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Summary

� Processes governing the fixation, partitioning, and mineralization of carbon in soils are

under increasing scrutiny as we develop a more comprehensive understanding of global car-

bon cycling. Here we examined fixation by Douglas-fir seedlings and transfer to associated

ectomycorrhizal fungi, soil microbes, and full-sibling or nonsibling neighbouring seedlings.
� Stable isotope probing with 99% 13C-CO2 was applied to trace 13C-labelled photosynthate

throughout plants, fungi, and soil microbes in an experiment designed to assess the effect of

relatedness on 13C transfer between plant pairs. The fixation and transfer of the 13C label to

plant, fungal, and soil microbial tissue was examined in biomass and phospholipid fatty acids.
� After a 6 d chase period, c. 26.8% of the 13C remaining in the system was translocated

below ground. Enrichment was proportionally greatest in ectomycorrhizal biomass. The pres-

ence of mesh barriers (0.5 or 35 lm) between seedlings did not restrict 13C transfer.
� Fungi were the primary recipients of 13C-labelled photosynthate throughout the system,

representing 60–70% of total 13C-enriched phospholipids. Full-sibling pairs exhibited signifi-

cantly greater 13C transfer to recipient roots in two of four Douglas-fir families, representing

three- and fourfold increases (+ c. 4 lg excess 13C) compared with nonsibling pairs. The exis-

tence of a root/mycorrhizal exudation–hyphal uptake pathway was supported.

Introduction

Accurate estimates of below-ground carbon cycling are critical to
linking terrestrial ecosystems with biogeochemical processes and
making useful predictions about how these may change under
future climates (Richter & Billings, 2015). In temperate forests,
the estimated quantities of atmospheric carbon sequestered via
fixation are globally relevant (c. 73–159 Pg C above ground, and
153–195 Pg C below ground; Reichstein, 2007; Lorenz & Lal,
2010), with humid and warm evergreen forests displaying the
highest gross primary production of any temperate or boreal
forest types (Luyssaert et al., 2007). Photosynthate is mainly
incorporated into plant biomass, but also supports a diverse
microbial soil community either directly, via mycorrhizal fungi,
or, more generally, via scavenging of root exudates (Nehls et al.,
2007; Phillips et al., 2011) and rhizodeposits (Jones et al., 2009).
Studying the below-ground ecology governing carbon cycling is
challenging because of the complexity of these communities and
soil systems in general (De Deyn et al., 2008; Bardgett et al.,
2013), and requires quantitative data on the allocation of photo-
synthate to plant biomass and its transfer to mycorrhizal fungi
and microbes (Kaiser et al., 2015). Here we undertook a

multifaceted exploration of carbon allocation within and between
paired interior Douglas-fir (Pseudotsuga menziesii var. glauca)
seedlings, their mycorrhizal symbionts, and soil microbiota.

While the majority of plants form mycorrhizas, < 5% of plant
species are estimated to associate with ectomycorrhizal fungi
(EMF). However, globally, these interactions are abundant in all
forest biomes (Brundrett, 2009). Soils in ecosystems where ecto-
mycorrhizal plants dominate exhibit higher carbon : nitrogen
(C : N) ratios compared with soils where they do not (Averill
et al., 2014), and ectomycorrhizal hosts have been found to allo-
cate 10–30% of their photosynthate to mycorrhizas (S€oderstr€om,
1992; H€ogberg & Read, 2006; Leake et al., 2006). EMF incorpo-
rate photosynthate into their biomass, enhancing carbon seques-
tration by synthesizing recalcitrant carbon compounds like chitin
(Clemmensen et al., 2013; Kashian et al., 2013), especially in
poorly oxygenated soil where decomposition is slow (Wallander
et al., 2001). Additionally, EMF add mineral nutrients to soils
through the breakdown of rock with organic acids (Hoffland
et al., 2003; Plassard & Fransson, 2009), and promote soil aggre-
gate formation and carbon sequestration by exuding extracellular
proteins and compounds that bind mineral particles (Rillig &
Mummey, 2006; Graf & Frei, 2013). However, not all mycor-
rhizal activity is a carbon sink. In addition to respiration of host-
derived photosynthate, some EMF species can decompose plant*These authors contributed equally to this work.
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litter to acquire limiting nutrients, thus releasing soil carbon back
into the atmosphere at rates comparable to saprotrophic fungi
(Talbot et al., 2008; Rineau et al., 2013; Phillips et al., 2014).
Therefore, to assess how these processes jointly influence the
dynamics of soil carbon cycling in complex below-ground sys-
tems, quantification of the fate of photosynthate in EMF-
dominated systems is required.

