes in the length of
fruiting season were recorded in moS§llitocybeexcept C. brumalis(Figure 3.14c). For
average date of fruitingC. fragranshowed the greatest change since the species had the
most advanced average of fruiting compared to the other species in the genus (Figure
3.14d).

GenusCollybia

Five Collybiaspecies were foundot have an advanced first fruiting date while only one
species showed a delayed first fruiting date. Significant changes in FFD were detected in
all species excef. confluengFigure 3.15a). Meanwhile, most species have shown delays
in their LFD and onlg species showed earlier LFD which wagusipeslt was noticeable

that there were four species which have had earlier first fruiting showing a delayed in
their last fruiting date. The earlier species wete dryophyllaC. peronataC. butyracea

and C. confluens(Figure 3.15b). Therefore, this resulted in lengths of fruiting for four of

these species showing a greater extension (Figure 3.15c). For average fruitingCdate,
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confluens showed a significant change which explains the delays of the average

appearance of this species (Figure 3.15d).

GenusMycena

There was a wide range of response in first fruiting date in the twenty six recorded species
in the genus. There are 15 species that show an advanced first fruiting with 11 of them
showing significanchanges in their FFD. In contrast, ten species were found to be delayed
in their first appearance and eight of them have consistently changed their FFD.
Meanwhile, there were three species that showed no change in their first fruiting date
(Figure 3.16a)For last fruiting date, significant changes were detected in most species.
There were four species which showed delayed first fruiting and a delayed last fruiting
date too. These werd/. pelianthing M. aetites M. polyadelphaand M. rorida (Figure
3.1&0). The previous three species without any change in their first fruiting date that
includesM. pura M. filopesand M. alcalinawere found to have changes in their last
fruiting date. HereM. puraand M. filopeswere delayed whiléM. alcalinatended to ke
earlier in its last fruiting date (Figure 3.16b). Meanwhile, Milcena have shown
significant changes in their length of fruiting season excepMoacicula There were 22
species that showed expansion of the fruiting season Witbapillarishavingthe greatest
change (Figure 3.16c¢). For average of fruiting date, six out of 13 species which have earlier
average of fruiting have shown significant changes. Similarly, half of the total species with
delayed average of fruiting date also showed changes # similar response of first
fruiting date was also detected in the average of fruiting Nbycena.Several earlier first
fruiters tend to be earlier in their average of fruiting and the similar response was seen

with delayed first fruiting date too (Rige 3.16d).
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Figure 3.16The change in a) first fruiting date, b) last fruiting date, c) length of fruiting date and d) averfgéinf date for 26 species of
saprotrophicMycenaover the last 57 yearaVl.c representsMycena capillaries; M.cl, Mycena clavularis; M.h, Mycena haematopus; M.hi,
Mycena hiemalis; M.s, Mycena speirea; M.ar, Mycena arcangeliana; M.o, Mycena olidaybthaveptocephala; M.pg, Mycena polygramma;
M.ad, Mycena adscendens; M.i, Mycena inclinata; M.a, Mycena acicula; M.v, Mycena vitilis; M.m, Mycena metata; M.pu, Mgcevid, pu
Mycena filopes; M.al, Mycena alcalina; M.e, Mycena epipterygia; M.fl, Myflamaalba; M.ros, Mycena rosea; M.g, Mycena galericulata;
M.gal, Mycena galopus; M.p, Mycena pelianthina; M.ae, Mycena aetites; M.po, Mycena polyadeigiviiror, Mycena roridaBlackcoloured

bars indicate species which displayed significant changeswigke white-coloured bars indicate species with neignificant changes on each
of their fruiting aspects.
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34 Discussion

3.4.1 Changes in fungal phenology

Over 58 years, most ecological groups displayed changes in their fruiting aspects
especially irtheir first fruiting date (FFD) and last fruiting date (LFD). Most groups have
shown earlier appearance meanwhile, on the contrary, disappearance was more
delayed at the end of the fruiting season for most of the groups in the study. The
results of earliefFFD together with the delay of average last day that fruit bodies were
seen have clearly resulted in the expansion of the overall fruiting season. The
expansion of fungal fruiting in both directions in the UK is similar to the findings by
Gangeet al. (2007) but contrary to findings by Kausered al. (2008, 2012). These
authors found that length of the overall fruiting season in Norway during the period
19402006 has been compressed. Perhaps, there could bespéeific factors,
including precipitation, shading, soil conditions, nutrient concentrations and
pathogens, that can act together with temperature to determine a species' phenology
(Winder & Cloern 2010; Ibafiet al. 2010. However, these hypotheses are yet to be
tested and therefore further resrch should be undertaken to identify the real causes

behind the differences.

