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Running headline: Fungi cause and offset Janzen-Connell pattern

Summary

1. Seedlings near a conspecific adult might suffer increased mortality due to pressure from enemies
such as belowground pathogenic fungi (Janzen-Connell Hypothesis), however variation exists among
taxa such that some experience low levels of mortality. We hypothesized that seedlings close to adults
might profit, rather than suffer, from belowground fungi, notably from mycorrhiza or decomposers, in

particular near large adult trees and under a closely related canopy.

2. We planted oakeedlings in a temperate forest at different distances from adults and followed
seedling mortality, budburst (early budburst permitting photosynthesis during the best light
conditions) and leaf herbivory. Wapplied fungicide on half of the seedlings for 2 years to identify

the net effect of belowground fungi on seedlings. We quantified seedling mycorrhization and fungal-
driven decompositionf a neighbourhood-specific and an unspecific substrate, local oak leaves and
cellulose, respectively. Finally, we related mycorrhization and decomposition to seedling

performance.

3. We found thatjn seedlings planted close to conspecific adults, belowground fungi had a negative
net effect on seedlings: elimination of fungi, surprisingly, decreased herbivory. This effect could be
due to oak leaf decomposition, which related to increased seedling herbivory and was higher near
conspecific adult. Under a closely related canopy, however, the net effect of belowground fungi on
nearby seedlings became positive: elimination of fungi delayed budburst. This effect could be due to
colonization by the ectomycorrhizal fungus Cortinarggs, which related to accelerated budburst and
was higher neaa conspecific under a closely related candifects of belowground fungi on nearby

seedlings were not dependent on the size of the conspecific and were species- but not lineage-specific.

4. Overall, our results suggest that a Janzen-Connell-like patteiincreased mortality of seedlings
near conspecific adult, can be (i) induced by specialist decomposers increasing the nutritional quality

of conspecific seedlings to herbivores, and (ii) daffgeectomycorrhizal fungal mutualists under a



closely related canopy. Coexistence among closely related adult trees appkargjéinteractions
between adults and nearby conspecific seedlings from conspecific inhibition to conspecific

facilitation.

Key-words: above/below-ground interactiortsydburst; leaf herbivoryplant-soil interactions;

Quercussp.; spatial community assembly; temperate forest; tree recruitment.

Introduction

The fine-scale spatial structupéforest communities has essentially been attributed to natural
enemies (Terborgh 2012). Natural enemies focus their attack on offspring near a conspecific adult,
where the juvenile density is highest, leading to an increased mortality of offspring (Janzen-Connell
Hypothesis, JCH, Janzen 1970; Connell 1971). Such a high mortality of conspecific offspring under
the adult tree or where density of adults is high @tial.2015)allows establishment of
heterospecifics, contributing to the maintenance of tree diversity in forests. JCH has been suggested
for tropical forests, but appears to apply also in temperate f¢€astsitaet al. 2014),where
belowground pathogenic fungi are an important group of enemies (Packer & Clay 2000; Masaki &
Nakashizuka 2002; Reinhart & Clay 2009). However, Janzen-Connell patterns are sometimes weak
(e.g. Packer & Clay 200@nd seedling survival may depend on processes other than enemy pressure.
Weakenemy-induced mortality might suggest that some other factors replace or offset possible
effects of enemies on seedlings. Specifically, supportive fungi have been overlooked (but set Liang
al. 2015 in tropical forests), even though most tree species depend on mycorrifiza@imné Qiu
2006; Smith & Read 2008) and fungal-driven decomposition (Berg & McClaugherty 2008). Seedling
mycorrhization and fural-driven decomposition might be more important than possible enemy
pressure. Mycorrhization and fungal-driven decomposition might have a particularly positive effect
on seedlings near the conspecific adult provided that they both (i) improve seedling performance and

survival and (ii) increase under the conspecific adult.



First, mycorrhizatiorand fungl-driven decomposition might improve seedling performance
and survival. In temperate forests, the dominant tree families, including Fagaceae, are related to
ectomycorrhizal (EMjungi (Wanget al.2006) forming EM root tipsShortly after germinatiora
simple assemblage of EM fungal species colonizes fine roots of seqdligghlara 2008 EM fungi
can enhance seedling performance and survival by improving wateuarehtuptake (Smittet al.

2008) and alsby supplyng the carbon required for inducing budburst in early season (Courty, Bréda
& Garbaye 2007). MoreoveEM fungi can protect seedlings from their enemies, such as

belowground pathogens.. MartinPinto, Pajares & Die2006) and aboveground herbivores (Gange

et al.2005, but see Hartley & Gange 2009)erall, edling performance and survivalynbe

improved by éhigh EM colonizationby a highEM fungalrichnessand/orby particularEM fungal
speciegbut see Gorzelast al.2015) In addition fungaktdriven decompositionf local litter, which
resultsinter-alia from the activity of saprotyghic and mycorrhizaungi (Dickie et al.2014;Shahet

al. 2016),may enhance seedling performance and survival by accelerating the availability of essential

nutrients for seedlings througiutrient recyclingBerget al.2008)

Second, mycorrhization and fualegdriven decomposition might be particularly strong near
conspecific adults. Effects of spatial proximity to adults on seedling mycorrhization have been little
studied so far, except for the special case of adult residual trees. For such trees, it has been
demonstrated that EKlingal richness increases on roots near the stem (Teste, Simard & Durall 2009
on Pseudotsuga menzigsom tropical environments). Als&M fungal richness and colonization on
tree seedlings outside closed forests increase near a residual treet(@k2@09)or aforest edge
(Dickie & Reich 2005; Frankt al.2009). Moreover, EM fungal species found close to conspecific
adults differ from those at distemfrom adults (Dickieet al.2005), and those at distance might not
replace the services provided by those nearby. In fact, some EM fungi may be specific to particular
tree species (Bruns, Bidartondo & Taylor 2002) or evolutionary lineages of tree hosts (Tetafsoo
2013). Overall, even within a closed forest, facilitation of seedlings by EM fungi might increase near
a conspecific adult although this has not been studied. Similarly, fungal-driven decomposition could

be more efficient near a conspecific adult. A litter is better decomposed in its original environment



(home-field advantage; Ghodz al.2000; Veeret al.2015), due to a specialization of the saprotrophs
on the most abundant litter type (reviewed by Austial. 2014). Hence, near a conspecific adult

where the monospecific litter fall and accumulate, the fungal-driven decomposition could increase.