An emergent property of mycorrhizal systems is the common
mycorrhizal network, which arises when a fungal mycelium con-
nects multiple plant hosts below ground across scales of cm2 to at
least tens of m2 (Selosse et al., 2006; Beiler et al., 2010; Simard
et al., 2012). Ectomycorrhizal networks have been demonstrated
to transfer water, nitrogen, and small quantities of carbon
between interior Douglas-fir hosts (Simard et al., 1997a; Teste
et al., 2009; Bingham & Simard, 2011). Evidence that EMF dis-
play trait heritability based on host and fungal genotype (Rosado
et al., 1994a,b; Karst et al., 2008), and that closely related plants
display greater arbuscular mycorrhizal network size and root col-
onization (File et al., 2012; Dudley et al., 2013), raises the possi-
bility of preferential connectivity of kin through compatibility of
parent–mycorrhiza–offspring genotypes. This has not previously
been explored in conifers. In arbuscular mycorrhizal grassland
plant species, root exudates play a role in ‘kin recognition’ (Dud-
ley et al., 2013) by moderating intra- and interspecific plant root
behaviour (Semchenko et al., 2014), suggesting that plant relat-
edness may influence nutrient uptake or transfer by altering root
growth and hence mycorrhizal formation. The finding that root
exudates are important in kin recognition suggests that mycor-
rhizas are involved in recognition mechanisms in temperate
forests, where trees are comprehensively mycorrhizal. If nutrient
transfer through ectomycorrhizal networks can also differ with
host relatedness, then fitness, and thereby forest stand composi-
tion, may be altered (Simard, 2009). Thus, to assess the potential
for host relatedness effects in the experimental system, the extent
of carbon transfer between ‘kin’ (full sibling) and ‘nonkin’ (no
shared parent) seedling pairs was quantified.

Although mycorrhizal fungi are known to transfer labelled car-
bon between plants (Finlay & Read, 1986; Simard et al., 1997b),
interpretations are split between those suggesting retention of
labelled carbon by fungi within their biomass (Graves et al.,
1997; Fitter et al., 1998; Wu et al., 2001) and those indicating
small (Simard et al., 1997a; Philip et al., 2010; Teste et al., 2010)
or large (Klein et al., 2016) degrees of carbon transfer through
fungal mycelium and into plant biomass. The transfer of carbon
between plants may also occur via uptake of root exudates along
an ‘exudation–dissolved organic carbon–mycorrhizal hyphae’
pathway (Robinson & Fitter, 1999), and these hypotheses
regarding the mechanism of transfer need not be mutually exclu-
sive. In this experiment we established a size hierarchy between
seedlings of different ages together in the same pot, separated by
a mesh barrier to prevent direct root interaction, and labelling
the larger (older) seedling with 13C-CO2.

A small number of stable isotope probing (SIP) studies, in
which a plant is exposed to 13C-labelled CO2 and the distribu-
tion of 13C-photosynthate is examined after a specific time
period, have investigated interconnections between the Pinaceae

and their EMF symbionts (see Epron et al., 2012). Here, for the
first time in a paired seedling model system, we investigated the
fungal and microbial communities active in plant photosynthate
assimilation and transfer, applying SIP methods to quantify 13C
allocation to plant and fungal biomass and the phospholipid fatty
acids (PLFAs) of plants, fungi, and bacteria (Boschker et al.,
1998). Our study examined paired interior Douglas-fir seedlings
with the following objectives: to quantify the distribution of 13C-
labelled photosynthate throughout plant and soil carbon pools
and within microbial biomass; to determine the proportion of
carbon transferred (if any) between seedlings by EMF symbionts;
and to determine whether relatedness has a role in carbon transfer
between conifer seedlings.

Materials and Methods

Seed and soil

Seeds from four ‘families’ (crossbred from four different pairs of
known parents) of interior Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco var. glauca (Beissn.) Franco) were sourced from
the BC Ministry of Forests, Lands, and Natural Resource Opera-
tions (Kalamalka Research Station, BC, Canad). To encourage
EMF colonization, seeds were grown in a soil mixture with the
following specifications: 1 : 1 mix (c. 3.4 l total) of autoclaved
potting soil (1.7 l 1 : 1 mix of peat to perlite) and forest soil
(1.7 l). Forest soil was classified as Dystric Brunisol (Inceptisol in
US soil taxonomy) with moderate humus and sandy loam texture
(Soil Classification Working Group, 1998). Soil was collected
from two sublocations within a monospecific interior Douglas-fir
stand (120.58°W, 49.43°N) in the dry, cool interior Douglas-fir
(IDFdk) biogeoclimatic subzone (Pojar et al., 1987). Following
the removal of the litter layer, the fermentation layer, humus
layer, and mineral soil were sampled to a total depth of 10–
15 cm. Large debris was removed during collection, and soil was
homogenized in clean conditions before subsampling to create
experimental units.

Experimental design and seedling growth

Each experimental unit was a 3.8 l pot containing a pair of
seedlings of different ages to establish a carbon gradient, which
were spaced c. 8 cm apart and separated by a nylon mesh bag
(Plastok Meshes and Filtration Ltd, Birkenhead, UK). One
‘donor’ seedling was established from seed planted in March
2012 in the 805 g (11.9 SEM) DW of soil outside the mesh bag.
One ‘recipient’ seedling was established from seed planted in
November 2012 inside the 89 18 cm mesh bag containing 403 g
(5.9 SEM) DW of soil. Seedlings were grown in a glasshouse
without supplementary light or fertilizer, in order to encourage
mycorrhizal formation. Pots were watered to field capacity once a
week following an early germination period of light daily water-
ing. A fine gravel layer was applied to soil surfaces to discourage
infection and mortality by pathogenic soil fungi (e.g. Fusarium,
Phytophthora, Pythium, Rhizoctonia; colloquially called ‘damping
off’ fungi). Harvesting took place in the first week of February
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2013, when donor and recipient seedlings were 11 and 3 months
old, respectively (Asay, 2013).