The numbers of species in each ecological group showed great variation in all fruiting
aspects from FFD, LFD, length of fruiting (RANGE) and the average of fruiting (MEAN).
The® variations are likely to be due to individualistic reactions of species towards
environmental changes. Paleological studies suggest that the majority of species will
respond individualistically to changes in climate (Huntley 1991; Haasexh 2001;

Bud 2002; DeWaret al. 2010).Keithet al. (2009) have stated that significant evidence

2T alLlSOoOASaQ NBalLkryasSa (2 OtAYIFLOGS OKFy3aSs
Quaternary Period. These involve plants, insects and mammals. For fungi,
individualistic 53 L)2yaSa O2dz R 6S OFdzaSR 0& @I NAI
for environmental parameters such as temperature and rainfall (\&igt. 2003). This

explanation is also supported by Treseéeml (2003), Wolkt al. (2003) and Johnson
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et al. (2005) who stated that the responses of fungi are specific to each species in
terms of their responses to G@nrichment which are beneficial for both plant and
Fdzy Il £ a@dYoA2G0AO0 NBtFOGA2YAKALIA O0hQbSAf
et al. (2010)who found that elevated average soil temperature during a fruiting season
delayed the initial fruiting date o€atathelasma ventricosumnd Leccinum peceinum

at Gaspé Peninsula in Québ&anada. Moreover, these authors also discovered that
extreme variaion in soil temperature was found to reduce the length of fruiting for
Boletus edulisnd Lactarius deterrimusGangeet al. (2007) and Kauseruet al. (2008,
2012)also agreed with the fact that these two parameters do affect fungal fruiting
patterns, and in this respect, fungi can be seen as variable as other organisms. Even
though weather conditions play a key role for most of the fruit body production,
however, they do not completely explain the growth and productivity of wild

mushrooms Egli 201) In fact, many factors interact with fungal fruiting in nature.

Variations in fruiting within the season could be a result of a highly controlled
phenomenon determined by the plant (host) or the fungi themselves or their
interaction, in response either tohe flow of materials across the plafingus
interface. For example, Kperget al. (2001, 2010) showed that the biomass of fruiting
bodies of mycorrhizal fungi is highly correlated with the rate of photosynthesis of host
trees and the seasonal patterns @hotosynthate allocation to roots. Therefore,
patterns of fungal fruiting may correlate with photosynthetic activity and subsequent
flux of photosynthates in forest trees. Meanwhile, biological cycles and the genetic
background of species could also regalthe length of fruiting seasofGuinberteau &

Courtecuisse 199 Baptistaet al.2010)

Climate change not only alters fungal phenology in the fruiting season. Climatic
warming also tends to advance the onset of insect life cycles (Stange & Ayres 2010)
Examples include the spruce beetl#endroctonus rufipennighich has shortening in