High seedling mycorrhization and fungal-driven decomposition near conspecific adults might
require particular conditions. First, a large adult tree has a larger root system, and could thus
accumulate more mycorrhiza than smaller adults. Moreover, a large adult tree is mostly older, and
affects the surrounding belowground fungi for a longer period than a small one. A large adult tree has
thus had time to accumulate efficidti fungi in its surrounding, and conspecific seedlings might
profit. Similarly, a large adult tree has a larger crown and produce higher quantities of liti@r than
small adult saprotrophic fungi may hence increasingly specialize on the locally accumulating litter of
the large tree (home-field advantage). Second, a canopy in wlbggly related species dominate
might have accumulated more efficient EM and saprotrophic fungi, for much the same reasons as
large individual adult (Cavender-Bareisal. 2009). Mycorrhization and fungal-driven decomposition
might be particularly high when the conspecific adult is large or the canopy dominated by closely

related species.

In this study, w investigated whether belowground fungi (EM fungi and fungal decomposers) have
particular positive effects on seedlings near adults, opposite to effects proposed by the JCH. We used
temperate oakguercu$ as model systems as they dominate many temperate forests, are attacked by
both above- and below-ground enemies (e.g. Southwbald2004) and strongly depend on EM
associations (Wanet al. 2006). We focused on seedlings because the JCH is particularly applicable

at this stage (Connell 1971; Hyadt al.2003; Comitaet al. 2014).We applied a partly experimental
approach: we planted standard seedlings into different adult neighbourhoods, studied decomposition
of standard substrate and excluded fungi with fungicide. In contrast, we did not manipulate
mycorrhiza and decomposers or their respective services separately, and evidence at these levels
remains associational. We studied decomposition of the local oak litter within a given neigiaoou

and of cellulosetthe former is susceptible to home-field advantage and contributes most to local

nutrient recycling, the latter is not. We followed seedling mortality and processes related to seedling



mortality: budburst delay and leaf herbivory. Seedling mortality increases with delayed budburst
(Besfordet al.1996; Seiwa 1998), because it precludes photosynthesis during the best light
conditions, prior to canopy closure in spring. Seedling mortality also increases due to high leaf
herbivory (Wada, Murakami & Yoshida 2000), given the small leaf area of seedliegesi& three
groups of predictions: (i) Fungi mediate the relationship between seedlings and nearby conspecific
adults, i.e. relationships between nearness to conspecific adults and seedling performance (mortality,
budburst, herbivory) change after application of fungicide. Specifically, we predict that relationships
between adults and nearby seedlings become positive when the conspecific adult is large or under a
closely related canopy. We tested whether those relationships are restricted to a single species
(disappeared if the nearby adult is heterospecific) or restricted to closely related species (dibappear
if the nearby adult ia distantly relatedgpecies). (JiEM fungi and fungal-driven decomposition are
related to increased seedling performance (characterizing seedling performance by low mortality, and
low budburst delay or leaf herbivory, and characterizing EM fungi by total colonization, species
richness, and prevalence of dominant taxd).Niearness to a conspecific adult relates to increased
seedlingeM and fungal-driven decomposition, and these relationships are strongest under a large
conspecific adult oa closely related canopy. We tried to explain the net effects of fungi detected on

seedlings near conspecific adults by either mycorrhization or fungal-driven decomposition.

Materials and methods

STUDY SITE

We conducted the study between 2013 and 2015 in the forest of Rennes, Brittany, France
f 171 f ; c&. 90 m altitude; 3,000 ha), an area characterized by an oceanic climate (mean
annual temperature of 11.3 °C; cumulated annual rainfall of 836 mm). This forest is composed of two
parcel types dominated by either o&uércus petraelybridizing withQuercus robuyand beech
(Fagus sylvaticg or E\ 6 F R W PinusS syléstrisinterspersed with oaks and other Angiosperms.

The other main tree species in the overstareyBetula pendul&arpinus betulus and aldiex



aquifolium Castanea sativdJimus minor Abies albaAlnus glutinosaSorbus torminalisnd
Rhamnus frangulédetails in Yguekt al.2011), all typical for European temperate oceanic lowland

forests.

We selected ten pairs of adult oak tré@sgetraeaor Q. robur, not strictly speaking distinct
species and always partly hybridized) across the entire forest (used byeYglL2D11;Appendix S1
for geographic distribution). Each pair had one tree in the more oak-dominated parcel and one in the
more pine-dominated parcel, separated by distances of less than 150 m. Selecting adult oak trees in
both types of parcels ensured a large range of dominances of close relatives in the canopy and of
evolutionary proximities between seedlings and their adult neighbours. Such a blocked design offers
the advantagef@ontrolling for macroenvironmental variation such as soil types among blocks, i.e. in

our case among tree pairs (Legeneiral.2004).