Seedling relatedness was manipulated through seed origin:
seedling pairs were either full siblings (same parents; ‘kin’) or
nonsiblings (different parents; ‘nonkin’). Kin seed was obtained
from four pairs of parent trees to assess whether any relatedness
effects were a general observation or family-specific. Sufficient
seed was provided to establish 10 kin pairs from each of the four
sets of parents (n = 40). Nonkin seed was more readily available
so additional pairs were planted (n = 60). Hyphal connection was
manipulated via mesh bags: seedling pairs were separated by a
root-blocking barrier that either allowed the passage of EMF
hyphae (35 lm mesh) or was expected to restrict or prevent the
passage of EMF hyphae (0.5 lm) (Teste et al., 2006). Mesh sizes
were divided equally among the relatedness treatments, resulting
in the following experimental factors: kin-unrestricted (n = 20),
kin-restricted (n = 20), nonkin-unrestricted (n = 30), nonkin-
restricted (n = 30).

13CO2 isotope labelling

Donor plants were pulse-labelled with 99 atom% 13C-CO2

11 months after they were established in pots. Surviving pairs in
each treatment were assigned to subsequent analyses as follows.
To estimate the initial uptake and fixation of the 13C label, we
assessed incorporation of 13C-photosynthate into plant and fun-
gal biomass 1 d after labelling (‘1 d chase’): nonkin-unrestricted
(n = 3), nonkin-restricted (n = 3), nonlabelled controls (n = 3).
To examine the transfer and incorporation of 13C-photosynthate
into biomass 6 d after labelling (‘6 d chase’) we assessed: kin-
unrestricted (n = 9), kin-restricted (n = 8), nonkin-unrestricted
(n = 10), nonkin-restricted (n = 10). Unlabelled controls con-
sisted of kin-unrestricted (n = 9), kin-restricted (n = 8), nonkin-
unrestricted (n = 7) and nonkin-restricted (n = 7).

Immediately before labelling, all donor seedlings were sealed
using Tuck® Contractors Sheathing Tape (Cantech, Montreal,
QC, Canada) inside plastic Foodsaver® 6 l vacuum bags (Jarden
Consumer Solutions, Brampton, ON, Canada). Bags were fitted
with an injection valve and inflated with ambient air. Nonlabelled
control seedlings were bagged in the same manner and stored with
a minimum separation distance of 4 m from the nearest labelled
seedling. Three injections of 13C-CO2 were received by labelled
seedlings at equal time intervals through the 10 h pulse period,
totalling 50ml of 13C-CO2 (with maximum concentrations of
2500–3000 ppm). An additional seedling was used to monitor
bag CO2 concentration using a portable infrared gas analyser
(Qubit Systems, Kingston, ON, Canada). Ambient glasshouse
CO2 concentrations (394 ppm) were checked before labelling, 5 h
after labelling and 10 h after labelling and showed no significant
variation. After the final pulse, when bag CO2 concentrations
had dropped below 300 ppm, labelling bags were removed.

Sampling of plant and soil pools

Eleven distinct plant and soil pools were examined in this experi-
ment, with donor (D) and recipient (R) seedling samples

collected as described in Fig. 1. Owing to growth stage differ-
ences between donor and recipient seedlings, root sections were
collected from donor transport fine roots (McCormack et al.,
2015) and the recipient’s main tap root, which were of equivalent
diameter and structure (i.e. no absorptive fine roots were
included in these samples). Samples were kept on dry ice after
weighing, and stored at �80°C. All fine root tips were sampled
from each seedling, morphotyped based on ectomycorrhizal
structures or their absence (Goodman et al., 1998), then counted
and weighed prior to subsampling for fungal identification via
amplified internal transcribed spacer (ITS) sequences. All root
tips from six plant pairs were kept on dry ice after weighing, and
stored at �80°C. Soil for PLFA analyses was immediately frozen
in liquid nitrogen before storage at �80°C. Samples were
lyophilized before DNA or PLFA extraction and isotopic analy-
sis. The remaining plant biomass from each pool was oven-dried
and weighed.

Isotopic measurements

Total carbon and nitrogen content and carbon isotopic composi-
tion of samples were measured with combustion analysis using an
elemental analyser (Elementar, Hanau, Germany) in C, N mode,
interfaced with an isotope ratio mass spectrometer (IRMS; Iso-
prime, Cheadle, UK). Samples were considered enriched if their
d13C value was greater than the upper 99% confidence interval of
the control mean d13C (natural abundance) and all control sam-
ple d13C values. Atom% 13C excess was calculated for each pool
as per Leake et al. (2006). Teste et al.’s (2009) modification of
Boutton’s (1991) isotopic calculations was applied to convert
d13C into ‘excess 13C’ as 12C equivalent (mg), the mass of labelled
carbon compensating for the 1 Da difference in mass of 12C.

Isotopic composition of PLFAs was analysed using GC-IRMS,
following extraction according to Bligh & Dyer (1959), as
detailed in Churchland et al. (2013), with the following excep-
tions: methyl undecanoate (c11:0) was the internal standard, and
quantitation was performed based on average values derived from
serial dilution of undecanoate, nonadecanoate (c19:0) and
methyl cis-13-docosenoate (c22:1x9). Peak identification was
based on retention time compared with two reference standards:
bacterial acid methyl-ester standard 47080-0 (Sigma–Aldrich)
and a 37-component fatty acid methyl-ester mix (47885-U).
Unidentifiable 13C-enriched peaks were included in the analysis
if they met the following conditions: detection in more than three
samples; average d13C > +50&. Taxonomic affiliations of speci-
fic PLFAs were assigned as per H€ogberg et al. (2013), with
c18:1x9 and c18:3x6 added as fungal markers, according to
Ruess & Chamberlain (2010).