the duration of its life cycle in some regions from 2 years to 1 year (Leigain2003;
Stange & Ayres 2010). Other examples include the advanced flight dates of
Ephemeoptera (mayflies) in high altitude streams (Harper & Peckarsky 2006),
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Odonata (dragonflies and damselflies) in the Netherlands (Dingemanse & Kalkman
2008) and Lepidoptera (butterflies and moths) in California (Forister & Shapiro 2003).
Meanwhile, changebave also been reported in the phenology of birds with respect to
the timing of migration and in average laying date (Crick 2004). Earlier trends for
timing of spring arrivals were detected in many species @gchhammeeet al. 1998;
Bradleyet al. 1999 Loxton & Sparks 1999; Jenkins & Watson 2000; Sparks & Mason
2001; Gilyazov & Sparks 2002; Huppop & Hippop 2003). Meanwhile, last observations
of birds have tended to become later, with a consequence that duration of stay on the
breeding grounds has inased for some species (Sparks & Mason 2001; Gilyazof &
Sparks 2002). Research has shown that laying date for birds is related to temperature
and rainfall (Crick & Sparks 1999) while earlier shifting of an average lay date of a Tree
Swallow species was due the change in air temperature (Dunn & Winkler 1999). In
other respects, Stevenson and Bryant (2000) suggested that the impacts of climate
warming should be more obvious in smaltered species than in larger ones. This
suggests that there may be phykgical reasons for the response of an individual
species to climate change (Crick 2004). Furthermore, phenological changes due to
climate change also have been documented across other taxonomic groups, including
timing of flowering and bud burst in plantéirst appearance of butterflies, timing of
phytoplankton blooms and choruses or spawning of amphibians (McCarty 2001;

DeWarnet al.2010).

Further analysis on phenological aspects was continued by examining changes in FFD,
LFD, RANGE and MEAN of eadtigs over the 58 years of records. The analyses used

in the study were similar to the methods applied by Gamrgeal. (2007). However

there are differences between the study conducted by Gaagel (2007) and the
current study as they only conducted tlamalysis on 11 mycorrhizal species, recorded
beneath both deciduous and coniferous tree hosts. Meanwhile, this study focuses on a

comprehensive analysis that distinguishes ten ecological groups.

Of the ten groups analysed, only mycorrhizal species iihgbdeciduous trees,

needleleaf litter and wooddecay fungi showed changes in their FFD. These groups

57



with species that appear later in the season are showing trends to earlier fruiting
while the reverse applied for early fruiters. Meanwhile, only myleizal deciduous
species showed changes in their LFD, with early growing species tending to have a
delayed end of fruiting, and vice versa. This indicated that later fruiters in mycorrhizal
deciduous species tend to fruit early in the season and haveeedaist fruiting dates
while the early fruiters started to fruit later in the season and tended to have later last
fruiting dates. The physiological status of the plants could have an influence on this
phenomenon. For mycorrhizal fungi, they depend on tolsgnthetically fixed carbon
produced by their associated trees and also, the physiological state of host trees may
well drive the growth of these fungi (Egli 2011). Further evidence for plants exerting
control of fruiting in their mycorrhizal partners c@s from an analysis of a 50 y old
dataset which revealed that in the UK since 1958, fungi that are ectomycorrhizal with
both conifers and deciduous leaves now fruit later in autumrAnmdental with the

fact that deciduous trees now remain in leaf muchder than they used to (Gangs

al. 2007; Baptistaet al. 2010.

Species inhabiting needle litter in coniferous forests have shown responses in their
length of fruiting season where the species that grow later in the season tend to have
longer futing seasons compared to species that appear in early sedsshmann and
Hudson (1977) compared fungal successions on needle groups fallen at different
seasons in Britain. They studied the fungal successions on the needles fallen in early
and late autumn and faend little difference between them. According to Tokumasu
(1998), climatic elements, especially air temperature, appeared to be one of the critical
factors contributing to fungal seasonal changes in this type of forest. They suggested
that sudden temperatte drop may contribute to fungal succession. Tokumesal.
(1996) indicated that in the beginning of autumn, most fungi that inhibit the surface
layer of the litter can colonise freshly fallen needle. In addition, fungi with a relatively
rapid mycelial gowth rate under the temperature conditions of needle fall may often

succeed in invasion of the freshly fallen needles.
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3.4.2 Responses of genera that fruit at similar times

Another phenological aspect in fungal community structure examined was the
investigation of responses of genera that fruit at similar times, on the assumption that
species with similar taxonomic bases might respond in a similar manner. The most
common genera in the study were the gendractarius, Clitocybe, Inocybe, Amanita
Mycera and Russulabeing the largest in terms of species number. The above genera

were also commonly found in other studies e.g. Baptittal. (2010).