EXPERIMENTAL DESIGN

Transplantation

In early January 2013, we harvested forty sa&dlings Q. petraeaor Q. roburor hybrids)
around the adult oak tree located in the more oak-dominated parcel of each of the ten pairs (seedlings
were too scarce in the more pine-dominated parcel). We chose seedlings carefully, harvesting
seedlings of approximately the same height/age (ca. 1 year old) and morphology, with no signs of
damage or pathology particularly on buds. Seedlings had no more acorn attached, ensuring seedlings
were no more dependent upon seed reserves. We wanted to avoid importing fungi, notably EM fungi,
from the harvested site and thus cut all fine roots of seedlings as close as possible to the taproot (EM
fungi connect with fine roots to form ectomycorrhiza, and pre-experiments had shown that seedling
rapidly re-establish such fine roots within days). This procedure also removed soil residuals.
Seedlings were then immediately transplanted along a 5m transect based on the stem of each focal
adult oak (Fig. 1), with two seedlings planted every 50cm and distant by 50cm. A transect length of
5m assured that the focal oak was usually the closest conspecific (although these adult

neighbourhoods were measured separately, see below) while assuring also sufficient variation in



distance. We measured two variables of particular importance for a seedling at the ground of a forest:

temperature (integrating sun exposure) and density of conspecific seedlings (Appendix S2).

Fungi exclusion

In order to assess the net effect of belowground fungi on seedlings, a fungicide excluding both
pathogenic and supportive belowground fungi was applied. We used a fungicide composed of
mancozeb (Dithane Paysage 75% mancozeb, Dow AgroSciences, Indianapolis, USA) because of it
very broad spectrum of protection against pathogenic fungi and oomycetes (notice of manufacturer)
and its inhibitory effect on EM fungi (Davies 2008), notably when diluted at 0.3% (Reddy &
Natarajan 1995). At the time of transplantation and then every three months, we applieélocally
fungicide treatment on the soil, at the base of ten seedlings located along each transect (one per
distance, Fig. 1). Seedlings not treated with fungicide were watered, with an equivalent amount of
water We checked for a detrimental effect of the fungicide on seedling roots: we found no effect of
fungicide application on the total number of tips.(=0.0, P=0.99), nor on the fine roots length
(F111670.2, P=0.66). In the present study, the fungicide significantly reduced the EM colonization on
oak seedlings (h15~7.3, P=0.0078), but not the EM fungal richness,(E0.03, P=0.86) attesting its
broad-spectrum action on EM fungi (see below for methodological details of fungal study). We admit
that by applying a fungicide we manipulated only part of the community that is implicated in the

decomposition process, notably no mesofauna or bacteria.

DESCRIPTION OF CLOSEST ADULT NEIGHBORS

We measured the spatial distance of each transplanted seedling to the stem position of the
closest conspecific and of the closest heterospecific adult tree (> 2m height). Distance to conspecific
adult ranges from 0.3m to 5m (average 2.5m), and distance to heterospecific adult ranges from 0.2m
to 6.8m (average 2.4m); note that these two measures are independent (-0.019; P=398). Wk
also measured the circumference at breast height of the closest con- and hetero-specific adult, and

used this measure as a proxy of tree size. Tre@alsia tends to reflect tree age. Circumference at



breast height of conspecific adult ranges from 0.11 to 1.25m (average 0.64m), and from 0.01 to 2.46m
(average 0.54m) for heterospecific aduted WRRN WKH DYHUDJH GLVWAHEFH DQG FL

from hereon) when two adult trees were equally close to a seedling.

We determined evolutionary distances between oak seedlings and the spatially closest adult
tree species, using distances established by Viahite2010 and Yguett al.2011 (ranging from O
to 140 Million Years Before Present, MYBP, Appendix S3 for the procedure). When two trees were

equally close to a seedling, we calculated the respective mean evolutionary distance.

DESCRIPTION OF CANOPY COMPOSITION

We quantified the degree to which the canopy was dominated by species closely related to
oaks. For a given focal adult oak, we determined relatedness to each adult neighbour, neighbours were
mostly physically in contact with the focal crown, or at least the projections of crowns on the ground
were overlapping (using the above-mentioned evolutionary distafyepsndixS3). We averaged
these distances for each focal adult oak.tiplied distance by -1 to get a measure of relatedness
of the ambient canopy, consistent with the hypothesis. We refrained from merging information on tree
size and on tree distance (spatial or evolutionary) into a single parameter as this would render

impossible the distinction between statistical effects of size and distance.

MEASUREMENTS OF SEEDLING MORTALITY, BUDBURST DELAY AND LEAF

HERBIVORY

WerecorGHG PpVHHGOLQJ PRUWDOLW\Y DV ZHOO DV DOO WKH EH
order to avoid impacts that are due to the transplantation in year one. For seedling mortality, we
considered the seedlings that died between winter 2013/2014 and 2014/2015. We considered
seedlings as dead when they looked dry and brittle or were unearthed and broken at the base (the latter

two often occurring to the seedlings being dry and brittle before).

Webegan surveying PEXGEX UV W G BOQOANENAD se@llingshabclosed buds,
and ceased in late June when most of the buds had burst. We screened for a fully opened bud every 3

days until the end of May and approximately every week until the end of June. Five seedlings already



had leaves in January, but we excluded those seedlings from budburst analysis because their leaves
could be the result of a late 2013 budburst rather than an early 2014 budburst. We defined the day

zero of budburst as the date the first seedling had burst (5 March 2014, note that buds of adults burst
later). Only seedlings that had burst during survey (between day zero and late June) were considered

to avoid confounding budburst with mortality.

WerecordHG pOHDI lkdtheEdtay &ridust of leavedlyuor partially consumed

throughout the vegetation period, as detailed in Appendix S4.

