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Abstract

We used five mature Picea abies continuously labeled with '*C-depleted CO; in a broadleaf-
dominated Swiss forest to assess the spatial extent and lag time of carbon fluxes to
ectomycorrhizal fungi differing in hyphal development and host association. We traced labeled
carbon into ectomycorrhizal sporocarps collected for two seasons at different distances from
labeled Picea. Picea-derived photosynthate reached conifer-specific sporocarps up to 6-12 m
away and reached other sporocarps only 0-6 m away. At 0-6 m, genera of lesser hyphal
development acquired more Picea-derived photosynthate than those of greater hyphal
development, presumably from preferential fungal colonization of inner root zones by the former
genera. Correlations of sporocarp §'*C with daily solar radiation integrated for different periods
indicated that carbon fluxes from Picea to sporocarps peaked 17-21 days after photosynthesis.
Thus, these results provided rough estimates of the spatial extent and temporal lags of carbon

transfer from Picea to ectomycorrhizal fungi.

Key words: saprotrophic fungi; carbon transport; host specificity; isotope tracers; exploration

type, carbon dioxide, CO; enrichment

Introduction

Ectomycorrhizal fungi depend on recent photosynthate from their plant hosts to form sporocarps

(Last et al., 1979; Lamhamedi et al., 1994). Although numerous studies have estimated the

dynamics of carbon fluxes belowground and the subsequent release of CO, during respiration
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using isotopic (1*C: 2C ratios, commonly expressed as $'°C) or flux-based methods (Mencuccini

and Holttd, 2010), the lag time of carbon fluxes from photosynthesis to ectomycorrhizal
sporocarps is not well-known. In a pulse-chase experiment with '3C-enriched CO2 in 3—5 m tall
Pinus sylvestris in boreal Sweden, the label was highest in sporocarps at six and 16 days after
labeling and was still at 50% of peak labeling after 23 days (Hogberg et al., 2010), with an

estimated decay constant of the signal of 10 days. Natural abundance levels of 8'3C in plants and

fungi could also trace carbon fluxes. Photosynthetic §'*C, which is subsequently transferred to
ectomycorrhizal fungi, will vary with environmental factors, including light levels (Warren et al.,
2001; Gaudillere et al., 2002; Rinne et al., 2015). Carbon isotopes in ectomycorrhizal sporocarps
could accordingly provide a time-sensitive and climate-sensitive indicator of the period of peak
carbon movement from trees to the belowground community of ectomycorrhizal fungi. In sub-
arctic Finland, climatic parameters for the three weeks prior to sporocarp collection correlated
with sporocarp 8'*C in 5-m tall Betula stands (Hobbie et al., 2021). Comparable studies have not
been conducted in temperate forests.

Ectomycorrhizal fungi vary widely in their host specificity (Brundrett and Tedersoo,
2018). Many ectomycorrhizal species only associate with conifers (Pinaceae), associate with
broad-leaved hosts, or have a wide host (mixed) range (Breitenbach and Krénzlin, 1981; Rinaldi
et al., 2008). Because tree species can differ in the 8'*C of sugars produced during
photosynthesis and sporocarp 8'*C will reflect that of their host trees, sporocarp 8!C at natural

abundance can assess host specificity. Hogberg et al. (1999) compared a 2—3%o enrichment in

13C of conifers relative to broad-leaved trees at two conifer-dominated sites in Sweden against
813C values for sporocarps of conifer-specific, broad-leaf specific, and generalist fungi to

conclude that generalist fungal species primarily assimilated carbon that was derived from
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conifers. Another approach to study host specificity is to supply *C-labeled CO; to trees and
trace the resulting isotopic signal into ectomycorrhizal fungi (Epron et al., 2012). For example,
such !*C labeling experiments could estimate the magnitude and spatial extent of photosynthate

transfer from conifers to ectomycorrhizal fungi differing in host specificity.

In addition to differing in host specificity, ectomycorrhizal fungi also differ in their
hyphal exploration strategies of the soil, commonly termed exploration type (Agerer, 2001).
Genera of greater hyphal development, such as Cortinarius, will have greater carbon demand,
greater enzymatic capabilities to access soil organic nitrogen, rhizomorphs for long-distance
transport, and higher '’N: '*N ratios (expressed as 8'°N) in their sporocarps (Lilleskov et al.,
2011). In contrast, genera of lesser hyphal development, such as Inocybe, will have lesser carbon
demand, often lack rhizomorphs, and have low 8'°N values in sporocarps. Genet size also
correlated with hyphal exploration strategy (Nara, 2015) and genera of greater hyphal
development colonized primarily edges (low root density) rather than interiors (high root
density) of tree islands (Peay et al., 2011). Thus, there are potential linkages between exploration
strategies and spatial patterning of carbon fluxes to ectomycorrhizal fungi.

Although the *C-depleted CO, added in Free Air CO, Enrichment (FACE) experiments
has been used several times to trace carbon fluxes from mature trees to ectomycorrhizal fungi
(Keel et al., 2006; Hobbie et al., 2014), carbon movement from host plants to fungal genera
differing in host preference has not been quantified in such experiments, although qualitative
comparisons have begun (Rog et al., 2020). The Swiss FACE study provided opportunities to
examine this in mature conifers, in which photosynthesis was traced through addition of *C-
depleted CO» directly into the canopy of five Picea abies trees. In a prior study of these sites

(Mildner et al., 2014), the tree needles, branchlet xylem, stemwood, fine roots, and a subset of
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collected fungal sporocarps were analyzed for §'°C. The '3C label took 12 days to reach soil
COz. Here, we reanalyzed §'3C data on ectomycorrhizal and saprotrophic sporocarps that were
previously collected in defined zones around the labeled Picea trees. We then assessed the lag
time from photosynthesis to sporocarp collection and whether carbon fluxes differed based on
host specificity or on hyphal development.