Fine root tip fungal DNA extraction sequencing

Fungal DNA was extracted from multiple representative root tips
of each EMF morphotype, from which adhering soil had been
carefully removed, using ITS1 (White et al., 1990) and ITS4/
ITS4B primers (Gardes & Bruns, 1993) following the protocol
provided in Supporting Information Methods S1. Raw sequence
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data were analysed using SEQUENCHER v.3.0 (Gene Codes Corp.,
Ann Arbor, MI, USA) and converted into FASTA format prior to
comparison with the UNITE database (K~oljalg et al., 2013),
using the BLAST algorithm to identify each fungal species.
Sequence data were deposited in the GenBank database as acces-
sion numbers KT314836–KT314861. Three samples from the
rhizosphere soil partition were selected for metatranscriptomic
sequencing to assess activity of root-associated communities
(Methods S2).

Statistical analyses

All analyses were performed using R 3.2.3 (R Core Team, 2015)
unless otherwise stated. Data were square-root- or log10-
transformed where necessary to meet parametric assumptions,
with highly influential data points (≥ 3 SD from the treatment
median) treated as statistical outliers and removed prior to analy-
sis. Differences between treatments in the excess 13C content of
recipient pools were assessed by fitting linear mixed models in R
packages ‘NLME’ (Pinheiro et al., 2016) and ‘LME4’ (Bates et al.,
2015). The fixed factors in each model were: seedling relatedness
(kin or nonkin), hyphal restriction (35 or 0.5 lm), recipient fam-
ily (A, B, C or D), and their two-way interactions. In all models,

donor family was included as a random factor. The response vari-
ables examined were ‘excess 13C as 12C equivalent’ of the recipi-
ent bulk soil (Rbulk), recipient rhizosphere (Rrhizosphere), recipient
ectomycorrhizal root tip (RECM) and recipient root (Rroot) pools.
Model fit was determined using the R package ‘PIECEWISESEM’
(Lefcheck, 2016). Standardized coefficients, a measure of stan-
dardized effect size (SES) (Schielzeth, 2010), were estimated for
each model (regression coefficients � (29 SD)).

Linear models were used to assess whether excess 13C in kin
and nonkin recipient pools displayed different relationships to
potentially explanatory biological factors (Dshoot

13C enrichment,
DECM

13C enrichment, DECM abundance). SES was measured
using Cohen’s d (Cohen, 1988). False discovery rate (FDR) cor-
rection (Verhoeven et al., 2005) was applied where data were
regressed against multiple factors.

Enriched fungal biomass (13C g�1 DW tissue) was calculated
by converting from mg enriched fungal PLFAs, using the conver-
sion factor provided by Joergensen & Wichern (2008). Average
carbon incorporation into fungal biomass was calculated for
DECM (reflecting the Hartig net, mantle and extramatrical
mycelium of EMF) and Droot (to account for the presence of fun-
gal endophytes and any potential extension of EMF hyphae into
transport fine roots; see Kaiser et al., 2010).

Droot

Dshoot

Rroot

Rshoot

DECM

RECM

Dcoarse

Rbulk

Drhizoplane

Drhizosphere

Rrhizosphere

(a) (b) (c)

(d) (e) (f)

D R
Fig. 1 Illustration of the plant and soil carbon
pools sampled in each experimental unit,
which consisted of (a) one donor (D) and one
full-sibling or unrelated recipient (R)
Pseudotsuga menziesii var. glauca seedling
in one pot separated by a nylon mesh bag
(dark grey dashed cylinder) with holes of
either 0.5 or 35 lm. In (b–f), red and blue fill
colours represent the donor and recipient
pools, respectively. (b) Above-ground plant
biomass, divided into donor shoot pool
(Dshoot) and recipient shoot pool (Rshoot).
(c) Below-ground plant biomass, divided into
donor root pool (Droot) and recipient root
pool (Rroot). (d) Below-ground plant–fungal
biomass, divided into donor ectomycorrhizal
root tip pool (DECM) and recipient
ectomycorrhizal root tip pool (RECM). (e) Soil
attached to roots following their removal
from soil and light shaking, divided into
donor rhizosphere pool (Drhizosphere) and
recipient rhizosphere pool (Rrhizosphere); the
donor rhizoplane pool (Drhizoplane), very
tightly adhering soil washed from the root
surface following vigorous vortexing in sterile
water and subsequently pelleted by
centrifugation, is approximated with solid
black lines. (f) Soil not attached to roots
following their removal from soil and light
shaking, divided into donor coarse soil pool
(Dcoarse) and recipient bulk soil pool (Rbulk).
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Seedling EMF community data were examined with the
Sørensen (Bray–Curtis) distance measure using nonparametric
multidimensional scaling (NMDS) and multiresponse permuta-
tion procedures (MRPPs) in PC-ORD 5 (MjM Software, Glene-
den Beach, OR, USA).

All data used in this analysis, along with a custom script for
processing SIP-PLFA data, can be found at https://github.com/
roli-wilhelm.

