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Abstract

Plant nutrient foraging depends on roots and mycorrhizal fungi, which are
affected by plant carbon (C) investment and soil nutrient availability. The C
supply for root metabolism and associated fungi might be diminished as the
host plant size or age increases, while the quality and quantity of soil nitrogen
(N) change with forest age. There is still no holistic understanding of how the
organization of belowground mycorrhizal root structure and fungi in the
nutrient acquisition continuum shifts with forest age and soil resources,
which restrains our understanding of the functional relations among roots,
fungi, and soil. Here, we examined shifts in the absorptive root, mycorrhi-
zal strategies, and soil-associated fungal community compositions after
9 years of nitrogen manipulation (0, 20, and 50 kg N ha' year™!) in tem-
perate larch forests across three age cohorts (11, 20, and 45 years). We
found that the effect of forest age on root and fungal traits outweighs that
of nitrogen treatment. Specifically, with increasing forest tree age, root res-
piration and specific root length decreased, while protective investments
such as tissue density and phenolics increased. Meanwhile, the proportion
of ectomycorrhizal fungi of the long-distance exploration type decreased,
but those of the short-distance exploration type increased. Together, these
patterns suggest a forest age-mediated nutrient acquisition continuum
spanning from “explorative roots with long-distance exploration types” to
“conservative roots with short-distance exploration types.” We propose that
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INTRODUCTION

Nutrient foraging strategies are shaped by the traits of
roots and mycorrhizal fungi (Chen et al., 2016; Eissenstat
et al., 2015; Liu et al., 2015), which are related to the
carbon (C) investments in roots or mycorrhizal fungi
(Bardgett et al., 2014; Bergmann et al., 2020).
Biological growth and C allocation have been predicted
to scale with body size or age across a wide range of
species (Brown et al., 2004; West et al., 1997, 1999), but
to date, the effect of the forest age on the continuum
from the root to mycorrhizal hyphae to soil microbes
remains less investigated (Hagenbo et al., 2018;
Kyaschenko et al.,, 2017; Martin-Pinto et al., 2022).
This knowledge gap makes it difficult to predict the
interactions between plant roots and soil fungi, and
their collective impact on soil organic C and nitrogen
(N) cycling during forest development (Luyssaert
et al., 2008; Terrer et al., 2021).

Forest ecosystem function is strongly shaped by tree
aging and belowground succession (Anthony et al., 2022;
Clemmensen et al., 2015). Nutrient uptake by trees is
related to the organization of the nutrient foraging con-
tinuum, which mainly consists of three components: root
architecture, absorptive root segments, and mycorrhizal
fungi. The absorptive root foraging process is inherently
linked to plant physiological status (Reich et al., 1998).
Plant size or age influences the allocation of energy for
growth (Niklas & Enquist, 2001), foraging resources
(Albornoz & Lieth, 2015), and defense (Wahl &
Ryser, 2000). A small plant has a high surface area-
to-volume ratio (Niklas, 1994). It loses heat to its sur-
roundings very quickly and must grow and fix more C
to offset this energy loss (Brown et al., 2004) so that
more C is allocated to the leaves and absorptive fine
roots for acquiring resources (Raich et al., 2014).
Furthermore, the nonstructural C quality in a young
plant is higher, and most of the nonstructural carbohy-
drate is respired by new roots (Carbone et al., 2013). In

this nutrient acquisition continuum is functionally constrained by the
“size vs. rate” trade-off between the root architecture and root segment
metabolism, and the “roots vs. mycorrhizal fungi” complementarity
between root architecture and mycorrhizal exploration types. Our results
suggest that forest age explains shifts in systemic functional trade-offs in
root architecture, root segment metabolism, and mycorrhizal exploration

forest age, metabolism, microbe, mycorrhizal exploration types, nutrient foraging strategies,

general, the roots of fast-growing young trees demon-
strate a series of explorative characteristics, such as
rapid proliferation, efficient construction of new tissues
(with higher specific root length [SRL], root length of per
unit mass, meters per gram) (Eissenstat, 1991; Ryser &
Lambers, 1995), and greater respiration (Ceccon et al., 2016).
As trees grow, the root architectural traits (i.e., root
length density [RLD], total root length per unit soil area,
centimeters per square centimeter), which represent
size-independent aspects of the root system, are often
proportional to increases in the aboveground parts
(Makkonen & Helmisaari, 2001; Yuan & Chen, 2012).
In large plants, the root system is likely to be large
enough to occupy most of the soil space (Tamooh
et al., 2008), so more C must be invested for root popu-
lation maintenance, defense and physical support
(Borja et al., 2008), while the metabolism of roots
(i.e., SRL and root respiration) tends to be conservative
(Rosenvald et al., 2013).