Of the common genera recorded in the dataset, most were dominated by mycorrhizal
species compared to the peotrophs. There were differences between these two
trophic groups. Saprotrophic fungi decomposing wood and litter (Rayner & Boddy,
1988) obtain energy by degrading dead organic matter (Lindtlal. 2007). On the
other hand, mycorrhizal fungi obtain threeénergy from symbioses relationship with
their host plants and in return providing their plant hosts with st@tived nutrients
(Smith & Read 199T;indahlet al. 2007). To be exact, previous findings showed that
saprotrophs require litter from (the) preous year(s) while mycorrhizal symbionts
require photosynthate quickly exudated by young roots (Romell 1938 et a$t1979;
Straatsmaet al. 2001).

Similar results were also reported by Lagagtaal. (2002 and Baptisteet al. (2010

where the majoity of their macrofungal species found were ectomycorrhizal species
and the remaining were either saprotrophic and/or saprotrophic/parasitic. The high
frequency of mycorrhizal species found in the records could be due to the age factor of
the forests. Digton & Mason (1985hasshown that the number of ectomycorrhizal
aLISOASE LINBaSyd Ay | 3IA@GSYy S02a2aiGSYy Aa
research by Luomat al. (1991), Keizer & Arnolds (1994) and Sreitlal. (2002) again
reinforce the fact hat the number of ectomycorrhizal species could increase gradually

with host plant age.
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Mycorrhizal species in the genefamanita, Inocybe, Lactariwnd Russulaco-occur in
woodlands and furthermore occupied similar ecological halgitslosely tied totheir

host phenology Moreover, their fruit body production is often triggered by the
movement of nutrients to the root, coincidental with leaf fall (Ladt al. 1979).
Although mycorrhizal species have similar ecological habits, not all species seem to
respond in the same manner. Results have shown that very variable patterns were
identified among the species, even within the same gefixamples can be seen in
the fruiting pattern shown by the genusmanitaand Inocybe Even though these two
species inhhit similar habitat¢ deciduous trees, both have shown a distinct patterns
for all fruiting parametersrecorded. The genusAmanita tends to fruit early in the
season, while the genusocybeis likely to fruit later. Certainly, in terms of average of
fruiting, Inocybewas found to fruit later date tharmanita Perhaps, other features of
forest habitats, such as composition, age and origin may influence the phenology of
the species (Pinnat al. 2010). Laset al. (1981) discovered thabne of the Amanita
species,A. muscariareacts more quickly to rainfall in mature forests than it does in
young stands. Perhaps, the condition of the habitat in which the fungi grow involving
different tree species and adaptation towards different environmental charactesistic
could be among the factors which may lead to the difference of responses between

the genera within the same ecological group.

Overall, individualistic responses within genera were found in every case.
Phenologically, there is much variability that magve results from differences in
physiology, taxonomic position or the extent to which life history events are able to
accelerate with warming (Thackeragt al. 2010). Furthermore, the experience of
different warming trends due to variations in mean seaddiraing and microhabitat

use could be another factor that could trigger the individualistic responses within
genera. Alternatively, a different species or population in which phenological
responses were driven/constrained by factors other than increasegemperature
(Thackerayet al.2010) could lead to the individual response of a species in terms of its

fruiting.
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In this study, mycorrhizal and saprotrophic groups of species have shown similar
trends for each of their FFD, LFD, RANGE and MEAN. Howeyears when warmer
temperatures were present at the beginning of the fruiting season, most of the
saprotrophic species reacted with earlier appearance, but most mycorrhizal species
tend to have a later appearance. Another difference was seen in theagedruiting

date wherein several saprotrophs began to fruit earlier in the later years of the study

whereas most mycorrhizal species tend to have later average fruiting dates.