To estimate the temporal and spatial dynamics of carbon movement within the plant-
ectomycorrhizal system, we analyzed the sporocarps for 8'3C values and then tested how specific
parameters influenced sporocarp 8'*C in multiple regressions, including (1) taxonomic groups,
(2) climatic parameters integrated for different periods, specifically average daily temperature,
average daily temperature range, or daily solar shortwave radiation, (3) year, (4) association with
conifers or broad-leaved trees, (5) distance (zone) from labeled trees, and (6) the interactions of
the last three factors, and (7) the interaction of zone and taxonomic groupings. Taxonomic
groups could then be examined as to whether they differed in morphological characteristics and
in carbon acquired from the CO»-labeled Picea. We hypothesized that (1) §'°C will correlate
with time-integrated climatic parameters, indicating the timing of carbon fluxes from trees to
ectomycorrhizal sporocarps, (2) conifer-specific ectomycorrhizal fungi would assimilate a higher
proportion of their carbon from CO;-labeled Picea photosynthesis than would other
ectomycorrhizal fungi, and (3) genera of more extensive hyphal development would acquire
carbon at greater distances from the CO-labeled Picea than genera with less extensive hyphal
development. Concurrently collected sporocarps of saprotrophic fungi were used to test whether

overall 8!3C of the carbon available to saprotrophs differed with distance from the labeled Picea.

Methods
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Site

The Swiss Canopy Crane CO; enrichment facility is within a mixed broad-leaved and coniferous
forest at 47.4686° N, 7.5022° E; elevation 550 m. The canopy crown area at the site consists of
40% Fagus sylvatica, 15% Carpinus betulus, 11% Quercus (mostly Quercus petraea), 10%
Larix decidua, 9% Picea abies, 5% Tilia platyphyllos, and 3% Pinus sylvestris, with five other
species making up the remaining 7%. The canopy (crown area) is 24% coniferous trees (all
ectomycorrhizal) and 76% broad-leaved trees (71% ectomycorrhizal and 5% arbuscular
mycorrhizal). The crown size (area) and location of each tree within the research site was

measured previously.

Procedures

We used this facility (Pepin and Korner, 2002; Korner et al., 2005) to label new carbon
assimilates of five mature Picea abies trees, as indicated on the crown map (Figure 1). We
released two tons of CO» per day into the crowns of these trees (30—38 m height and about 100
years old) to raise the canopy CO: concentration to 540 ppm from 2009 to 2014. From 4 mm
diameter, laser-punctured tubes, which were loosely woven into the tree canopy, pure CO> was
mixed into the atmosphere of the tree crowns. The concentration was computer-controlled by
monitoring the CO; level at 24 different canopy positions. The study used the '3C signal in the
added CO», which originated from fossil fuel (four-year mean §'C was -29.7 + 0.3%o instead of -
8%o of the ambient air). The mixture of ambient air and fossil-derived CO, was depleted in *C
by 5.8 = 0.6%o relative to the ambient air (Pepin and Korner, 2002; Korner et al., 2005; Keel et

al., 2006) and stem xylem of COz-labeled Picea was 4.3 + 0.2%o depleted in 13C relative to stem
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xylem in unlabeled Picea, with no evidence of assimilation of '3C-depleted CO; by nearby trees
(Klein et al., 2016). Our analysis profited from the clustering of several tall Picea abies trees
(with their intrinsically less negative 8'>C) combined with a clear isotopic tracer signal, forming
an island among other, isotopically distinct neighbor trees. During two growing seasons (2010
and 2011), sporocarps in and around the labelled trees (97 taxa of Basidiomycota and
Ascomycota, Online Resource 1) were harvested, identified morphologically, and analyzed for
their isotopic composition. At collection, we classified the distance of sporocarps from CO--
labeled Picea into four zones: 0—6 m from CO,-labeled Picea (elevated CO,, E), 612 m away
(inner transition zone, IT), 12—-18 m away (outer transition zone, OT), and greater than 18 m
from the labelled trees (ambient CO,, A). Sporocarps were not collected at > 18 m distance in
2010. The sporocarps were morphologically classified as either ectomycorrhizal or saprotrophic.
We classified the collected ectomycorrhizal sporocarps by host association into conifer-specific,
associating with broad-leaved trees, of mixed association, or of unknown association, based on
the taxonomic literature (Online Resource 1) and prior results from this study (Klein et al.,
2016). Entoloma rhodopolium was assigned to ectomycorrhizal fungi and other Entoloma were
assigned to saprotrophic fungi. For analysis of carbon isotope (*C:'>C) ratios (expressed as
8'3C), only caps of the sporocarps were used if possessed of both caps and stipes. They were
oven-dried at 80 °C for 48 h, ground with a steel ball mill (Mixer Mill, Retsch MM 2000,
Germany) and 0.6-0.8 mg dried powder was weighed in tin capsules. Samples were combusted
in an elemental analyzer (EA-1110, Carlo Erba Thermoquest, Italy). The gas from the EA
combustion was transferred to the mass spectrometer (Delta S, Thermo Finnigan Mat, Germany)
via a variable open split interface (Conflo II, Thermo Finnigan Mat, Germany) for isotope ratio