MEASUREMENTS OF MYCORRHIZATION AND MOLECULAR IDENTIFICATION OF EM

FUNGAL TAXA

Two years after transplantation, just before beginning of budburst in20drl, we gently
uprooted the surviving seedlings (121/400), trying to collect their entire root system. In the same day,
we brought these surviving seedlings to the lab and stored them at 4°C. We analyzed seedlings within
15 days of harvesting: fine roots of seedlings were cut, gently washed with tap water, and
immediately screened under a binocular lens. For each seedling, we assessed the EM colonization on
the entire collected root system, by counting the number of EM root tips out of the total number of
undamaged tips; few tips looked dead (severely damaged) and were not counted. We distinguished
ectomycorrhizae into morphological groups based on color and shape of EM root tips (Agerer 1987,
but see Dickieet al. 2005) and determined colonization by each morphological group as root tips with
a given morphological group vs. all root tips (referring to EM root tips lead to very similar results).
We detected nine morphological groups, but only four were present on a sufficient number of
VHHGOLQJV IRU EHLQJ ¥EW D WUIRVY M RE O\K MILN AP fidix S5
for pictures). Finally, we calculated the EM fungal richreesthe number of morphological groups
(using all of the nine morphological groups) on each seedifegzerified whetheseealling
mycorrhization was an effect of taproot depth or litter accumulation (excluding, obviously, seedlings
treated by fungicide), and found that this was the case for the four EM fungal species (Appgndix S6
We hence accounted for these variables when explaining the colonization by each of the four EM

fungal species (see Data analysis below).



To identify the four dominant morphological groups of EM fungi, we used standard molecular
protocols as outlined in Appendix S5. One morphological group could not be identified as a single
species while the three others could: blac&rococcum geophiluramooth white€ortinariussp.

and whitetactarius chrysorrheufidentities=99.7, 99.1, 99.8% respectively).

MEASUREMENT OF FUNGAL-DRIVEN DECOMPQOSITION

We studied the decomposition of two substrates (oak leaves and cellulose), which are
primarily decomposed by fungi, in particular in the acid soils where fungi are the main decomposers
(Biswas & Mukherjee 1994), albeit the precise identity of the decomposers is not important for our
conclusions on spatial recruitment. First, @gimated fungal-driven decomposition of a
neighbourhood-specific substrate, oak leaves sampled next to the seedlings. Oak leaves were
sanpled at the lower level of the Oi horizon (leaves at the surface of Oi being still intact and moved
by wind), every 50cm from the stem of the focal adult oak up to 5m, between the two seedlings
transplanted at each distance (Fig. 1). Leaves were scanned (Epson GT-20000; Epson, Suwa, JPN)
and we determined the degree of decomposition of each oak leaf as the ratio between leaf area
consumed by micro-organisms (areas appearing very light, almost transparent) and the total leaf area
(areas quantified with Photoshop CS2 software, Adobe Systems Inc., San Jose, USA). Studied
parameters on leaves are thus well representative of fungal-driven decomposition. Second, w
estimated fungal-driven decomposition of standard substrate, cellulose, by using 200 Q-tips made out
of organic cotton. We chose cellulose as it is a neutral substrate: carbon macromolecules without the
specificities of oak litter, such a very high tannin contents and thick epidermis and high leave
toughness. When cellulose is decomposed but oak litter not, this tentatively suggests abundance of
generalist but scarcity of oak-specialist decomposers. We previously weighed Q-tips and then planted
them vertically in the litter every 50cm from the stem of the focal adult oak up to 5m, between the two
seedlings transplanted at each distance, in February 2013. The Q-tip head was approximately at 5cm
depth. We harvested {ps 3 months later, they were gently washed to remove soil, placed in the
oven at 60°C for 72h and then reweighed. We estimated cellulose decomposition as the ratio of dry

weights after and before exposure. While the cellulose approach standardizes everything (substrate,



depth) and hence characterized a decomposition potential, the oak-leave approach purposefully
treated decomposition of the local substrate under the local conditions of substrate accumulation and

hence characterized a realized decomposition.

DATA ANALYSIS

We performed all statistical analyses using R version 3.1.1 (R Core Team 2014) and the Ime4
package (Batest al. 2015). As our experimental design used blocks, we worked with mixed models,
always utilizingtree pairas random factor and including soil temperature and density of conspecific
seedlings as covariables as they could influence seedling mortality, budburst delay, leaf herbivory,
mycorrhization and fungal-driven decomposition. The adequacy of models to data was always
checked graphically with residuals-fitted values plot and QQ-plot of the residuals. Variance
explained by each model was estimated by calculating the margiriad.Rafiance explained by
fixed factors only) and the conditional R¥&(variance explained by both fixed and random factors)

(Nakagawa & Schielzeth 2013).

In a preliminary analysis, we tested the relationship between budburst delay and leaf
herbivory on seedling mortality usif@@eneralized Linear Mixed Models (GLMMs), with a binomial

error distribution. We then focused on testing our hypotheses:

(i) Fungi mediate the relationships between seedlings and nearby conspecific adults

We tested whether the net effect of belowground fungi on seedlingssreldte various
characteristics of adult neighbourhood, which we specified as follows. First, we explained seedling
mortality, budburst delay and leaf herbivory distance to conspecific adufungicideand the
distance to conspecific adult:fungicidgeraction term. For this purpose, we used a GLMM with a
binomial error distribution to explain seedling mortality, and Linear Mixed Models (LMMs) to

explain budburst delay and leaf herbivory.

Then, we tested whether the interactive effect of distance to conspecific and fungicide on
seedlings changes either with the size of the conspecific or with dominance of closely related species

in the canopy. To do so, we expanded the previous model by itker byrelatedness to the



canopyand the corresponding interaction terms, e.g.: distance to conspecififutiltide size of
the conspecificsize of the conspecific:fungicidenddistance to conspecific adult:size of the

conspecific:fungicide

Finally, we tested whether fungal-mediated effects of adults on seedlings were species-
lineage-specific. To do so, we explained seedling mortality, budburst and leaf herbivory by alternative
measure of distance:)(distance to heterospecific aduitingicideand thedistance to heterospecific
adult:fungicideinteraction term; and (lBvolutionary distance to the closest adfunhgicideand the

evolutionary distance to the closest adult:fungiditteraction term.

Here and below, we chose to work with multiple models rather than a single model
LQFRUSRUDWLQJ DOO H[SODQBRRREIHOVDIRB®E G HEVH IR M X B B DD [PHX\S!

existing relationships might be lost due to multicollinearity among variables.