The influence of climate on the ecology of species may affect the physiabgy
organisms, as well as having indirect effects resulting from disruptions to food supply,
changes in competitive interactions or influences on behaviour (McCarty 2001,
Walther et al. 2002; Parmesan 2006). These effects alone or in combination could
potentially impact the reproduction and/or survival, and therefore the ldagn
viability of fungal populations (DeWaet al. 2010). For instance, changes in
competitive interactions between fungi could potentially influence the colonisation of
substrates, & community composition and its organization (e.g. Brame & Floo8;198
Holmer & Stenlid 1996; Schimi999; Baar & Stanton 2000; Fryat al. 2001).
Moreover, Odum (1971) recognized that organic substances released into the
environment during decompositiomay have profound effects on the growth of other
organisms within the same ecosystem. Therefore, any changes which happened along
the process could affect the other organisms which rely on the supplies provided by
the decomposer (fungi). Therefore, knowgg of fungal fruiting is important in
understanding the functional roles of the fruit bodies in environment. Moreover, the
results from this study are also relevant in a conservation context where further
research on the dataset of rare species could bedemted. Findings from this study
can also draw attention to anyone wanting to try to manipulate the yield of edible
mushrooms in forests for industrial purposes. In addition, altered mushroom
appearance suggests altered mycelial growth, which suggestsedltcompetitive
interactions between fungi. Could this lead to changes in community structure through

host shift? This was the aim for my next studZimapter 4.
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Chapter 4

Do species expand and/or shift their hosts?

Note: parts of this chapter have be@ublished as Gangst al. (2011)

4.1 Introduction

4.1.1 Associations between fungi and their hosts

The association between fungi and their hosts is important as it is one way to
determine the occurrence and abundance of fungal species in the forestefbre, it

is critical to study the relationship between fungi and their hosts (either plants or dead
organic matter) and by observing each together, we may gain an understanding of
fungal distributions in forest ecosystems. There are particular spefiésngi that

have an intimate relationship with living hosts (i.e. trees and other plants) and those
that belong to this group are mycorrhizal, endophytic and pathogenic fungi.
Mycorrhizas are a particular feature of forest ecosystems and associatidnedre

their host plants are characterised by a twm@y beneficial interaction; the mycorrhizal
fungi improve host performance by enhancing nutrient and water uptake from the soll
and protecting host roots from pathogens (Smith & Read 1997; Isktida. 2007)

while in exchange, the host provides fixed carbon to the fungi (Betiras. 2002). On

the other hand, there is also a group of fungi that obtain their nutrients from-non
living hosts (dead organic matter) in the ecosystem. This functional groupniede
saprotrophic and species within this group consume dead organic matter that can be
in different forms e.g. leaf litter, d&l wood, dung and dead animalSaprotrophic
fungi are key regulators of nutrient recycling in forest ecosystems and thus play an
important role in decomposition, carbon sequestration and nutrient recycling

processes in all terrestrial ecosystems (Griffith & Roderick 2008).
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4.1.2 Host specificity and host selectivity

Several previous studies of fruit body surveys have demotestrearious responses in
fungal host specificity and host ranges from different mycorrhizal fungi. Bruaé
(2002) found both fungal species and their associated plants (typically large woody
species e.g. pines, oak, birches) that involved in ectomjal symbioses are derived
from more than one common evolutionary ancestor with multiple origins of the
symbiosis accounting for, at least, a large part of the pattern. Meanwhile, in wood
decay fungi, there is evidence of host selectivity of some speoiend in different
environments, ranging from tropical wetlands, mangrove forests to deciduous and
temperate forests (Boddy 2001; Boddy & HeilmaBlausen 2008; Gilbeet al. 2008;
Gangeet al. 2011). Boddy (2001) stated that the causes of host seigctf wood
decay fungi are complex, including wood chemistry, wood microclimate, gaseous
regime and the ways in which fungi become established. In addition, environmental
factors limiting plant distribution may also contribute to selectivity (Gilbettal.
2008).