The growth and nutrient foraging by mycorrhizae
(including root-associated fungi) largely depend on root
metabolism and host plant C supplies (Chen, Koide, &
Eissenstat, 2018). More than 20% of C is consumed by
ectomycorrhizal (EcM) fungal symbionts (Hobbie, 2006;
Hobbie & Hobbie, 2006). Mycorrhizal foraging may
be influenced by hyphal exploration types (Anthony
et al., 2022). The construction cost, nutrient benefits, and
decomposition rates vary with fungal hyphal exploration
distance (Agerer, 2001; Fernandez & Kennedy, 2016).
Long- or medium-exploration types are generally charac-
terized by rhizomorphs, high enzymatic activity, and
extensive soil exploration. In contrast, short-distance and
contact exploration types typically acquire N and
phosphorus (P) near the root (Agerer, 2001; Tedersoo
et al.,, 2012; Tedersoo & Smith, 2013). However, these
generalizations have not been fully tested for consist-
ency across species. Some studies have found that
long-distance exploration types were more prevalent in
areas of low root density (Peay et al., 2011), such as in
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early-aged Pinus sylvestris stands (Rudawska et al., 2018)
and Cistus ladanifer-dominated scrubland (Martin-Pinto
et al., 2022). These studies found a pattern of “young for-
ests with long-distance mycorrhizal fungi,” which implies
that the root system architecture and mycorrhizal
fungi hyphal exploration types are complementary
in nutrient foraging. Alternatively, other studies
found that the abundance of long-distance mycorrhi-
zae was lowest in the youngest plots and increased in
the middle-aged (35 years) Pinus banksiana forests
(Wasyliw & Karst, 2020) or mature P. sylvestris forests
(Guo et al., 2020) based on a large-scale investigation.
Although a complementarity was found to exist
between arbuscular mycorrhizal fungi and roots
(Eissenstat et al., 2015; Liu et al., 2015), the existing
studies have failed to resolve the organization between
EcM fungal hyphal exploration type and root system
architecture. Understanding the interaction between
roots and mycorrhizal fungi is crucial for predicting C
flux, nutrient acquisition, and microbial interactions,
since EcM fungi colonize ~60% of global tree stems
(Brundrett & Tedersoo, 2018; Chen et al., 2016; Steidinger
et al., 2019).

The nutrient foraging continuum may also be influenced
by the interactions between root- and soil-associated fungi.
Both saprotrophic and symbiotic fungi are responsible
for decomposition, and they depend on the same nutrient
sources and share similar soil space (Lindahl &
Tunlid, 2014). The competition between these two fungal
types is expected. If soil N plays a key role in this com-
petition, the assembly process of rhizosphere soil
saprotrophic fungi may be less affected by root archi-
tecture and EcM fungi (Maaroufi et al., 2019), as
saprotrophic fungi rely on decomposing organic matter
for energy, while EcM fungi mainly depend on plant C
supplies. Alternatively, if the forest age-related C meta-
bolic effect rate (characterized by higher respiration
rate and fast growth rates in younger or smaller sizes
of plants) in root segments plays a greater role in
belowground responses, then younger, smaller plants
would be expected to allocate more C to their roots
(Gong et al., 2012); in return, this would lead to higher
mycorrhizal colonization. In this case, EcM fungi gain a com-
petitive advantage over soil saprotrophic fungi (Hagenbo
et al., 2018; Kyaschenko et al., 2017). Consequently, the
abundance of root-associated fungi may be increased,
whereas soil saprotrophic fungi may be reduced.
Furthermore, soil N also significantly impacts the compo-
sition of EcM fungal communities (Hasselquist &
Hogberg, 2014). The interactions between root-associated
and soil-associated fungi are complex when considering
both soil N and plant C. Network analysis allows us to
visualize and quantify the interactions among fungal

communities, particularly regarding their competition or
cooperation. However, how the root-fungi-soil feedback
changes with changes in soil N and plant C as the forest
develops remains unclear. While the impact of nitrogen
on plant roots and soil microbes is acknowledged, few
studies have examined how both nitrogen and forest age
interact to affect the relationships between roots, mycor-
rhizal hyphae, and soil microbes. This gap makes it diffi-
cult to predict forest nutrient foraging strategies with
aging and nitrogen deposition in climate change.