(i) EM fungi and fungal-driven decomposition are related to increased seedling performance

We explained seedling mortality by fungal-driven decomposition of local oak leaves or of
cellulose (GLMM with a binomial error distribution). Note that we cannot explain mortality by
mycorrhization as mycorrhization could only be assessed on surviving seedlings. We also explained
budburst delay and leaf herbivory by either (a) EM colonization (total and by the four EM fungal
speciesC. geophilumCortinariussp.,L. chrysorrheusD Qlgowyn¥; (b) EM fungal richness; and (c)
fungal-driven decompositiofoak leaf and cellulose decomposition). Reciprocal transformation was
necessary for budburst delay to approach normality and homoscedagtizincluded both seedlings
treated and not treated by fungicide, as fungicide allows testing the effect of a wider range of

mycorrhization on seedling budburst and leaf herbivory.

(iii) Nearness to a conspecific adult relates to increased sedglliihgnd fungal-driven
decomposition, and these relationships are strongest under a large conspecific adult or a closely

related canopy

We explained each variable characterizing EM colonization (total and by each of the four EM

fungal species) by: distance to conspecific adult, using GLMMsaMthomial error distribution.



For this purpose, we only considered seedlings not treated by fungicide, and used data on how many
root tips are or are not colonized. Variables of taproot depth and/or litter accumulation were added in
the model if that significantly influenced the corresponding variable of mycorrhization (Appendix

S6). Second, we explained EM fungal richness by distance to conspecificuathdta GLMM with

a Poisson error distribution, again considering eelydlings not treated by fungicide. Finally, we
explained fungal-driven decomposition (either of local oak leaves or of cellulose) by distance to

conspecific adujtusing LMMs.

Then, we tested whether the effect of distance to conspecific adult depends on either the siz
of the conspecific or the dominance of closely related species in the canopy. To do so, we added into
each previous model eithsize of the conspecifadult orrelatedness to the canopyd the
corresponding interaction term with distance, digtance to conspecific adutize of the conspecific

adult, and thealistance to conspecific adult:size of the conspecific adigdtaction term.

We considered relationships at R2m<0.05 as biologically non relevant and did not retain them

(excluding 5 relationships at R2m=0.01, 0.02 or 0.04).

Results

The dependent variables we will use below to test hypotheses showed strong variation in
budburst delay (0-110 days, average 47 days) and leaf herbivory (0-100%, average 59%). Mortality
was 66% after exclusion of the 44 seedlings that died the first year. Moreover, high seedling mortality
related to late budburst (z=2.94, P=0.0033, R2m=0.074, R2c=0.16, n=171) and to high leaf herbivory

(z=3.33, P=0.00086, R2m=0.082, R?c=0.18, n=177).

(i) FUNGI MEDIATED THE RELATIONSHIP BETWEEN SEEDLINGS AND NEARBY

CONSPECIFIC ADULTS

Seedlings planted near conspecific adults suffered higher levels of herbivory than seedlings

away from conspecifics. This relationship was likely mediated by furgpedlings treated with



fungicide tended to show the reverse relationship (interaction term in Fig. 2a and Appentlix S7).
contrast, mortality or time to budburst did not differ between seedlings planted near conspecific adults
and such away from conspecifics, whatever the fungicide application (Table S7a). The size of the
conspecific adult was not related to mortality, budburst and leaf herbivory of the nearby seedlings,
whatever the fungicide application (Table S7a). Under a closely related canopy, control seedlings
planted near conspecific adults burst buds together with seedlings away from conspétiécs,
fungicide-treated seedlings burst buds later when planted closer to conspecific adults (Fig. 2b). In a
distantly related canopy, the relationships inversed (Fig. 2b). For herbivory and mortality, in contrast,
we found no such statistical interactions between canopy relatedness, nearness to conspecific adult

and fungicide treatment (Table S7a).

Nearness to heterospecific adults and the evolutionary distance to the nearest adult tree were
related to seedling performance, but these relationships did not depend on fungicide application
(Table S7b). Specifically, mortality decreased and budburst accelerated with nearness to
heterospecific adult or with evolutionary distance to nearest adult; herbivory decreased with

evolutionary distance to nearest adult, with or without fungicide.

(i) EM FUNGI RELATED WITH REDUCED SEEDLING MORTALITY, ACCELERATED
BUDBURST,AND HERBIVORY, BUT FUNGAL-DRIVEN DECOMPOSITION RELATED TO

INCREASED LEAF HERBIVORY

We were not able to test a relationship betweendtl seedling mortality as EM could only
be assessed on surviving seedlings. Among seedlings alive at the end of the study period, for which
we could measure EM, EM waelated to budburst delay and leaf herbivory (Table 1). Specifically, a
high colonization of seedlings I&yortinariussp. related to early seedling budburst. Seedlings with
different EM associations had different levels of herbivory. Specifically, a high total EM colonization
of seedlings related to low leaf herbivory, but a high colonization of seedlingsdsophilum

relaiedto high leaf herbivory.



Fungal-driven decomposition was related to leaf herbivory, but not to seedling mortality and
budburst (Table 1): high rates of oak leaf decomposition were related to high levels of seedling leaf

herbivory, but no such relationship was found for cellulose decomposition.

(iif) NEARNESS TO A CONSPECIFIC ADULT RELATED TO INCREASED SEEDLINEB/
AND FUNGAL-DRIVEN DECOMPOSITION, AND THESE RELATIONSHIP®/ERE

STRONGEST UNDER A LARGE CONSPECIFIC ADULT OR A CLOSELY RELATED CANOPY

Seedlings planted near a conspecific adult had a higher colonizatiorchsysorrheugFig.
3e). Oak leaves located near a conspecific adult were more decomposed (Fig. 3c), contrary to
cellulose (Appendix §9Relationships to nearness of adults depended on the size of adult and on the
evolutionary relatedness of the canopy. Specifically, seedlings planted laege conspecific adult
had a lowest colonization Wy. geophilun{Fig. 3a), but a highst colonizatL R Q bEownfff (0 1 XQJL
(Fig. 3b). Oak leaves located near a large conspecific adult westelesmmposed (Fig. 3c), contrary
to cellulose (Appendix §9Under a closely related canopy, seedlings planted near the conspecific
adult had a higher colonization Bprtinariussp. (Fig. 3d) and.. chrysorrheugFig. 3e). In contrast,
relatedness to the ambient canopy had no statistical effect on oak leaf and cellulose decomposition

(Appendix S9.