analysis. The precision for §'3C analysis was % 0.1%o.
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Statistical analysis
We used stepwise multiple regressions to evaluate the multiple potential drivers of sporocarp
8'3C. In the regression, daily climate records lagged for different periods were used to estimate
the lag time for carbon from photosynthesis to sporocarp collection. To estimate how §'°C
differed with distance from the labeled trees, zone was included as a factor. To test whether §!3C
differed by genus, plant host type, and year, these potential explanatory variables were also
included. Plant host types were conifer-specific, broadleaf-specific, mixed, and unknown,
whereas year was 2010 or 2011. Because fungi of different host types or genera may acquire
different amounts of the '*C-depleted photosynthate from the CO»-labeled Picea, interactive
terms, such as genera x zone, plant host x zone, or plant host x zone x year, were also tested in
the regression. From these regressions, we could estimate the $'3C of different classes of
sporocarps in the different distance zones surrounding the CO-labeled Picea, which could then
be used to estimate the relative contribution of Picea-derived photosynthate to the sporocarps.
To calculate the contribution from labeled Picea to sporocarps in a specific zone and
group (fungal genera or plant host type), we must estimate the §'°C of *CO,-labeled Picea
photosynthate in sporocarps, termed 8'>Cpiceaphotosynthate- Klein et al. (2016) estimated a 4.3%o
depletion in '*C between CO»-labeled and unlabeled Picea photosynthate. We accordingly
estimated the 8'3C of 3 CO»-labeled Picea photosynthate in sporocarps, termed 8'>Cpiceq
photosynthate, @S 4.3%o less than the 8'3C of conifer-specific sporocarps in the ambient zone. The

equation used to calculate the contribution of labeled Picea is:

% Contl‘lbu'[lon = (61 3Cambient, group — 81 3Czone, group)/( 61 3Cambient, group — 81 3CPi(;ea) X 100% (1)
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In this equation, 8'>Cambient, group and 8'*Cone, groupare the 8'*C values for a given group of fungi in
those zones.

We used daily temperature records for 2010-2011 from Binningen, Switzerland, 8 km
from the field site, as supplied by MeteoSwiss, the Federal Office for Meteorology and
Climatology and used shortwave radiation data (solar radiation, in units of kilowatt-hours m
day) from 2010-2011 from Basel, Switzerland, supplied by Meteoblue.com (Online Resource
2). Sporocarps were collected between day of year (DoY) 215 and 308. Based on results on the
time lag from Pinus sylvestris to sporocarps in a >*CO, pulse-chase experiment (Hogberg et al.,
2010), we assumed that weather up to 26 days prior to sporocarp collection could potentially
influence sporocarp carbon supply and that carbon supply from trees to sporocarps was maximal
for a given (unknown) lag time and duration. We accordingly used weather data from DoY 190

to 308, averaged for different periods, as factors in regressions on sporocarp $'3C to determine

this lag time and its duration.

In our study, we analyzed ectomycorrhizal and saprotrophic genera separately and
included climatic information, zone (distance from labeled trees), genus, and plant host type as
potential explanatory variables. Ectomycorrhizal genera comprised the following genera and
sample numbers of sporocarps in this data set: Inocybe (42), Lactarius (25), Russula (18),
Clavulina (9), Hebeloma (7), Laccaria (7), Entoloma (6), Cortinarius (5), Suillus (5), Amanita
(4), Hygrophorus (4), Peziza (2), Ramaria (2), Tricholoma (2), Helvella (1), and Xerocomus (1).
Of the 169 saprotrophic sporocarps collected across 34 genera, the most common genera were
Mpycena (37), Collybia (18), Clitocybe (16), Entoloma (12), Lycoperdon (11), Marasmius (10),

and Lepiota (9). Data were analyzed using the statistical software JMP (SAS Institute, Cary,
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North Carolina, USA). Sporocarp §'°C values were initially analyzed by treatment using
ANOVA and a Tukey post hoc test at an a-value of 0.05. The effect of hydrophobicity on §!°C
was analyzed by a t-test. To explore in more detail the driving factors influencing our variables
of interest, sporocarp &!°C was subsequently analyzed using forward stepwise regression.

The 8'*C values were analyzed using forward stepwise multiple regressions. In the
stepwise regressions, nominal variables (such as genus or zone) were initially separated into two
groups that maximized the explained variance and those groups could then be similarly
separated. Thus, several genera could have the same model coefficients if additional separation
did not further minimize values of the Bayesian Information Criterion (BIC), our metric for
model selection. BIC was used instead of the Akaike Information Criterion with a correction for
sample size (AICc) because the latter can overfit models (Kass and Raftery, 1995). For models
with similar BIC values, other criteria for model selection may be required (Johnson and
Omland, 2004). The underlying data and the statistical modeling are in Online Resources 1 and
3. Variables included zone (E, IT, OT, A), genus, three climatic parameters integrated for
different periods (solar radiation, average daily temperature, and average daily temperature
range), fungal associate (conifer-specific, associated with broad-leaved trees, associated with
either tree type, or of unknown association), year of collection (2010 or 2011), the interactions of
fungal associate, genus, or year with zone, and the three-way interaction of associate, year, and
zone. To calculate the % contribution from labeled Picea to a fungal group and zone, we need to
estimate the $'3C of 1*CO,-labeled Picea photosynthate in sporocarps, termed 8'3Cpiceaphotosynthate-
This is calculated as (8'>Cambient—8">Crone)/( 8'*Cambient — 8">Cpiceaphotosynthate) X 100%.

Some of these sporocarp §'°C data were previously presented in Mildner et al. (2014), in

which only §'3C data for 2010 and 2011 from 0-18 m were used (no ambient zone data were



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

11

included). In that study, data were averaged at the species level, for a presented n of 59 for
ectomycorrhizal fungi and 98 for saprotrophic fungi, compared to an n of 140 for
ectomycorrhizal fungi and 169 for saprotrophic fungi in the current data set. In that analysis
(Mildner et al., 2014), data on ectomycorrhizal and saprotrophic fungi were combined and then
tested for effects on sporocarp 8'3C values of zone, fungal type (ectomycorrhizal versus

saprotrophic), and the interaction of zone and fungal type.