The foraging strategy is likely to be poorly predicted
by focusing solely on either the roots or hyphae
(Hodge & Storer, 2015); and the generalizations about
nutrient foraging patterns from sapling or pot experi-
ments are difficult to interpret, especially given the
dynamic nature of symbiosis as roots grow (McNickle
et al., 2015). To better understand how the forest age and
soil N drive the nutrient foraging continuum, we devel-
oped a holistic framework for examining the root archi-
tecture, root segments (first-order roots), mycorrhizal
strategies, and root and soil fungal community composi-
tion. Here, we selected Larix principis=rupprechtii, a spe-
cies extensively planted in northern China; it belongs to
the larch genus, which covers nearly 12% of the global for-
est area (Gauthier et al., 2015; Shakhmatov et al., 2022).
Our experiment focused on 11-, 20-, and 45-year-old larch
pure forests, representing different developmental stages,
with three levels of soil N manipulations. We investigated
variations in root architectural and metabolic traits, and
mycorrhizal exploration types (Appendix S1: Table S1).

Using this system, we tested three hypotheses:
(1) Trade-offs exist between root architectural traits and
the physiological metabolic traits of root segments as for-
est aging. Specifically, lower total absorptive root biomass
(aRB) or RLD in young forests is associated with higher
root segment respiration. (2) Root architectural traits and
mycorrhizal exploration types are complementary in
nutrient foraging across different age classes. Younger
and smaller trees, with lower root biomass, will explore a
larger soil volume by associating with long-distance EcM
exploration types, whereas trees with greater root bio-
mass in mature forests rely more on short-distance EcM
exploration types. (3) Both forest age and soil N addition
significantly influence the interactions between root-
associated fungi and soil-associated fungi. A reduction
in C inputs to root tips in mature forests reduces the
investment in EcM fungi. As a result, mycorrhizal explo-
ration shifts from long-distance to short-distance types,
potentially creating a niche for soil saprotrophic fungi,
which are further promoted by the accumulating litter
(Figure 1).

One aim of this study was to integrate root traits with
EcM fungi to improve our understanding of tree ecology
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FIGURE 1 Nutrient foraging continuum shifts with stand age in the temperate larch forest. Tree nutrient foraging depends on (c) root
and (d) mycorrhizal traits, and (b) their associated fungi and (a) interacts with soil-associated fungi. (¢) When the young sapling grows
larger, the root system architecture parameters, such as root biomass or root length density, allometrically grow with the shoot (gray line);
however, the proportion of carbon investment to resource acquiring organs is likely to decrease as the forest ages, and the root segment
metabolic activity, such as respiration, would decline (brown line). As a result, the ectomycorrhizal fungi (EcM) foraging type adapts to the
combinations of root carbon supplies and the quantity and quality of soil nutrients, and so the long-distance exploration types are likely to
become short-distance types when soil inorganic N accumulates as the forest matures. Overall, the nutrient foraging tends to shift from an
“explorative strategy” of young stands to a “conservative strategy” of mature stands. aRMF, absorptive root mass fraction; BrIntensity, branching
intensity; MC, EcM colonization; RTD, root tissue density; SRL, specific root length. Illustration credits: Zeqing Ma and Gaigai Ding.

and their associated soil microbes. This innovative studying these relationships, we sought to clarify the
approach links root architectural and physiological traits mechanism of nutrient acquisition strategies in different
of roots with their mycorrhizal partners, revealing how  stages of forests, thereby enhancing our knowledge of
these interactions co-vary across different age classes. By =~ belowground forest dynamics and succession.
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MATERIALS AND METHODS

Study sites and control experimental
design

This study was conducted in larch (Larix principis-
rupprechtii) plantations of Saihanba Ecological Station of
Peking University (42°24'43"” N, 117°14'50"” E, 1505 m
above sea level [asl]), Hebei Province, China (Appendix S1:
Figure S1). The mean annual precipitation and mean annual
temperature are about 450 mm and —1.4°C, respectively.
The soil is well drained and classified as sandy soil with
ambient N deposition of 13 kg ha™ year ™ (Sun et al., 2016).