Discussion

We found that seedlings tended to perform differently in different adult neighbourhoods,
reflecting the impact of belowground fungi. Particularly, colonization by EM and fungal-driven
decomposition of oak leaves were related to seedling performance and both were controlled by
conspecific adults, as summarized in FigO¢erall wefound weak, but existent, Janz€onnelt
like patterns of enemy pressure. However, correlative evidence suggests thedrieseific
inhibitions resuledfrom the effect of adult trees dangal-drivendecompositiorof neighlmurhood
specific substratesther than from a direct effect of adults on enemy abund&ige4) Moreover,

conspecific facilitatiorappeas to be causedy EM fungi inacanopydominated bylosely related



speciesBoth aspects, furag-driven decomposition and evolutionary relatedness to the ambient

canopy have been little or not considered in earlier studies.

LIMITATIONS OF OUR STUDY

Our study could present some limitations. First, we found no effect of fungi on seedling
mortality, suggesting that ultimately fungi may have little effelctwever, this would be a premature
conclusion. While the observed total seedling mortality of 70% in two years appears impressive,
almost all of the remaining seedlings are still to die as from hundreds or thousands of seedlings
eventually only a single major adult remains (Leck, Parker & Simpson 2008). This major future
mortality might be driven by the observed effects of fungi on processes related to seedling mortality
(budburst and leaf herbivory). Overall, short-term studies have an interest in accounting also for
processes related to seedling mortality, not just for mortality per se, in order to identify patterns
during the first years of seedling development. Second, the explained variances of relationships tested
were partly low. This, however, seems normal in studies on seedlings, which often do not show
scatter of data points or, Br r2 only across averages. The problem might be that compared to an
DGXOW D VHHGOLQJ FDQ RQO\ OLWWOH LQWHJUDWH DQG puDYHU
flourish or perish. Third, we explained seedling budburst and leaf herbivenydyrrhizaton.

However,we cannotcertify thatmycorrhizationis the cause of herbivooyr budburstather than the
reverseas we did not manipulate specificaigedlingmycorrhization This causer-effect

uncertainty seems normal in susalysege.g.Sthultzetal. 2009;Barto & Rillig 2010)

SEEDLINGS PLANTED NEAR CONSPECIFIC ADULTS WERE LESS PERFORMAMT

POTENTIALLY DUE TOFUNGAL-DRIVEN SPECIALIZEDDECOMPOSITION

Albeit we found little effect of belowground fungi on plant surviwves, did find an effect on
insect herbivory. Specifically, neaonspecific adultsseedlingsufferedfrom fungi. Such a Janzen
Conneltike pattern hagpreviouslybeendemonstreed for some, albeit by fall, speciesn temperate
forests(Bennettet al. 2017)andhasmostly beenexplained bythe activityof belowground pathogenic

fungi around theconspecific adult (Packet al.2000;Masakiet al.2002 Reinhartet al. 2009).



However, correlative evidence in our study suggests that fungi near adults seemed to affect seedlings
by increasing leaf herbivory, and this increased leaf herbivory might be explained by fungal-driven
decomposition, albeit we could not show effects on mortality (Fig. 4; we recall that some of the fungal
decomposers might M fungi, Shaket al. 2016, or soil-borne pathogens, Hiruki & Teakle 1987).
Fungal-driven decomposition might increase ribarconspecific adult potentially because of a home-
field advantage (Gholet al.2000;Veenet al. 2015: the litter is moreefficiently de@mposed in its

original enviromment, due to #endency of a local, effectivapecialization of théungal decomposers

on the most encountered litigpe (eviewed byAustin et al.2014) notably through an increased

match between decompog#tysiology and litter chemistry (van der Walal.2013) albeit other

variables are important, too (Hobldeal. 2006). We found correlativsupport for such specialization

of decomposerfor proximate conspecific adults given tltddse to adult wesdecomposition rate

was higher in the specific substrate than in the unspecifi¢oefialos§ (Appendix S9)Such a

possible specialized litteatecompositiorby fungi is consistentvith earlier studies that have

demonstrated specificity of fungal decorapos toparticularlitter species olitter chemistries

including to oaks or thehigh-tannins oncentratior{(Gessner & Chauvet 1994; Baldrian &

Valaskova 2008Austinet al.2014). The relationshipbetweemearness to adulesxddecomposition

require further investigation by littearansplant experiments, but if confirmeadch aspecializeditter-
decompositioractivity nearthe conspecific adult could enharrogritional quality of seedling foliage

by increasing foliar nitrogeconcentration, hence attracting and feediagpbivores Kraft & Denno

1982; Herms 2002). Overall, we detectedanzerConneltlike patternof aboveground herbivory, but
induced by belowground fungi, supposedlysayrotropk increasng nutritional quality of seedling

for herbivoes.To fully confirm and understand these relationships, future studies should measure leaf
foliar chemistry near and far from conspecifics and should aim at selectively excluding saprotrophs or
EM (as also EM nght increase nutrient uptake and thereby the nutritional quality of seedlings for

herbivores).