Results

Spatial analysis indicated that conifers were 72%, 54%, and 48% of the total crown area of
ectomycorrhizal trees at 0-6 m (elevated CO; zone), 6-12 m, and 12-18 m, respectively, but only
25% across the whole site (Figure 1, Online Resource 4). From the patterns of foliar 8'*C in
control plants (Chevillat et al., 2005) and their relative abundances in different zones, we
estimated that the overall natural abundance §'3C of foliar carbon should be -25.9%o at 0-6 m
from the labeled spruce but drop to -26.4%o at 6-12 m, -26.5%o at 12-18 m, and -26.6%o across
the whole site (Online Resource 4).

The saprotrophic fungi were classified into 34 genera (n = 169) and the ectomycorrhizal
fungi into 16 genera (n = 140). Of the ectomycorrhizal sporocarps, 10% associated with broad-
leaved trees, 18% with conifers, 40% were of mixed association, and 32% were of unknown
association. Fungi of unknown ectomycorrhizal association included 39 samples only identified
to genus as well as six Entoloma rhodopolium and one Inocybe adaequata.

Carbon isotope values averaged -24.2 + 0.9%o for saprotrophic fungi and -26.9 = 1.1%o

for ectomycorrhizal fungi. Across the different zones, 8'*C varied from -23.8 + 0.2%o for
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254  saprotrophic fungi under elevated CO2 down to -28.1 £ 0.3%o for conifer-specific

255  ectomycorrhizal fungi under elevated CO: (Figure 2). In Tukey tests, saprotrophic fungi were
256  similar across all zones in 8'*C, whereas for ectomycorrhizal sporocarps, both conifer-specific
257  and other ectomycorrhizal fungi had lowest 8'°C in the 0-6 m zone, closest to the CO»-labeled
258 trees. In #-tests, conifer-specific sporocarps were higher than other ectomycorrhizal sporocarps in
259  83C by 1.3 £ 0.3%o in the 12-18 m zone (p = 0.0008) and by 1.8 + 0.3%o (p < 0.0001) in the < 18
260 m zone (Figure 2).

261 In the stepwise regression on ectomycorrhizal sporocarp 8'3C, six terms significantly

262  explained 8'°C, with an adjusted r* of 0.525 (n = 140, p < 0.0001, Table 1). This included the
263  average solar radiation for 17-21 days prior to sporocarp collection (Term 1, 6% of variance),
264  two taxonomic terms in which the different genera were separated into three groups based on
265  similarity of 8'°C within each group (Terms 2 and 3, 6% of variance), one term separating the
266  elevated CO2 zone from the other three zones (Term 4, 28% of variance), the interaction of this
267  zonal term with the first taxonomic term (Term 5, 2% of variance), and an interaction among
268  zone (inner transition versus ambient), year, and host tree preference (conifer-specific versus
269  others, 10% of variance, Term 6, Table 1).

270 In the regression, the genera grouped into three categories that differed up to 1%o in

271 sporocarp 8'°C and also differed in their patterns of host associations (Table 1). For the genera
272 with the lowest 8!°C values (Group 1; 0.7 + 0.2%o lower than the average; Hebeloma, Helvella,
273 Laccaria, Peziza, and Xerocomus), 17 of 18 sporocarps were of mixed association, whereas for
274  the second group, 88% were of mixed or unknown association, consisting of Clavulina, Inocybe,

275  and Russula (n =69, 0.1 = 0.2%o higher than average). The third group consisted of Amanita,
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Cortinarius, Entoloma, Hygrophorus, Lactarius, Ramaria, Suillus, and Tricholoma (38%
conifer-specific, 0.3 £ 0.1%o higher than average, n = 53).

Morphological characteristics of these genera are given in Table 2, together with §'°N
values for the different ectomycorrhizal genera from the broad-leaved Swiss FACE experiment
at the same site (Hobbie et al., 2023). With this information, we estimated average 8'°N for the
three groups. Only four ectomycorrhizal genera (6 samples total of the 140 collected) in the
conifer Swiss FACE were not in the broad-leaved Swiss FACE experiment, so we can assume
that the calculated values for the three groups are reasonable estimates. The weighted average
8'°N values for Groups 1, 2, and 3 were 3.2%o, 1.0%o, and 6.3%o, respectively.

Several comparisons involving interactive terms emerged from the regression analyses in
Table 1. We combined Term 4, separating the elevated CO; (0-6 m) zone from the other three
zones, with Term 6, the three-way interaction of zone, host associate, and year, to calculate the
8'3C deviation from the mean of conifer-specific sporocarps and other sporocarps in the ambient
(> 18 m) and inner transition (6-12 m) zone for 2011. From these data and the average *C
depletion of CO;-labeled Picea photosynthate of 4.3%o relative to unlabeled Picea photosynthate
(Klein et al., 2016), we calculated that Picea photosynthate in sporocarps under elevated CO»
averaged 2.77%o lower than the overall mean. Since Term 4 did not distinguish between conifer-
specific and other sporocarps, we used the estimated §'C depletion in the 0-6 m zone of 0.85 +
0.10%o for both types in our calculations. With this information, we then calculated the relative
contribution of the 1*C-labeled Picea photosynthate to conifer-specific fungi in the elevated CO»
(55 = 5%) and inner transition zone (34 = 6%). The contribution to other ectomycorrhizal fungi

in the elevated CO>zone was 34 + 7% (Table 3).
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We then combined Term 4, separating the elevated CO» (0-6 m) zone from the other three
zones, with Term 5, the interaction of zone x group, to calculate the 8'3C values for each of the
three groups in the elevated CO2zone versus the other zones. The decrease to the elevated CO»
zone from other zones was 2.07 + 0.32%o for genera of Groups 1 and 2 and 1.09 + 0.30%eo for
genera of Group 3 (Table 3). With this information, we then estimated the relative contribution
of the 1*C-labeled Picea photosynthate to Groups 1, 2, and 3 in the 0-6 m zone at 68 + 10%, 54 +
8%, and 29 + 8%, respectively (Table 3).