Gangeet al. (2011) suggested that the estimation of fungal host selectivity can be
done by using the technique of species accumulation curves species diversity
increases with sampling effort (Henderson 2008). This was supported by Umndeete

al. 2008 who have successfully applied a similar method, examining species occurence
of wood decay fungi in their study. Earlier, Tofts & Orton (1988) analysedb02
agarics and boleti species in Abernethy Forest, UK for 21 y demonstrated that tot
species accumulation curve still shows no convincing signs of reaching a limiting value
(plateau) and concluded that the period of 21 y of recording was insufficient to reliably
estimate the fungal biodiversity of the site. Despite these indications, tdchnique

has never been applied to host range studies, let alone to make comparison between

mycorrhizas and saprotrophic fungi.
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4.1.3 Previous study

It is only in recent decades that mycologists have started to explore changes in fungal
host assomtions, both in terms of extension of host range and also the shifting of
hosts. Ganget al. (2011) discovered changes in the host range of a common species,
Auricularia auricularigudae The species also has altered its phenology which has
taken placesince the late 1970s, with the first fruiting date (FFD)Aofauricularia

judae becoming significantly earlier. In the 1950s, the mean FFD was day 332 (28
November) while in the current decade, it has been day 257 (14 September). There
was no change ingtlast fruiting date (LFD), however the earlier fruiting of the species
has led to the expansion of its fruiting season (Gaegel. 2011). In addition, long
term datasets of records of fungal fruit bodies are becoming available which are
relevant for furgal host studies. The fact that fresh fruit bodies are ephemeral, the

date of collection is likely to present good data for the purpose of this present study.

Specifically, this study aims (i) to explore host ranges in eight gefieranita, Boletus,
Qitocybe, Collybia, Inocybe, Lactarius, Mycesrad Russulaand ii) to compare
trendlines of host range of each species in every genus according to different groups
based on their nutritional mode; the mycorrhizas and the saprotrophs. | hypothesized
that these groups may show differences in their appearance, disappearance, length of
fruiting and also in their average of fruitin§indings of this study may highlight an
important problem for those who want to predict biodiversity through extrapolation of

a arve. Besides that, a thorough understanding of fudgadt associations also may

be helpful in determining how changes in biological communities, brought by many

potential aspects could affect the host ranges in macrofungal communities.

4.2  Methodology

The data set used for the study is that previously used in Chapter 3 of the thesis.
Details about the data set are given@apter 2(Dataset Properties). In this chapter,

common genera that were previously used in Chapter 4 were selected for the host
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trend analysis. The aim was to identify species with altered host associations or species
with expanded host ranges. For that reason, six genera naAmabnita(n=9),Boletus

(n= 6)Clitocybe(n=7), Collybia(n=6), Inocybe (n= 4), Lactarius(h=11) andMycena
(n=18) species with their host records were examined for host trend analysis. Several
YydzYo SN 2F aLISOASa RAR y20 YIFGOK GK2as A
species are only on one host and thefore excluded from the study. (N) indicates
number d species represented by each of the genus. Additionally, two other genera,
Boletus(n=7) and Russulan=18) were also added to the analysis. For this study, all
species in every genus were selected based on two aspects; i) commonly found within
the same &e in the data set and ii) has been recorded for more than 20 years of
forays. For further analysis in host shift/expansion, species were also chosen if they

had been found under at least two different tree species.

To analyselongterm trends in host rages, the number of species found under
different hosts were arranged into year order. Afterwards, the total number of hosts
per year that each species was found under was calculated and the cumulative number
of hosts was plotted as a species accumulatiarve. To examine whether there were
significant trends in host ranges for each species in every genus over time, the
cumulative number of hosts was regressed against year as the independent variable
using polynomial regression. Statistical analyses weréopmed using Unistat 6.0 with

significance level d?=0.05

Trends in host range for every species in each genus was later compared in two
different functional groups namely saprotrophs and mycorrhizas. The genera included
Ay GKS Wal LINPsé tha i D) deanl DNIecaying Brganic materials.
aSFysKAf S> 3Sy SN I NER dzLJS R dzy RSNJ WwWyea o2

ectomycorrhizal associations.
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4.3 Results