We detected no relationship between the size of the conspecific adult on fungal-mediated

effects of adults on nearby seedlings. This result is consistent with Packer & Clay (2004) who found



no effect of the age of forest soils on seedling performance, but inconsistent with studies suggesting
that bigger/older conspecific adults impose higher mortality of nearby seedlings and hence stronger
Janzen-Connell patterns (Janzen 1$g@Packeret al.2000 for tentative evidence). These authors
proposed that old-growth adults may have accumulated pathogens for a longer time and, as old-
growth adults are larger, they might attract and host more pathogens. This is consistent with our
observation that nearness to a large adult related to increased litter decomposition, assuming that in
the field many decomposers do show some effective specificity for particular litter species. Increased
litter decomposition, in turn, related to increased leaf herbivory. However, our study has not revealed
a net negative effect of fungi on seedlings near large conspecific adult as it might be expected
(Bennettet al.2017). A possible explanation is that large conspecific adults could have accumulated
mutualists as much as they have accumulated enemies. For now, we cannot bring support to this
hypothesis: we foundV KDW FRORQL]DWLRQ E\ pmheaRZIQdJe 46ult (FiQ.Bb),LQFUHD V|
EXW PJEURZQTY (0 IXQJkeddinGb@Burst Bhd & hé&lyory (Table 1). Overall, in our
study system, we could not detect a significant difference between large and small adults in how they
affect seedlings via fungi, possibly because accumulation of enemies and of mutualists mutually

offset each other (Bennedt al. 2017).

IN A CANOPY DOMINATED BY CLOSE RELATIVES,ADULT OAKS APPEAR TOSUPPORT

NEARBY OAK SEEDLINGS +VIA EM FUNGI

Under a canopy dominated by oaks and close rekatie observed conspecific facilitation
seedlings near eonspecific adult benefit frompositive net effect of fungi, if itk adult was located
underacloselyrelated canopy. This result suggests that a lineage supports its adults supporting their
conspecific offspring, hence increasing the fitness of the lineage members (whereas evolutionary
relatedness between a seedling and its single nearest adult neighbours has no impact, consistent with
Dickie et al.2006).To our knowledge, such an effect has never been demonstrated before. We
suggest thatdue to a conservatism of biotic interactiogigyportivefungi might accumulate as a tree
lineageestablishes within a canogydividual trees cathusmore easily support conspecific

seedlingwia supportivefungi, which might offseta possibleeffect of pathogenic onés particular if



these supportive fungi are EM, Benrettel. 2017) In our study system, seedlings near a conspecific
adult were often more infected Bprtinariussp., provided that this adult grew icanopy

dominated by close relatives (Fig. 4). This result is consistent with the idea that adult trees represent a
reservoir of EM fungi from which nearby seedlings can be colonised (Etatk2009) and with the
observation of increased availability of mycorrhiza to seedlings in late successional stages (Dickie &
Reich 2005)However, tls result is inconsistent with Yguel al.(2014) showing that an adult tree

located in a canopy dominated by close relatives invests less into ectomycorrhiza compared to an

isolated one which may depend on ectomycorrhiza to persist in a stressful environment.

The observed positive effect of fungi close to conspecific adults in a close related
neighbourhood is consistent with our observations onlEMur study system, high seedling
colonization byCortinariussp. related to accelerated budburst. Such a facilitation of oak budburst in
early season has already been shown for Lactarius quaiest C dynamics as such had not been
studied, correlative evidence suggests thiatEM fungus acts as a saprotroph pralidesthe
carbon required fdeaf production, when photosynthetates are not yet available andaraksmeet
their carbon requirement themsel{€ourtyet al. 2007).Lactarius quietusL V D u FExgovatvir W
fungal type, whichproduce few external mycelia compared @ortinariussp, a pediumdistance
fringe fexploraton taxa(Agerer 2001) 1t might be speculated th&ortinarius sp.mighthencebe
even more capable of transferring carbon to seed{Dgslippeet al.2011)and thereby accelerating
budburstCourtyet al.2007) Overall,relatives might help adults supporting their seedlirigs

particular functional types of mycorrhiza

HETEROSPECIFIC ADULTS DO NOT APPEAR TO AFFECT NEARBY SEEDLINGS VIA

FUNGI, INDEPENDENT OF EVOLUTIONARY PROXIMITY

Contrary to conspecific adults, heterospecific adults, even if evolutionary proximate, showed
no fungal-mediated effect on nearby seedlings. This result is inconsistent with éflatof2011)
who found that higher species diversity (i.e. more heterospecifics) correspond to a less negative
impact of pathogenic belowgroumghgi. This result is also inconsistent with the phylogenetic

Janzen-Connell effect (Liu et &012), and suggests that such fungal-mediated interactions are tree-



species specific, but not lineage-specific (albeit the lineage may support adults in supporting
conspecific seedlings). Surprisingly, seedlings planted near heterospecific (or evolutionary distant
adults were mostly more performant * but not due to fungi (Table S7b). Such species-specificity in
adult-fungus-seedling interactions is unexpected, when considered that EM fungi are more generalists
than specialists (Selosstal.2006). However, this concept of specificity in mycorrhizal interactions
might drastically increase the role of these interactions for structuring tree-species communities. In
fact, a key component in JCH is the specificity of the interactions: an enemy has a distinct preference
for one or few among many available hosts, preferring a given adult tree attack nearby conspecific
seedlings but less heterospecific seedlings, thereby enhancing forest diversity. If enemies were
entirely generalists, seedlings of all species would die under adults, leading to a tree-free area.
Overall, we detected that interactions between trees, seedlings, EM fungi and even fungal-driven
decomposition show weak but significant patterns that are consistent with species-specificity, and are

thus important to consider for explaining forest structure, as are the enemies.