The climatic parameters of mean temperature, temperature range and shortwave solar
radiation were included in the stepwise regression and integrated for different periods. Solar
radiation correlated more strongly with sporocarp 8'*C than average daily temperature or daily
temperature range when integrated for equivalent periods (Online Resource 3). The best fits for
individual days of shortwave radiation were for Days 16 and 18 prior to sporocarp collection.
The best fit overall included the average shortwave radiation for Days 17-21 prior to sporocarp
collection, which correlated positively with sporocarp §'°C (Figure 4). The maximum radiation
difference between sampling days was 3000 watt-hours m™. Based on the regression coefficient

for shortwave radiation of 6.49 £ 1.63 x 10, this corresponded to a shift in 8'*C of 1.9 £ 0.5%o.

In the regression of the §'*C of saprotrophic sporocarps, the adjusted r> was 0.461 for the
BIC minimum model of five terms (n = 169, p < 0.0001, Table 2). The regression included four
taxonomic terms (45% of variance) and one zonal term (1% of variance). The zonal term
indicated that sporocarps closest to the CO»-labeled trees were slightly higher in 8!°C (+0.34 +

0.11%o) than sporocarps from the other three zones. We combined Terms 4 and 6 of Table 1 to
calculate the '*C enrichment in the ambient zone of conifer-specific fungi and all other

ectomycorrhizal fungi at 1.12 £ 0.22%o and -0.24 + 0.05, with a difference of 1.37 + 0.23%e.
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Given the 1.4%o enrichment of conifer-specific versus other ectomycorrhizal sporocarps in the
ambient zone, we calculated that conifers contributed 0.34/1.4 (24%) more to the carbon of

saprotrophic fungi in the 0-6 m zone than in the other three zones.

Discussion

Lag time of carbon fluxes in the tree-fungal system

In our first hypothesis, we proposed that climatic parameters integrated for different periods
would correlate with sporocarp 3'°C. As shown in Figure 4, the strongest correlation was of the
shortwave radiation integrated for the 17-21 days prior to sporocarp collection. Shortwave
radiation (~300-2000 nm) correlated closely with photosynthetically active radiation of 400—700
nm (Britton and Dodd, 1976). This time period of 17-21 days was slightly higher than the 12
days to initial detection and 16 days to maximum signal of the '*C-depleted CO. from soil CO,
effluxes at this site (Mildner et al., 2014). Similarly, in a multi-year study at the Swiss FACE site

in which broad-leaved trees were labeled with CO,, the §'*C of soil-respired CO, correlated

strongly with the calculated vapor pressure deficit with a lag of 10—-11 days (Steinmann et al.,
2004). Thus, at this location the lag from photosynthesis to belowground systems was greater
than the 5-day lag from photosynthesis to soil and ecosystem respiration estimated for 30-m tall
trees (Mencuccini and Holtt4, 2010). In our study, 1*C labeling of conifers rather than broad-
leaved trees may have contributed to long lags from photosynthesis to sporocarps, as conifers
transport sugars through the phloem a day or two slower than broad-leaved trees (Epron et al.,

2012).
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Few studies have linked the timing of sporocarp formation to plant photosynthesis. These
studies generally indicated that sporocarp production is slower than soil CO;efflux. In an early
laboratory study, after initial cap growth reached 1-2 mm in diameter in Laccaria bicolor
colonizing Pinus strobus seedlings, full cap expansion took 10-20 days, with slower rates at
lower light levels (Lamhamedi et al., 1994). In the '*CO; pulse labeling field study with Pinus
sylvestris, peak >C labeling of ectomycorrhizal sporocarps occurred 6 and 16 days after the
addition of '3CO» (Hogberg et al., 2010). These studies suggest considerable variability in the
transit time from photosynthesis to sporocarp production, with longer times presumably
reflecting both tree height (Mencuccini and Holttd, 2010) and the slow accumulation of fungal

carbohydrates prior to sporocarp formation.

C fluxes to fungi differing in host association

In our second hypothesis, we proposed that *C-depleted carbon from the CO»-supplied conifers
would be preferentially allocated to conifer-specific ectomycorrhizal sporocarps. There was
some evidence for this, with COz-supplied Picea contributing more carbon to conifer-specific
sporocarps in the 0-6 m (54 &+ 8%) and 6-12 m (34 + 6%) zones than to other sporocarps at 0-6 m
(34 £ 7%) (Table 3). The pattern of conifer-specific sporocarps assimilating Picea-derived
carbon from greater distances than other fungi was also seen in stepwise regressions in which
conifer-specific and other sporocarps were analyzed separately, with Picea-derived carbon
detected in conifer-specific sporocarps at 0-12 m and detected in other sporocarps at 0-6 m
(Online Resource 5). In field studies, there are surprisingly few reports where such tracking has
been done into fungi of known differences in host preference, outside of the initial study using

natural abundance 8'°C in a conifer-dominated Swedish forest (Hogberg et al., 1999). This may
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partly reflect a study bias towards forests dominated by single species, as in the '*C labeling
studies in Pinus sylvestris stands in boreal Sweden (Hogberg et al., 2010) or the Duke FACE
experiment in a Pinus taeda plantation (Hobbie et al., 2014).