4.3.1 Host expansion

4.3.1.1Mycorrhizalgenera

Among the eight genera, five were d#ged as mycorrhizal nameAmanita, Boletus,
Inocybe, Lactariugnd Russula.In Amanita the species that showed the highest
cumulative number of hosts was. vaginatawhere the species was found under ten
hosts in the dataset (Figure 4.1i) followed Ayrubescensvith seven hosts recorded
(Figure 4.1a). The species with the least hosts recorded over timeAwasuscaria
(n=2) (Figure 4.1d). In general, Alnhanita sp. showed a significant trend in their
cumulative number of hosts over time (Table 4lh)addition, more than 50% of the
species in the group showed a significant asymptotic curve. This indicates that as time
passed, species tend to be found under another host, until eventually no more new
hosts were recorded as the curve reached a plate@berefore, after 58 y, sampling is
likely to have detected most or all of the hosts with which these species are
associated. The species that showed this pattern waArefulva (Figure 4.1c)A.
pantherina(Figure 4.1e)A. phalloidegFigure 4.1f) A. ribbescengFigure 4.1gand A.
vaginata (Figure 4.1i). On the contrary, twé&manita sp. showed increasing
accumulation curve without asymptote e.gA. citrina (Figure 4.1a)and A.
echinocephalgFigure 4.1h)This indicates that the cumulated number of hogsit

each species was found with over time has yet to achieve stability and still shows an
increasing number. Meanwhile, for the other two species, muscariaand A.
strobiloformiswhich also showed an accumulation curves without asymptote, these

specienly have two hosts and it is likely that this result is a statistical artefact.

In Boletus the cumulative number of hosts for every species in the genus has changed
significantly over time (Table 4.1). Similar Amanita two patterns of curves were
found in the genus; the asymptotic curve and the ramymptotic curve. The
asymptotic curve was found only B chrysenterofFigure 4.2b) an&. eduligFigure
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Table 4.1 Relationship between cumulative numbers of hosts where species were found upon
over58 y study.

R polynomial Fvalue Fprobability d.f

Amanita

A. echinocephala 0.7689 63.21 <0.001 2,38
A. phalloides 0.8111 90.18 <0.001 2,42
A. strobiloformis 0.5503 23.252 <0.001 2,38
A. vaginata 0.8464 115.682 <0.001 2,42
A. citrina 0.6649 41.68 <0.001 2,42
A. fulva 0.9032 256.69 <0.001 2,55
A. muscaria 0.7962 105.49 <0.001 2,54
A. pantherina 0.7654 66.885 <0.001 2,41
A. rubescens 0.8455 150.464 <0.001 2,55
Boletus

B. badius 0.7319 57.325 <0.001 2,42
B. chrysenteron 0.8783 198.35 <0.001 2,55
B. edulis 0.8674 134.135 <0.001 2,41
B. luridiformis 0.8956 171.562 <0.001 2,40
B. luridus 0.9362 366.846 <0.001 2,50
B. subtomentosus 0.9362 403.154 <0.001 2,55
Clitocybe

C. fragrans 0.9566 462.599 <0.001 2,42
C. geotopa 0.9521 407.28 <0.001 2,41
C. gibba 0.8606 132.698 <0.001 2,43
C. nebularis 0.9684 841.411 <0.001 2,55
C. phyllophila 0.9514 420.441 <0.001 2,43
C. rivulosa 0.793 99.595 <0.001 2,52
C. vibecina 0.9642 740.581 <0.001 2,55
Collybia

C. buyracea 0.9526 532.973 <0.001 2,53
C. confluens 0.8723 146.851 <0.001 2,43
C. dryophila 0.9504 478.981 <0.001 2,50
C. fusipes 0.7288 73.893 <0.001 2,55
C. maculata 0.915 231.401 <0.001 2,43
C. peronata 0.9659 779.912 <0.001 2,55
Inocybe

|. asterospora 0.9294 263.154 <0.001 2,40
. flocculosa 0.7591 63.013 <0.001 2,40
I. geophylla 0.9403 417.597 <0.001 2,53
I. rimosa 0.962 670.553 <0.001 2,53
Lactarius

L. deliciosus 0.6455 32.782 <0.001 2,36
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. hepaticus
. quietus

rufus

. subdulcis

. tabidus

. torminosus
. turpis

. vellereus

. zonarius

Mycena
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. adscendens
. alcalina