Conclusion

We found that a conspecific adult has a negative fungal-mediated effect on nearby seedlings,
a pattern already suggested by JCH. However, contrary to the mechanism proposed by JCH, this
increased enemy pressure close to adults might result froralfdiiigen specialized decomposition
favouring nutritional quality of seedling foliage and hence attracting herbivore enemies, albeit the
evidence remains associational (see Austial. 2014 and Gessner & Chauvet 1994, Baldrian &
Valaskova 2008 for specialized decomposition). Moreover, we demonstrated that fungi near a
conspecific adult can result in patterns opposite to JCH pattern, i.e. in conspecific facilitation, by
enhancing seedling performance in a particular case: when the conspecific adult is located in a canopy
dominated by close relatives. This adult-seedling support is likely mediated by EMSuolgispatial
interactions between trees and seedlings appear to be mediated by tree-specific supportive fungi,
which might influence forest structune less than do enemy-mediated interactions. Future research
may focus on the implications of our results for both forestry and evolutionary biology. Can the

natural regeneration of oaks be favoured by a closely related adult canopy? And: If close related



adults support each other supporting their conspecific seedlings, does this ultimately select for

maintaining a similar niche.e. phylogenetic niche conservatism?
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TABLES

Table 1 Seedlingsvere mostly positively related to EM, but negatively related to fungal-driven
decomposition. (a) A high total EM colonization related to decreased leaf herbivory but a high
colonization by Cenococcum geophiluatated to increased leaf herbivoGgrtinariussp. related to
accelerated budburst; (b) EM fungal richnleas no clear relationship to leaf herbivory; (c) fast oak

leaf decomposition asrelated to high levels of seedling leaf herbivory, but nahtstality or

budburst delayMicroenvironmental variables (soil temperature and density of conspecific seedlings)
were included in each model, but not reported here (Appendix S8 for full modgld)U HiwvaS DL U
included in each model as random effect wad not tested. NA indicate relationships that could not

be tested. One residual outlier was identified and excluded from budburst delay variable. Bold values

represent statistical significance ((*) P < 0.1, * P < 0.05, ** P< 0.01, *** P <0.001).

Seedling Budburst delay Leaf herbivory
mortality (reciprocally
transformed)
z value t value t value
Total EM colonization NA -0.4 ns -2.9 **
Cenococcum geophilum NA -0.1 ns 25*
Cortinarius sp. NA 2.1* -0.7 ns
a Lactarius chrysorrheus NA 1.1ns 1.0ns
MHEURZQTY NA 1.4ns 1.3ns
R2m, R2c NA 0.16, 0.28 0.13,0.21
n 95 98
EM fungal richness NA 0.9ns -1.8 (*)
b R?m, R2c NA 0.09, 0.17 0.05, 0.14
n 95 98
Oak leaf decomposition 1.0ns -0.7 ns 24*
Cellulose decomposition 0.4 ns -0.6 ns 1.4 ns
¢ R2m, RZc  0.04, 0.18 0.06, 0.13 0.11,0.11
n 355 171 177

EM: ectomycorrhizal



FIGURES

Spatial distance to and size
of closest heterospecific adult

Spatial distance to and size
of closest conspecific adult Evolutionary distance to

\ — — closest adult
{ Focal = d H =
*‘radult oak 50cm s0cm
[ | a | a | | a | |

Canopy
composition

©® Conspecific adult 0 Control seedling
® Heterospecific adult (not treated by fungicide)
B Seedling treated by
fungicide

Fig. 1. Experimental setup (established for 20 focal oaks). See Methods for details.
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Fig. 2. Significant fungatmediatedrelationships betweenadult neighbaurhood and seedlings
(Appendix S for complete resultshowing thathe co-variables temperaturer oakseedlingdensity

were rarely significant Only conspecific adults htha fungatmediated effect onearbyseedlings(a)



Nearness to conspecific adult related to increased seedling leaf herbivory due to fungi; (b) nearness to
a conspecific adult located in a canopy dominated by closely related species did not relate to budburst
in the presence of fungi but to delayed budburst in their absence. The relationships tended to inverse
in a canopy dominated by distantly related speciasrgsidual outlier waientified andexcluded

from budburst delayariable) Dots correspond to observed values; lines correspovalues

predicted by the modelRelatedness to the canopgs used as aatinuousvariablein statistical tests,

but categorized in two groups for visual representation using the median (distantly related

F D Q Rn&dian,.e.51.03MYBP). Explanatory variables not shown in the figure but included in the

modéd were set to theimean values.
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ambient canopy (Appendix S9 for complete resli@) seedling colonization ky. geophilum

decreased near large conspecific adult; WPHHGOLQJ FRORQL]DW L& IldEde LEURZQY LC
conspecific adult; (c) oak leaf decomposition increased near conspecific adult, notably when large; (d)
seedling colonization b@ortinarius sp.increased near@nspecific adult under a closely related

canopy; (e) seedling colonization bychrysorrheusncreased near conspecific adult, notably when
locatedunder a closely related canopy. Dots correspond to observed values; lines correspond to values
predicted by the models. Overall relationships were tested with models inalistiaigce to

conspecifionly; interaction terms were tested with models contaidisgnce to conspecifendsize

or canopyrelatednessand the corresponding interaction teB8ie andcanopyrelatednessvere used

as continuous in statistical tests, bategorked in two groups for visual representation using their

median (large tree P DQG GLVWDQWO\ UHOD. axd&hamey @Rabes not 0<% 3

shown in the figure but included in the mbdere set to their mean values



Fig. 4.Hypotheses on how seedlings may be affected by adult trees mediated via belowground
fungi, notably mycorrhiza and decomposers, and the corresponding resul(slypotheses are
explained by text in italics and figures; Results are explained by text in normalGtaa) shading
indicates consistency between the net fungi-mediated effect of adults on seedlings and the
combination of effects of fungi on seedlings and adults on fungg€lrhatually consistent results
suggest that conspecific adults increased herbivory on nearby seedlings due to fungi, potentially
fungal decomposers; and that conspecific adults located in a canopy dominated by close relatives
accelerate budburst due to fungi, potenti@byrtinariussp. Note that while we experimentally

excluded fungi and used standard seedlings, most of the ultimate mechanisms by which fungi might
act or mediate the action of adult trees remain interpretation and had not been tested directly. Note
also that restriction to a species/lineage is a gradual preference and refers only to the species/lineages

present in the respective neighbourhoods.