We note that broadleaf-associated fungi were combined with fungi of mixed association
and of unknown association for the interactive regression term of zone, association and year
(Table 1, Term 6). This combination may reflect the dominance of broad-leaved trees at this site,
in which ectomycorrhizal broad-leaved trees contributed 71% of crown area and ectomycorrhizal
conifers only 24%. In this case, fungi of mixed or unknown association would likely draw most
of their carbon from broad-leaved trees, and therefore have similar interactions with zone as
fungi restricted to broad-leaved hosts. Alternatively, we note that only 5% of sporocarps grouped
as ‘other’ at the 0-6 m distance were exclusively hosted by broadleaved trees (3 of 55), so the
collective response of these fungi was dominated by the contributions from fungi of mixed (29)

or unknown association (23).

Functional morphology influenced spatial extent of carbon acquisition

The 8'3C regression model separated the genera into three different groups based on similarity in

813C values. Those three different groups were then included in regression analysis in an
interaction term with distance. The *C depletion of the third group from the 0-6 m zone
(elevated CO») to the other three zones, at 1.09%o0, was much less than the calculated 2.07%o
depletion for Groups 1 and 2 across the same zones (Table 3). This indicated a contribution of
elevated CO; trees to Groups 3, 2, and 1 of 29 + 8%, 54 + 8%, and 68 + 10% in the 0-6 m zone,
respectively. We examined the characteristics of the different genera in these three groups to

explain this large difference in assimilation. As given in Table 2, the genera of Groups 1 and 2
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were generally of contact and short-distance exploration types, with most not possessing
rhizomorphs (aggregated hyphae for long-distance transport) and having hydrophilic
ectomycorrhizae (Agerer, 2006). In contrast, genera of Group 3 are of various exploration types,
many possess rhizomorphs and have hydrophobic ectomycorrhizae, and the percentage that were
conifer-specific (38%) was higher than for the other two groups (0% and 7% for Groups 1 and
2). This suite of characteristics has been linked to higher carbon demand and greater enzymatic
capabilities to access soil organic nitrogen (Weigt et al., 2012; Lilleskov et al., 2019).

Nitrogen isotope values have been linked to enzymatic capabilities, exploration types,
and enzymatic capabilities to degrade organic matter (Lilleskov et al., 2002; Hobbie and Agerer,
2010). The higher estimated 8'°N values for Group 3 (6.3%o) than for Groups 1 and 2 (3.2%o and
1.0%o, respectively) suggest greater spatial extent of hyphal exploration for Group 3. The lower
calculated carbon contribution to Group 3 genera from CO;-supplied trees would therefore
suggest that these genera are supplied with sugars from many unlabeled trees. Essentially, Group
3 genera are drawing from a greater belowground area, and therefore the elevated CO,signal is
diluted more by sugars supplied by other trees, with correspondingly less '*C depletion of the
conifer-specific sporocarps at 0-6 m relative to other zones (Table 3). In our third hypothesis, we
proposed that genera of extensive hyphal development should acquire carbon from CO»-labeled
Picea at greater distances than genera of little hyphal development. As discussed above, there
was relatively strong indirect support for this, with clear evidence of greater spatial extent of
carbon acquisition by genera with presumably more extensive hyphal development.

An alternate explanation for these patterns is offered by a study of isolated tree islands of
Pinus in grasslands in northern California (Peay et al., 2011). In that study, ectomycorrhizal

fungi of extensive hyphal development preferentially colonized exterior roots, whereas
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ectomycorrhizal fungi of limited hyphal development preferentially colonized interior roots. If
we apply this scenario to our system, the greater spatial extent of carbon sources to genera of
Group 3 primarily reflected that they were more likely to colonize roots further from the *CO»-
labeled trees than genera of Group 1 and 2. In support of this scenario, the spatial extent of roots
appears much larger than the distances across which ectomycorrhizal networks operate. For
example, in a German study, the dominant species here, Fagus sylvatica, had roots reaching 16-
19 m from tree stems, with root biomass roughly 50% of the maximum biomass at 5 m and 25%
of the maximum at 7 m (Meinen et al., 2009). In contrast, studies that have tested for movement
through strictly fungal networks have been limited to less than a meter (Philip et al., 2010). A
recent review concluded that the evidence for movement within mycorrhizal networks is weaker

than often cited (Karst et al., 2023), with movement of carbon within soil as one possibility.

Insights from natural abundance §'°C

Natural abundance 8'*C measurements can provide useful information about carbon fluxes from
different tree species to ectomycorrhizal fungi if those trees differ in §'3C (Hogberg et al., 1999).
For example, in the ambient zone here, conifer-specific fungi were 1.37 + 0.23%o higher in our
regression analysis than ectomycorrhizal fungi of our other three classifications (broad-leaved
trees, mixed, or unknown; as calculated from Term 6 in Table 1). This pattern agreed with
estimates of a 1.2%o enrichment of Picea stems relative to Fagus stems at the site (Klein et al.,
2016) and also agreed with results from mixed stands of Fagus and Picea in southern Germany,
in which Picea tree rings were 1.3 £ 0.9%o higher than Fagus tree rings (Schifer et al., 2017).
This indicates that fungi should increase in 8'*C with increasing contribution of Picea

photosynthate. Broad-leaved, mixed, and unknown associated fungi were grouped together. This
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suggested that fungi of mixed or unknown association drew most of their carbon from
ectomycorrhizal broad-leaved trees at the site, which accounted for 75% of ectomycorrhizal
crown area at the site (Online Resource 4).

This general trend of higher background §'>C close to the CO»-labeled trees is also
evident in the regression of saprotrophic 8'*C, in which the 8'*C values of saprotrophic
sporocarps at 0-6 m from the labeled trees were 0.34 + 0.11%o higher than in other zones (Table
4). We note that multiple regression that included taxonomic groupings was necessary to show
this zonal difference in the 8'3C of saprotrophic sporocarps, as a Tukey test that only considered
zone did not show a statistical difference (Figure 2), nor did prior analyses at this site (Rog et al.,
2020). In early measurements of soil COz in this experiment, CO2 near conifers was from 0.5%o
to 0.1%o enriched in '*C relative to that near broad-leaved trees (Steinmann et al., 2003). This
agrees with the slight 1*C enrichment we calculated for saprotrophic fungi near the labeled Picea,
underlining the partial dependence of these fungi on old, litter-associated carbon derived from

Picea abies that was enriched in '3C compared to other tree species here (Chevillat et al., 2005).