Results

Partitioning of 13C-labelled photosynthate

Every plant and soil pool exhibited elevated concentrations of
13C-labelled carbon relative to the natural abundance in unla-
belled controls (Table 1). No significant differences in d13C were
observed among unlabelled controls. 13C enrichment of Rshoot,
the most distant pool from donor plants, was significant in four
kin and two nonkin samples (6/37). The decrease in 13C-labelled
carbon, from Dshoot to Rshoot, revealed the scope and scale of car-
bon flow through the below-ground system (Table 1; Fig. S1a).
As expected, in each plant DECM and RECM contained signifi-
cantly more 13C-labelled carbon as a percentage of their total car-
bon content compared with all other pools, illustrating their
assimilation of this carbon (Fig. S1b).

Of the total mass of pulsed 13C-labelled carbon (29.02 mg), c.
75.4% (21.88 mg) was fixed in donor plant tissue after the 1 d
chase. Following the 6 d chase period, c. 44.1% (9.64 mg) of the
fixed label (33.2% of the pulse) was detected across all biomass
pools. The total transfer to measured below-ground and recipient
pools was c. 12% of the 13C-label fixed, amounting to 26.8% of

the total 13C label detected in the 6 d chase. (For an account of
all individual pools, see Table 1.) The remaining unaccounted
13C label was either not fixed or fixed and respired during the
labelling period.

A strong inverse relationship was observed between Dshoot

d13C and donor biomass (r2 = 0.66, P < 0.001), while the total
mass of excess 13C in Dshoot did not vary significantly with donor
biomass (r2 < 0.01, P = 0.29). Thus larger plants had a lower 13C
content relative to total seedling biomass than did smaller plants.

Role of seedling relatedness and ectomycorrhizal hyphae in
carbon transfer

Analysis using linear mixed models revealed a seedling relatedness
effect on Rroot excess

13C, with the significant model interaction
term revealing variation between the four recipient families
(Table 2). Significantly greater Rroot excess

13C was observed in
kin recipients from families A and B than in nonkin recipients
(Fig. 2a), whereas there was no significant difference based on
relatedness in families C and D. In terms of lg excess 13C, this
represented a threefold increase in kin of family A (kin mean,
5.7 lg; nonkin mean, 1.9 lg), and a fourfold increase in kin of
family B (kin mean, 5.6 lg; nonkin mean, 1.4 lg). Carbon trans-
fer to other recipient pools was not significantly different between
relatedness treatments (Table 2). Linear regression analysis
revealed that Rroot d

13C enrichment increased with increasing
DECM abundance in kin pairs only (Fig. 3a). In both kin and
nonkin pairs, Rbulk d13C enrichment increased with increasing
DECM abundance (both, r2 = 0.34; kin, P = 0.014; nonkin,
P = 0.007). In kin pairs only, RECM excess 13C was positively
associated with that of both DECM (Fig. 3b) and Dshoot (Fig. 3c).

Table 1 Partitioning of plant-assimilated 13C-labelled carbon in above-ground and below-ground pools of interior Douglas-fir associated with
ectomycorrhizal fungi 6 d after the start of a 10 h 13CO2-labelling period

13C atom% excess (APE)
Total amount of excess 13C (lg per plant)

Excess 13C incorporated of the
mean total fixed (%)

Total
n

Kin
n

Nonkin
n

Kin Nonkin
Pool APE (SEM) lg (SEM) lg (SEM) lg (SEM) % (SEM) % (SEM)

Dshoot 0.439 (0.037) 7050.67 (325.77) 35 6858.59 (521.51) 16 7212.41 (418.62) 19 31.345 (2.383) 32.962 (1.913)
Droot 0.238 (0.020) 1980.24 (159.76) 35 1878.00 (229.32) 17 2076.80 (226.67) 18 8.583 (1.048) 9.491 (1.036)
DECM 0.979 (0.068) 136.21 (27.57) 31 156.72 (56.54) 14 119.31 (20.52) 17 0.716 (0.258) 0.545 (0.094)
Drhizoplane 0.076 (0.010) 231.81 (21.54) 36 241.61 (33.26) 17 223.04 (28.65) 19 1.104 (0.152) 1.019 (0.131)
Drhizosphere 0.035 (0.004) 167.07 (20.08) 35 122.88 (22.96) 16 204.29 (29.39) 19 0.562 (0.105) 0.934 (0.134)
Dcoarse 0.014 (0.002) 53.74 (11.29) 33 60.44 (18.81) 15 48.15 (13.69) 18 0.276 (0.086) 0.220 (0.063)
Rbulk 0.001 (0.000) 3.96 (0.50) 27 5.35 (0.83) 13 2.68 (0.39) 14 0.024 (0.004) 0.012 (0.002)
Rrhizosphere 0.004 (0.001) 4.90 (1.06) 33 4.80 (1.67) 16 4.98 (1.39) 19 0.022 (0.008) 0.023 (0.006)
RECM 0.119 (0.021) 2.43 (0.48) 34 2.48 (0.86) 16 2.39 (0.52) 18 0.011 (0.004) 0.011 (0.002)
Rroot 0.013 (0.001) 3.76 (0.47) 33 4.96 (0.80) 16 2.64 (0.35) 17 0.023 (0.004) 0.012 (0.002)
Rshoot 0.006 (0.001) 2.76 (1.11) 6 3.46 (1.59) 4 1.37 (0.59) 2 0.016 (0.007) 0.006 (0.003)
Plant and soil mean values
Dplant 9167.11 8893.31 9408.52 40.64 43.00
Dsoil 452.62 424.93 475.48 1.94 2.17
Rsoil 8.86 10.15 7.66 0.05 0.03
Rplant 8.95 10.89 6.40 0.05 0.03