We established a total of 27 plots for the forest age and
N-fertilizer treatments. In August 2009, we selected three
larch plantations aged 11, 20, and 45 years to observe the
variations in root traits and fungal communities. According
to the “Classification of age class and age group of main tree
species” issued by the China National Forestry and Grass
Administration in 2010, the 11-year-old plantation was clas-
sified as a young forest, the 20-year-old plantation as a
middle-aged forest, and the 45-year-old plantation as a
mature forest. Nine plots were set up in each forest, with
each plot covering an area of 20 X 20 m and surrounded by
a buffer zone of at least 10 m. The experiment included
three levels of N addition (NO: no N addition; N20:
20 kg N ha™" year '; and N50: 50 kg N ha" year ). Each
treatment had three replicate plots that were randomly dis-
tributed within each forest stand. N fertilization was applied
as a liquid (urea) six times per year during the growing sea-
son (May to October) from 2010 to 2018. All three of these
stands were in their first rotation after the primary forest
was harvested in the last century. The trees in the young,
middle-aged, and mature forests were planted in 2000,
1991, and 1966, respectively. No forest management mea-
sures were applied in the three stands during the experi-
ment. All three planted stands followed similar climate and
soil trajectories. To minimize climatic and soil type differ-
ences, the distance among any two stands was less than
2 km. The soil bulk density was 1.47, 1.50, and 1.47 g cm™
in the young, middle-aged, and mature forests, respectively.
The total soil nitrogen content was 0.29%, 0.22%, and 0.22%
for the respective three age classes (Appendix S1: Table S2).
Thus, the differences in root traits, fungal communities,
and soil nutrients between stands were mainly attributed to
forest stand age or N addition. More details about these con-
trolled experiments are in Yan et al. (2018).

Sampling and storage

We collected the root and bulk soil samples from more
than 10 trees in each plot from July to August 2018. The

topsoil (0-10 cm) was gently excavated around the base
of each tree to expose the lateral roots, and the intact root
samples (including more than five root orders) were then
extracted following Guo et al. (2008). A total of about
50 root samples with intact branches were collected from
each plot. After root collection, a soil auger was used to
obtain bulk soil samples at depths of 10 cm, and that
sample was taken at a distance of 30 cm from the trunk.
The soil collected from each plot was thoroughly homog-
enized, and a 0.5 kg subsample was isolated to represent
the bulk soil for that plot. We obtained a total of 27 bulk
soil samples from 27 plots. Root and bulk soil samples
were immediately sealed in zip-lock plastic bags and
stored in a cooler.

In the laboratory, each set of root branches was
shaken to remove loosely adhering soil until no further
soil could be detached. Rhizosphere soil, which was
firmly attached to the roots, was collected using a steril-
ized soft-bristled brush (Mendes et al., 2018). The rhizo-
sphere soil from each plot was mixed into a single
sample, and a total of 27 rhizosphere soil samples were
obtained. Each rhizosphere soil sample was divided into
two subsamples. One part was stored at —80°C for
high-throughput sequencing of soil-associated fungi, and
the other was stored at —20°C for measuring the soil
inorganic N concentration. Bulk soil samples were passed
through a 2 mm mesh sieve, air-dried, and then analyzed
for soil total N and C concentrations and soil available
phosphorus (P). Absorptive fine root samples from three
to five trees per plot were washed with water and imme-
diately stored in formalin-aceto-alcohol (FAA) solution
(containing 90 mL 50% ethanol v/v, 5 mL 100% glacial
acetic acid v/v, and 5 mL 37% formaldehyde v/v) for mea-
suring EcM colonization. Five washed intact roots from
each plot were randomly selected and stored at —20°C for
measuring root architecture (i.e., branching intensity).
The remaining root samples were dissected with fine for-
ceps based on the methods of Pregitzer et al. (2002) and
Guo et al. (2008). All first-order roots were thoroughly
homogenized for each plot. From this homogenized mix-
ture, at least 300 first-order roots were randomly selected
per plot and stored at —80°C for high-throughput
sequencing of root-associated fungi. In parallel, sufficient
first-order root samples were stored at —20°C for analyz-
ing their morphological and chemical traits.