Conclusions

Our results indicated that photosynthate that was transferred from conifers to associated
ectomycorrhizal fungi spread beyond the immediate vicinity of CO»-labeled trees (0-6 m) to
label sporocarps in the 6-12 m zone. Carbon fluxes from Picea to sporocarps peaked 17-21 days
after photosynthesis. Thus, these results provided rough estimates of the spatial and temporal

extent of carbon transport from these trees to ectomycorrhizal fungi.
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We compared these results with prior estimates from the same location when broad-
leaved trees were similarly labeled (Steinmann et al., 2004). In that study, spatial patterns of '*C-
depleted CO2 derived from elevated COs-treated trees were estimated from contour plots of the
8'3C of soil CO;. This signal of '3C-depleted CO, varied seasonally and spatially, and was
detected at perhaps 10-20 m distance from labeled trees, even farther than our signal detection in
sporocarps at 612 m. The §'*C of soil CO; in that study correlated strongly with favorable
weather (as represented by the vapor pressure deficit) for 10-11 days prior to measurement,
somewhat shorter than our shortwave radiation signal of 16—19 days prior to collection,
suggesting that the mycelia accumulated recent photosynthate from trees for one to two weeks

prior to sporocarp emergence.
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Online Resources

Online Resource 1. Carbon isotopes in sporocarps from the Swiss conifer web-FACE, 2010-
2011, DOI: 10.17632/gw6p48rpdb.2.

Online Resource 2. Daily climate from 2010-2011 used in regressions. Daily temperature records
are from Binningen, Switzerland (MeteoSwiss) and shortwave radiation records are from Basel,
Switzerland (Meteoblue.com).

Online Resource 3. Stepwise regression modeling of ectomycorrhizal and saprotrophic 8'*C.
This includes stepwise regression modeling of ectomycorrhizal §'*C comparing regressions with
daily shortwave radiation, daily temperature range, or average daily temperature, all averaged for
17-21 days prior to sporocarp collection.

Online Resource 4. A. Crown area of the different species of broad-leaved and coniferous trees
by zone and distance COz-labeled trees (E, 0-6 m; IT, 6-12 m; OT, 12-18 m; A, < 18 m). B.
Estimated 8'°C of foliage of broad-leaved trees, coniferous trees, and overall average in the four
zones.

Online Resource 5. Stepwise regression modeling of the §'*C of conifer-specific ectomycorrhizal

sporocarps (7 = 25) and of other ectomycorrhizal sporocarps (n = 115).
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Table 1. Stepwise regression of ectomycorrhizal fungal 8'*C indicated that genus (separated into
three groups), shortwave radiation of the prior 17-21 days, zone, the interaction of zone and
group, and the interaction of year, zone, and fungal associate (conifer or others) influenced
sporocarp 8'°C. Adjusted r>= 0.525, p < 0.0001, n = 140. # = regression term number. VIF =
variance inflation factor. Zones: E, IT, OT, and A refer to sporocarp distances from labeled trees
of 0-6 m (elevated CO»), 6-12 m (inner transition), 12-18 m (outer transition), and < 18 m
(ambient), respectively. Fungal associate: con = conifers, others = broad-leaved, mixed, or
unknown associate. Radiation units are in kilowatt-hours m? day™'. Yr = Year. Regression details
and genera for groups are in Online Resource 3. Number of samples for each group assigned to
different associates are at end of group designations, given as broad-
leaved/conifer/mixed/unknown). Group 1: -0.73 + 0.18%o, Hebeloma, Helvella, Laccaria,
Peziza, Xerocomus (n = 18, 1/0/17/0). Group 2: 0.05 £ 0.18%o, Clavulina, Inocybe, Russula (n =
69, 3/5/30/31). Group 3: 0.34 + 0.11%o, Amanita, Cortinarius, Entoloma, Hygrophorus,

Lactarius, Ramaria, Suillus, Tricholoma (n = 53, 9/20/10/14).

# Term %Var Estimate £ se P VIF
0 Intercept -- -29.89+0.74 <0.0001 --

1 Shortwave radiation, 17-21 days 6.1 6.5+1.6x10* 0.0001 1.1
2 Group 1&2 -3 3.6 -0.34+0.11 0.0027 14
3 Group1-2 2.8 -0.39+0.15 0.0080 1.2
4 Zone (E—IT/OT/A) 28.2 -0.85+0.10 <0.0001 1.1

5 (Group 3 — 1&2 + 0.24) x Zone (E— IT/OT/A +0.14) 2.2 0250+0.104 0.0174 1.0

6 (con— others +0.64) x Zone (A —1T -0.07) x Yr2011 9.6 0.736 +£0.147 <0.0001 1.1
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Table 2. Morphology of genera. Genera were assigned to three groups from the regression given

in Table 1, with 8'*C values for groups in the order 1 <2 < 3. Fungal associates are given as

b/c/m/u, with b, broad-leaved; ¢, conifer; m, mixed; and u, unknown. Nitrogen isotope values

(8'°N) are averages from earlier sampling at the site in 2001-2005, as given in Mendeley Data,

doi: 10.17632/yzcm5vmxf8.1. Hi/Ho = hydrophilic or hydrophobic ectomycorrhizae.

Ectomycorrhizae type, presence of rhizomorphs, and exploration type follows Agerer (2006).