. capillaris

. epipterygia
. filopes

. galericulata
. galopus

pura

. galopus var. nigra
. haematopus

hiemalis

. inclinata
. leptocephala
. luteoalba

metata
olida

. pelianthina
. polygramma

Russula
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. adusta

. aeruginea

. atropurpurea
. claroflava

. cyanoxantha
. delica

. emetica

. fellea

. foetens

. fragilis

. heterophylla
. higrians

. ochroleuca

. sardonia

. virescens

. xerampelina

0.8862
0.8216
0.8166
0.7956
0.9151
0.8819
0.421
0.884%6
0.4513

0.9427
0.2771
0.6262
0.6391
0.9%
0.9426
0.9382
0.8922
0.9578
0.8863
0.953
0.945
0.8791
0.9518
0.958
0.9297
0.8164
0.8923

0.5336
0.5435
0.9047
0.773

0.8954
0.8439
0.8539
0.8576
0.8418
0.9208
0.8955
0.8737
0.973

0.8554
0.4282
0.8424

163.609
94.436
122.481
81.756
226.243
201.536
15.27
210.716
20.566

320.721
6.901
19.265
37.193
512.504
451.822
318.977
215.227
442.348
144.21
415.%5
464.067
152.703
404.553
615.291
118.985
84.477
174.027

23.449
24.405
261.003
69.815
235.425
137.857
152.014
117.415
111.767
284.79
179.904
138.344
990.283
156.729
15.355
109.579

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
0.003

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

2,42
2,41
2,55
2,42
2,42
2,54
2,42
2,55
2,50

2,39
2,36
2,23
2,42
2,54
2,55
2,42
2,52
2,39
2,37
2,41
2,54
2,42
2,41
2,54
2,18
2,38
2,42

2,41
2,41
2,55
2,41
2,55
2,51
2,52
2,39
2,42
2,49
2,42
2,40
2,55
2,53
2,41
2,41
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and B. subtomentosuéFigure 4.2fhave shown the highest mber of hosts (n=12) in
the 58 y. Both species were commonly found unélerea abies (Norway sprycBagus
sylvatica (Common Beech), Quercus roliimg(ish Ogk Pinus sylvestri€Scots Pine)
4.2.c) while the remaining species showed the #asymptotic cuve. B. chrysenteron
(Figure 4.2b) and eight rarer hosts. The final host adde® fahrysenteromasBetula
pendula (Silver Birch) meanwhild®. subtomentosusvas found underPrunus sp.

(Cherry), which was recorded in 2003.

Unlike Amanita and Boletus the genusinocybeonly showed one pattern for all four
species present in the group, which was the famymptotic curve. The trend line did
not show any signs of approaching an asymptote and therefore, their cumulative
numbers of hosts still have the poteatito increase after year 2008. Significant trends
were found in all foutnocybesp. (Table 4.1) and among these spediegeophyllaand

I. rimosadisplayed the highest cumulative number of hosts, being found under 16
different hosts (Figure 4.3c,dBah species were mostly found undétr. sylvatica, Q.

robur, Acer campestréMaple),B. pendulgSilver Birchaind Corylus avellanéHazel).

Similar to the previous genera, all species in the gdratariusshowed significant
changes in their cumulative mber of hosts (Table 4.1). 80% of the total species
showed an asymptotic curve, indicating that as sampling effort increased, so did the
cumulative number of hosts, until they achieved a plateau in which no more hosts
were recorded. The species with theghest cumulative number of hosts wds
tabidus,which was found under six trees includi@g robur , B. pendul&astaneasp.

(Chestnut)C. avellanaF. sylvaticaand Fraxinus excelsioifAsh) (Figure 4.4f).

Meanwhile, the cumulative number of hoster eachRussulasp. has also changed
significantly over time (Table 4.1). 56% of the total species in the genus showed
continuous expansion in their host ranges includiRg adusta(Figure 4.53) R.

atropurpurea(Figure 4.5¢)andR. cyanoxanth@Figure4.5e). Only seveRussulap.
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Figure 4.1(a) The cumulative number of hosts f&manitasp. over the 58 y study. The trend
lines indicate significant changes in the cumulative number of hosts over time.
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