Trait measurements

The first-order roots were scanned as images at a resolu-
tion of 400 dpi with a scanner (Seiko Epson Corp., 10000
XL Suwa, Japan). Based on these images, we obtained
the average root diameter (Diam), total root length, and
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root volume by using WIinRHIZO software (Regent
Instruments Inc., Québec City, Canada) (Chen et al., 2016).
Then these root samples were oven-dried at 65°C for 48 h
to obtain the dry mass. SRL was calculated as the ratio of
total root length to root dry mass. Root tissue density (RTD)
was determined by the ratio of root dry mass to root vol-
ume. RLD was calculated by multiplying the SRL by aRB
within a soil core. Root branching intensity (BrIntensity)
was calculated as the number of first-order root tips
divided by the total root length of the corresponding
second-order roots. After the roots were crushed by a
bead mill tissue grinder, we determined the total root
phenolic content (Phenols) according to the absorbance
of the chromogenic reaction with Folin-Ciocalteu reagent
at 765 nm by spectrophotometry (SpectraMax 190 Elisa,
USA) (Ainsworth & Gillespie, 2007). We defined the EcM
colonization (MC) as the proportion of colonized root tips
relative to the total number of observed root tips (Kong
et al., 2014). Specifically, at least 100 first-order root tips
were randomly selected from the root samples stored in
the FAA solution. The samples were rinsed with
deionized water and the numbers of root tips colonized
(i.e., root covered by fungal sheath) and non-colonized by
the fungi were recorded during observations with a 30x
stereoscope (Leica S9I El, Germany) (Kong et al., 2014).

Root function measurement: Respiration

We measured the absorptive root respiration rate by
in vitro root methods (Nakamura & Nakamura, 2016)
with a portable dissolved oxygen meter (WTW, Multi
3510IDS Germany). In August 2018, three bottles
(200 mL) of amber glass with a wide mouth packed with
distilled water and total nutrient admixture in a 1:1 ratio
(v/v) were placed in each plot. All three bottles were oxy-
genated by an oxygen pump until saturation, to ensure
no change in the oxygen concentration. After preparing
the bottles, we collected live absorptive fine roots from
five trees in each plot, gently washed them with
deionized water, and placed them into the bottles, which
were then capped. After a 20 min incubation, we mea-
sured oxygen concentration using a dissolved oxygen
meter. We conducted these experiments from 8 a.m. to
10 a.m. to ensure relatively similar environments and to
avoid exposure to sunlight. The entire process, including
root sampling, cleaning, and separating, was finished
within 3 min to avoid the rapid decline in respiration
after root isolation. Then root biomass (B,yo;) Was deter-
mined by oven-drying in the laboratory.

Rioot = (Ol - Oz)/(Broot X T)/M’

where R,y (in nanomoles per gram per second) is the
absorptive root respiration; O; (in milligrams per liter) is
the saturated oxygen concentration of the solution at the
starting point; O, (milligrams per liter) is the oxygen con-
centration of the solution after the root has respired; Boot
(in grams) is the dry mass of absorptive roots in the bot-
tle; T (in minutes) is the duration time of respiration by
the root, which was 20 min in this study; and M is the
molar mass of oxygen (32 g mol™").

Biomass allocation

To measure the absorptive root biomass (aRB) within the
top 10 cm of soil, we collected 12 soil cores (3 cm diame-
ter, 10 cm depth) randomly from each plot using a soil
auger in July 2018. The roots were manually removed
from a total of 324 soil cores across the 27 plots. Then, we
separated live absorptive fine roots (including the first
two orders) from the root samples. The absorptive fine
roots were cleaned and oven dried at 65°C for 48 h to
obtain a constant mass. We investigated the distribution
of absorptive roots in the 0-50 cm soil layer, and almost
50% of them were found to be distributed in the 0-10 cm
layer (Appendix S1: Figure S2). To better match the soil
properties and soil microorganisms, our analysis focused
on aRB in the top 10 cm of soil.