APE, atom% excess; n, number of significantly enriched samples; total amount added during pulse = 29 020 lg excess 13C; mean amount fixed after 1 d
chase = 21881.08 lg excess 13C.
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Hyphal exclusion did not reduce colonization of recipient
roots, or significantly reduce overall subsurface carbon transfer.
However, analysis using linear mixed models (Table 2) indicated
a reduction in Rbulk excess

13C with hyphal exclusion in recipient
family D (SES = 0.60–0.66), and reduced Rrhizosphere excess

13C
among kin recipients in families C (SES = 0.58) and D
(SES = 0.62). Conversely, increased Rroot excess

13C with hyphal
exclusion was observed for kin in recipient family A and regard-
less of relatedness in family D (Fig. 2b). Carbon transfer to other
recipient pools did not differ between mesh treatments (Table 2).
To assess whether the observed relatedness effects could be a
result of differences in below-ground biomass allocation between
families, the same linear mixed models were performed for donor
and recipient root : shoot ratio, and the biomass of Droot, Rroot,
DECM and RECM. The only significant factor across these models

was that family C exhibited a lower root : shoot ratio than the
other three families. No other fixed or interactive factors proved
to be significant (data not shown).

Assimilation of 13C-photosynthate by the microbial
community

Total 13C incorporation into PLFAs in all pools amounted to
1% of below-ground carbon transfer (0.023 mg 13C in PLFAs/
2.31 mg total 13C transferred). Fungal PLFA 13C enrichment
was 5.57 mg fungal C g�1 DW in DECM and 1.97 mg fun-
gal C g�1 DW in Droot. Estimated DECM PLFA 13C enrichment
was strongly correlated with 13C enrichment of DECM tissue
(r2 = 0.844, P < 0.001), and DECM PLFAs contained the highest
total excess 13C measured (Fig. S2). The Droot pool contained the

Table 2 Effects of hyphal restriction and donor relatedness treatments on excess 13C as 12C equivalent (lg) of recipient Pseudotsuga menziesii var. glauca
seedling biomass pools, using maximum likelihood analysis of linear mixed-effects models1 and likelihood ratio tests

Pool Rbulk Rrhizosphere RECM Rroot

Data transformation – sqrt – log10
Marginal R2 0.605 0.565 0.325 0.673

Factor df F-value P-value df F-value P-value df F-value P-value df F-value P-value

Intercept 1,15 97.53 < 0.0001 1,15 283.15 < 0.0001 1,15 50.41 < 0.0001 1,15 110.65 < 0.0001
Relatedness (Re) 1,15 1.81 0.199 1,15 0.15 0.708 1,15 0.08 0.787 1,15 6.47 0.020
Hyphal (Hy) 1,15 3.65 0.077 1,15 3.29 0.090 1,15 0.79 0.387 1,15 5.38 0.032
Recipient Family (Rfam) 3,15 2.79 0.079 3,15 2.14 0.138 3,15 0.31 0.816 3,15 0.50 0.687
Re9Hy 1,15 0.14 0.710 1,15 0.31 0.585 1,15 1.82 0.197 1,15 2.34 0.143
Re9 Rfam 3,15 0.37 0.775 3,15 0.61 0.619 3,15 1.55 0.243 3,15 4.59 0.015
Hy9 Rfam 3,15 3.36 0.050 3,15 3.54 0.041 3,15 0.03 0.991 3,15 4.14 0.021

Values in bold are significant at the a < 0.05 level. Marginal R2 =model fit based on fixed factors alone. Inclusion of random factor did not increase model
fit.
1Model form: (Pool) ~ (Re)9 (Hy) + (Re)9 (Rfam) + (Hy)9 (Rfam), random ~ 1| (Donor family).
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next highest amount of PLFA 13C enrichment, originating from
the plant root and associated fungi and bacteria. Fungal PLFA
markers were the most 13C-enriched in all pools, containing c.
70% of assimilated 13C label. The second most 13C-enriched tax-
onomic group consisted of the ‘higher eukaryotes’, a heteroge-
neous category of long-chain fatty acids, indistinguishable among
fungi, plants, and other eukaryotic species.

Microbes closely associated with host roots were less diverse
than those in soil (c. 27 PLFAs), based on the average number of
enriched PLFAs (Droot, 12; DECM, 9; RECM, 13). Differences
between root-associated and soil-associated communities were
evident in 13C-enriched PLFA profiles (Fig. S3) and unidentified

fatty acid profiles (Fig. S4). The Dcoarse community was the most
distinct, displaying increased 13C enrichment of medium-length
fatty acids between c14:0 and c16:1x9. Fungi assimilated the vast
majority of photosynthate based on total 13C enrichment of
PLFAs; however, other taxonomic groups in the rhizosphere
exhibited substantial assimilation rates (Fig. 4). In the Droot pool,
bacteria incorporated 13C label at rates comparable to that of
fungi (i.e. relative to their biomass). Gram-negative bacteria
assimilated significant amounts of 13C exudate across all donor
pools in every sample assayed, whereas Gram-positive bacteria
did not assimilate detectable 13C exudate in ectomycorrhizal
pools.
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Fungal root-tip community