Short, medium, and long corresponded to short-distance, medium-distance, and long-distance

exploration types. Descriptive subtypes of smooth and fringe also follow Agerer (2006).'Based

on general pattern for ascomycetes in Agerer (2006).

Genus
Hebeloma
Helvella
Laccaria
Peziza
Xerocomus
Clavulina
Inocybe
Russula
Amanita
Cortinarius

Entoloma

Associate 8'°N + sd

Group b/c/m/u  (%0)

1 0/0/7/0  6.0+3.4
1 1/0/0/0  no data

1 0/0/7/0 0.4

1 0/0/2/0  no data

1 0/0/1/0  no data
2 0/0/9/0  0.8+1.8
2 1/0/12/29 0.0+ 1.4
2 2/5/9/2  34+£54
3 1/0/3/0 2.6 +0.1
3 0/1/1/3  7.9+3.7
3 0/0/0/6  7.5+2.0

N

Hi/Ho Rhizomorph Exploration Type

ho sometimes
hi no

hi yes

hi no

ho yes

no data no data

hi no

hi sometimes
hi (ho) sometimes
ho yes

no data yes

short, medium-fringe
short!
medium-smooth
short!

long

no data

short

smooth
medium-smooth
medium-fringe

medium-smooth
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Hygrophorus 3

Lactarius

Ramaria

Suillus

Tricholoma

3

3

1/3/0/0

8/9/5/3

0/0/0/2

0/5/0/0

0/2/0/0

5619 4

6.1+22 25

no data 2

58+02 2

119+23 5

hi no

hi (ho) sometimes

ho yes
ho yes
ho yes

25

contact, short-smooth
contact, medium-smooth
long

long

medium-fringe
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Table 3. 8'3C shifts (+ se) for different groups of ectomycorrhizal sporocarps calculated from

regression terms 2-5 in Table 1 for the group x zone interaction and calculated from regression

term 6 for the zone x year x associate interaction. Taxonomic groups 1, 2, and 3 are defined in

Table 1; associate type designated as conifer (conifer-specific) or other. In the interaction of zone

x group (Table 1, Term 5), the three outer zones were grouped together. The number of samples

(n) is given after 3'°C values. The 8'3C shift of CO,-labeled Picea photosynthate in sporocarps

was calculated at -2.77%o. The % contribution from labeled Picea for each type and zone was

calculated from Equation (1).

Type, Zone 8'°C

zone (m =+ se

Group 1,0-6 -1.80+0.23 (10)
Group 2,0-6 -1.01 +0.23 (35)
Group 3,0-6 -0.15+0.21 (15)
Conifer, 0-6 -0.85+0.10 (5)
Conifer, 6-12 0.06 = 0.19 (3)

Other, 0-6  -0.85+0.10 (55)

Ambient §"°C
+se
0.27+0.22 (8)
1.06 £ 0.22 (24)
0.94 +£0.21 (38)
1.53£0.17 (15)
1.53 £0.17 (15)

0.16 £ 0.17 (21)

% labeled
Picea + se
68 £10
54+8
20+ 8
55+5
34+ 6

34+7
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Table 4. Stepwise regression of saprotrophic fungi indicated that zone and genus influence

sporocarp 8'°C. Adjusted r*= 0.461, p < 0.0001, n = 169. VIF = variance inflation factor, zones

are as in Table 1. Regression details and group genera are in Online Resource 3.

Estimate + se

P

# Term %Variance
0 Intercept --

1 Zone (E-IT/OT/A) 1.2

2 Group1,2-3,4,5 29.0

3 Group1-2 43

4 Group3,4-5 7.9

5 Group 3 -4 3.6

-24.56 £0.14

0.17+0.08

-146+£0.14

-0.84 +0.20

-1.01 £0.18

-0.32 £ 0.08

<0.0001

0.0277

<0.0001

<0.0001

<0.0001

0.0002

VIE

1.0
1.7
1.1
1.6

1.0
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Figure Legends

Figure 1. Map of tree crowns at the Swiss canopy crane. Conifers include Abies alba (dark green,
Ta), Larix decidua (orange, L&), Picea abies (red, Fi), and Pinus sylvestris (olive green, Fo). The
COa»-labeled Picea abies are Fil, Fi2, Fi6, Fi7, and Fi8, with a blue bar under the designation.
Broad-leaved taxa are Acer campestre (green, Ah), Carpinus betulus (green, Ha), Fagus
sylvatica (blue, Bu), Prunus avium (purple, Ki), Quercus sp. (yellow, Ei), and Tilia platyphyllos
(green, Li). Diameter of circle is 60 m.

Figure 2. $!3C values for sporocarps at different zones (distances) surrounding CO»-labeled trees
(E, 0-6 m; IT, 6-12 m, OT, 12-18 m; A > 18 m) and different fungal associates (saprotrophic,
clear circles; conifer-specific ectomycorrhizal (ECM), clear triangles; other ectomycorrhizal,
black circles). Tukey test comparisons of zones within each category are indicated by letters
name (saprotrophic, lower-case italics; conifer-specific ectomycorrhizal, upper-case letters; other
ectomycorrhizal, lower-case). Zones where conifer-specific and other ectomycorrhizal
sporocarps differed indicated by asterisks.

Figure 3. Shortwave radiation for individual days (black circles) or averaged for different periods
(white triangles, range indicated by bars) prior to sporocarp collection (black circles) had
different logio probabilities (significance, y-axis) when included in stepwise regressions on the
8'3C of ectomycorrhizal sporocarps. Days shown on x-axis. Probabilities for all individual days
are shown; for clarity, only periods (ranges) of highest probability are included. The strongest
probability is for radiation from Days 17-21 prior to sporocarp collection (regression term

number 1 in Table 1).
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