Leaf biomass was estimated using two litter traps
(I1mx1m) in each plot from 2014 to 2016 (Yan
et al., 2018). We measured stand density, the dbh, and tree
height for 15-20 individual trees in each plot and used
allometric equations of larch in this site (Sun et al., 2016)
to estimate the biomass of branches and stems. Biomass
allometric models often do not account for the tiny absorp-
tive roots that are mainly concentrated in the topsoil.
Therefore, we estimated total root biomass in two parts:
the absorptive root part from direct measurement
(as described above) and the coarse root part using an allo-
metric equation. Root mass fraction (RMF) was calculated
as the percentage of total root biomass to whole plant bio-
mass. The absorptive root mass fraction (aRMF) was the
aRB divided by the total plant biomass at the stand level.

Measurements of the root- and
soil-associated fungal communities

The fungal community compositions of first-order root
and rhizosphere soil samples were analyzed by
next-generation amplicon sequencing. In each plot, we
collected more than 300 first-order root tips and
freeze-dried them at —80°C. These roots were ground
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into powder with liquid N added continuously during the
grinding process to ensure that the roots remained in a
frozen state. From the powered root samples, we
extracted 300 mg of tissue for analysis. We prepared a
total of 27 samples of root tissues corresponding to
27 samples of rhizosphere soil. We extracted the total
DNA from the root and soil samples by using the
FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana,
CA, USA). The DNA extract was checked on a 1% agarose
gel, and DNA concentration and purity were deter-
mined with a NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). Fungal
genes were amplified with the forward primer ITS1F
(5-CTTGGTCATTTAGAGGAAGTAA-3') and the reverse
primer ITS2R  (5-GCTGCGTTCTTCATCGATGC-3')
using an ABI GeneAmp 9700 polymerase chain reaction
(PCR) thermocycler (ABI, CA, USA). Sample-specific
6 bp barcodes were incorporated into the primers for
multiplex sequencing. The PCR amplification was
performed as follows: initial denaturation at 95°C for
3 min, followed by 35 cycles of denaturing at 95°C for
30 s, annealing at 55°C for 30 s, and extension at 72°C for
45 s, and a single extension at 72°C for 10 min, ending at
10°C. The final volume of the PCR mix was 20 pL,
including 2 pL 10 X PCR Buffer, 2 pL 2.5 mM dNTPs,
0.8 pL. Forward Primer (5 pM), 0.8 pL Reverse Primer
(5pM), 10ng of Template DNA, 0.2 pL rTaq DNA
Polymerase (5 U/pl), 0.2 uL. BSA, and ddH,O added up to
20 pL. The PCR reactions were conducted in triplicate.
The PCR products were extracted from a 2% agarose gel,
purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA), and quanti-
fied using a Quantus Fluorometer (Promega, USA).
Purified amplicons were pooled in equimolar amounts
and paired-end sequenced on a MiSeq PE300 platform
according to standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China).

The raw sequencing reads (439,844,377) were
demultiplexed, quality-filtered using fastp version 0.20.0
(Chen, Zhou, et al., 2018), and merged using FLASH ver-
sion 1.2.7 (Magoc & Salzberg, 2011) with the following
criteria: the 300 bp reads were truncated at any site
receiving an average quality score < 20 over a 50 bp slid-
ing window, and the truncated reads shorter than 50 bp
were discarded; reads containing ambiguous characters
were also discarded, and only overlapping sequences lon-
ger than 10 bp were assembled according to their
overlapping sequence. The maximum mismatch ratio of
the overlap region was 0.2. Reads that could not be
assembled were discarded; sequences in each sample
were separated according to barcodes (exactly matching)
and primers (allowing 2 nucleotide mismatches), and
reads containing ambiguous bases were removed. These