Seedlings were primarily colonized by Rhizopogon vinicolor, and
an ectomycorrhizal Pyronemataceae sp. (Table 3), both of which
were also detected in a preliminary metatranscriptomic analysis
of three rhizosphere soil samples (Methods S1; Fig. S5). The
abundance of these EMF species on recipient seedlings was posi-
tively related to their abundance on donor seedlings regardless of
treatment. MRPP analysis following NMDS ordination (Fig. S6)
revealed that the only significant difference between EMF com-
munities was weak and occurred between donor and recipient
seedlings, rather than treatments (A = 0.131, P < 0.001, where
A > 0.3 is considered an ecologically relevant effect). Notably, in
the sole case where a plant lacked Rhizopogon sp. ectomycor-
rhizas, 13C enrichment was not detected in recipient pools.

Discussion

Fungi dominated the assimilation of photosynthetic carbon in all
below-ground experimental pools, with ectomycorrhizal fungi
serving as major agents of carbon transfer. EMF incorporation of
photosynthate from host plants is hypothesized to be a major fac-
tor in carbon sequestration in coniferous forests (Clemmensen
et al., 2013). An estimated 26.8% of the 13C label remaining in
the system was recovered from below-ground pools (primarily
donor roots), of which 6.3% was assimilated by, or transferred

through, EMF. Carbon transfer from donor to recipient seedlings
was significantly greater to sibling roots than to nonsibling roots
in two of the Douglas-fir families, indicating a host relatedness
effect that was most likely mediated by EMF. The transfer of 13C
label in the presence of a hyphae-restricting mesh implies that
labile 13C compounds were exuded into soil by donor roots and/
or EMF, before being taken up by recipient hyphae. Overall we
observed that a diverse microbial community was actively assimi-
lating 13C-labelled photosynthate.

Scale and significance of below-ground partitioning of
Douglas-fir photosynthate

Carbon allocation to donor plant root and ectomycorrhzial root
tip biomass (c. 23% of the total recovered) was within the range
of previously estimated allocation values for ectomycorrhizal
seedlings of other species: Norway spruce, Scots pine and silver
birch (13–24%; Pumpanen et al., 2009), Scots pine (31%;
Heinonsalo et al., 2010) and willow (47%; Durall et al., 1994).
Furthermore, 13C enrichment of fungal-specific PLFAs indicated
significant carbon allocation to fungi within donor transport fine
roots, most probably attributable to intraroot EMF biomass
(Kaiser et al., 2010) and/or fungal endophytes.

Mycorrhizal networks in mature forests can be extensive
(Beiler et al., 2010), offering the potential for substantial carbon
transfer among plants. Yet the net benefit of seedling-to-seedling
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carbon transfer remains poorly understood. Previous research
indicates that EMF and their mycorrhizal networks mediate the
transfer of variable amounts of carbon (Simard et al., 1997a;
Teste et al., 2009; Philip et al., 2010), water (Allen, 2007; Plam-
boeck et al., 2007; Bingham & Simard, 2011) and nitrogen (He
et al., 2003; Read & Perez-Moreno, 2003; Teste et al., 2009)
between plants. The quantities of seedling-to-seedling carbon
transfer measured in our experiment (c. 0.1% of total recovered
13C label across all pools) and elsewhere (Teste et al., 2009,
2010) are small, and unlikely to represent a substantial nutri-
tional source. However, research on the EMF host–symbiont
interface reveals that EMF produce signalling compounds, which
are translocated into plant cell nuclei. For example, Laccaria
bicolor produces the MiSSP7 protein, which alters the host tran-
scriptome to promote ectomycorrhizal formation and reduce jas-
monic acid production (Plett et al., 2011, 2014). Our
observations may therefore represent the transfer of signalling
compounds through a fungal mycelium, or their uptake by roots
or fungal hyphae following exudation. The stimulation of physio-
logical responses in recipient plants by potential signalling com-
pounds has previously been observed in arbuscular mycorrhizal
systems (Babikova et al., 2013; Song et al., 2014) and EMF sys-
tems involving interior Douglas-fir and ponderosa pine (Song
et al., 2015).

Host relatedness

Intriguingly, kin pairs exhibited increased carbon transfer to the
Rroot pool in two of the four Douglas-fir families, with excess 13C
in those families three- to fourfold greater than in nonkin pair-
ings. The absolute quantities of increased excess 13C involved in
this relatedness effect were small (+ 4 lg), but represented a large

proportion of total recipient plant excess 13C content (overall
recipient plant mean 6.4 lg). The strong positive relationship
between Rroot d

13C and DECM abundance in kin pairs demon-
strated that the genetic relatedness effect on carbon transfer
involved donor plant EMF. This was further reinforced by the
positive relationships between excess 13C in the RECM pool and
both the Dshoot and DECM pools in kin pairs. Further investiga-
tion is required, but we propose that the establishment of an ecto-
mycorrhizal symbiosis between an individual fungal mycelium
and a host plant may increase both the likelihood that the fungus
will successfully colonize other hosts of a similar genotype, and
the efficiency of carbon transfer through its mycelium. In our sys-
tem, Rhizopogon spp. and the ectomycorrhizal Pyronemataceae
sp. are the most likely candidate fungi because of their abundance
on seedling roots and their detected activity in soil metatranscrip-
tomes. We further hypothesize that increased carbon transfer
among kin seedlings may have resulted from increased inter-root
EMF biomass between compatible host genotypes (Rosado et al.,
1994a,b; Dudley et al., 2013), and/or increased inter-root activity
as a result of increased transfer of signalling compounds and/or
micronutrients (Plett et al., 2011; Babikova et al., 2013). Alterna-
tive explanations for the observed carbon transfer are certainly
possible, but would have to account for the significant interaction
between relatedness and family (e.g. differences in below-ground
carbon allocation between families would not explain why
increased transfer of 13C to roots in families A and B only
occurred in the presence of kin).

Hyphal restriction

Transfer of 13C carbon to recipient pools occurred regardless of
hyphal exclusion, demonstrating that 13C compounds can be

Table 3 Identity and relative abundance of root-associated fungi on kin and nonkin Pseudotsuga menziesii var. glauca seedlings based on root tip morpho-
typing and internal transcribed spacer (ITS) region taxonomic classification

Fungal morphotype ID Seedling

Relative
abundance

Accession Sequence match (NCBI accession) Identity (%)Kin Nonkin

Rhizopogon vinicolor (morphotype 1) Donor 0.46 0.58 KT314836 Rhizopogon vinicolor (AF263933) 652/656 (99)
Recipient 0.44 0.57

Rhizopogon vinicolor (morphotype 2) Donor 0.24 0.11 KT314840 Rhizopogon vinicolor (HQ385848) 529/535 (99)
Recipient 0.14 0.03

Pyronemataceae sp. Donor 0.12 0.09 KT314854 Uncultured Pyronemataceae (GU452518) 524/524 (100)
Recipient 0.26 0.29

Wilcoxina sp. Donor 0.08 0.05 – Sequencing failed – Taxonomic ID –
Recipient 0.13 0.09

Uncolonized root tips Donor 0.05 0.15 NA NA NA
Recipient 0.00 < 0.01

Fusarium sp. Donor 0.03 0.01 KT314859 Fusarium acuminatum (KP068924) 478/478 (100)
Recipient 0.03 0.02 KT314860 Fusarium oxysporum (KP132221) 451/451 (100)

Rhizopogon sp. Donor 0.01 0.01 KT314850 Rhizopogon fragrans (AM085523) 619/621 (99)
Recipient < 0.01 < 0.01

Rhizopogon ochraceisporus Donor 0.01 0.00 KT314851 Rhizopogon ochraceisporus (AF366389) 603/609 (99)
Recipient 0.00 0.00

No significant differences in colonization were observed between mesh sizes. NA, not applicable (uncolonized root tips which did not generate fungal
DNA).
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transferred in the absence of a direct linkage between mycorrhizal
hyphae (e.g. Robinson & Fitter, 1999). Carbon transfer was clearly
associated with mycorrhizas, because exclusion reduced transfer to
bulk soil in some of the recipient families; donor and recipient
EMF abundance was positively associated for several EMF species;
DECM abundance was associated with enrichment of recipient
pools; and DECM and RECM biomass contained proportionally
more 13C label than all other pools. Previous studies similarly
reported small quantities of 13C transfer across a 0.5 lm mesh in
both ectomycorrhizal (Teste et al., 2009; Philip et al., 2010;
Deslippe & Simard, 2011) and arbuscular mycorrhizal (Fitter
et al., 1998) systems. Thus, the mesh-bagging treatment may not
be effective for preventing mycorrhizal-mediated carbon transfer.
This is potentially a result of: (1) recipient EMF hyphae scavenging
donor 13C exudates that diffused through the mesh (Robinson &
Fitter, 1999; Johnson & Gilbert, 2015); (2) hyphae fusing across
the mesh; or (3) hyphae breaching the mesh, possibly degrading it
via secreted organic acids (Plassard & Fransson, 2009). No
breaches were observed in our experiment, but consistent with pos-
sibilities (1) and (2), there were regions of mesh with adjacent
patches of hyphae on either side. Future experiments could employ
the ingrowth core rotation method (Johnson et al., 2001) to reduce
the possibility of (2) and (3), although it is unlikely to prevent (1),
which represents an alternative below-ground transfer pathway in
natural systems (Simard et al., 1997b; Robinson & Fitter, 1999;
Philip et al., 2010; Deslippe & Simard, 2011).

Conclusions

Our stable isotope approach successfully elucidated the pattern
and scale of mycorrhiza-mediated carbon transfer between inte-
rior Douglas-fir seedlings, and the incorporation of enriched car-
bon into microbial biomass. EMF symbionts, specifically
Rhizopogon spp. and Pyronemataceae sp., were the primary exter-
nal beneficiaries of host-derived photosynthate, and were able to
take it up despite the presence of a hyphae-restricting mesh. The
small quantities of carbon transferred between seedlings suggest
that it is unlikely to be an important nutritional source, although
the timing and transfer of micronutrients or signalling com-
pounds may have a substantial ecological impact. We report evi-
dence that relatedness influences carbon transfer between donor
and recipient plants, and that the presence of this effect varied
between families, raising the possibility of a mosaic of relatedness
effects at larger scales. These findings require further exploration
in the field; however, the implications for forest ecology are
substantial.
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