operations resulted in a final set of 1.46 million sequences
(a total of 421,522,494 reads) across 27 root samples. To
standardize the sequencing depth across samples, fungal
read numbers per sample were rarefied to the smallest
number of reads (Bellis et al., 2022). The subsequent sta-
tistical analysis used a randomly selected subset of 34,384
valid sequences for each sample (for a total of 928,368
sequences across the 27 root samples). Rarefaction curves
are used to determine how much a given sample captures
the overall fungal diversity (Lajoie & Kembel, 2021).
Accumulation curves showed a plateau for each rarefied
dataset, demonstrating that most microbial diversity was
included in our analyses (Appendix S1: Figure S3a). The
processing of soil samples was similar to the root
samples. The subsequent statistical soil analysis used a
randomly selected subset of 54,146 valid sequences for
each soil sample. Accumulation curves are shown in
Appendix S1: Figure S3b. The resulting sequences were
clustered into operational taxonomic units (OTUs) using
UPARSE at 97% identity, and chimeric sequences were
identified and removed using UCHIME (Edgar, 2013).
Finally, we obtained 402 and 3799 OTUs from the 27 root
and soil samples, respectively. Representative sequences
of each OTU were searched against the UNITE database
(Koljalg et al., 2005) with the following criteria for a
match: sequence similarity > 97%; query coverage > 95%;
and e-value < 1 x e >°. When the results returned poor
matches (< 97% similarities), we defined the OTUs as
unclassified (others). We annotated the species classifica-
tion of each sequence using the RDP classifier. The rela-
tive abundance tables for taxa (OTU, genus, or other
levels) were generated based on the read count for each
taxon across samples using the total-sum scaling (TSS)
method.

The functional fungal guilds are assigned with
FUNGuild (Nguyen et al., 2016). Of the identified fungal
OTUs, 65% of the root-associated fungal OTUs and 50%
of the soil-associated fungal OTUs could be assigned to
different guilds, including EcM mutualists, saprotrophs,
pathotrophs, and symbiotrophs. We further searched fun-
gal functions (at a general level) and lifestyles in
FungalTraits (Polme et al., 2021) to assign some OTUs
that were assigned to more than one functional guild. We
manually matched OTUs that were unclassified in the
functional groups of root-associated and soil-associated
fungi using the massBLASTer in the PlutoF system. After
that, OTUs that could not be confidently assigned to a
specific guild were excluded from the analysis of func-
tional fungal guilds. The relative abundance of the fungal
guilds was calculated at the genus level (Appendix S1:
Figure S4). EcM exploration types were classified
according to Lilleskov et al. (2011) and Tedersoo and
Smith (2013). In this study, the exploration types were
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classified according to whether the fungal genus forms
rhizomorphs. During the pre-experiment period, we
observed a total of 540 root tips with a stereo microscope
across the 27 plots, and 87% of the mycorrhizal morphology
in young forests had long-distance foraging rhizomorphs. In
contrast, in mature forests, fewer root tips were colonized
by mycorrhizae, and only 1% of the mycorrhizal morphol-
ogy formed rhizomorphs (Appendix S1: Figure S5a). We
noted a remarkable difference between the smooth and
fringe/mat types within the medium-distance exploration
types, and the latter form far more biomass and chords than
the former (Jorgensen et al., 2022). The medium-smooth
exploration type resembles the short-distance type, demon-
strating lower hyphal biomass. In the mature forests, we
observed root tips with rhizomorphs in three out of nine
plots, with only 1% of the root tips in each plot displaying
the formation of rhizomorphs (Appendix S1: Figure S6).
These rhizomorphs appeared undifferentiated and were
characterized by smooth mantles or only a few emanating
hyphae (Appendix S1: Figure S6). Therefore, we classified
fungal genera that fall in contact, short-distance, and
medium-smooth into the “short-distance exploration type”
due to their lack of rhizomorph formation or lower bio-
mass. Fungi belonging to the medium-distance fringe/mat
and long-distance categories were classified as the
“long-distance exploration type” because they can form
rhizomorphs with high biomass.

Measurements of soil nutrients

Inorganic N (including NH,"-N and NO; -N) was
extracted from 5 g samples of rhizosphere soil with KCl
(50 mL of 1mol L"), and concentrations were deter-
mined using an AA3 continuous flow analyzer (Seal,
Norderstedt, Germany) (Kodama et al., 2014). We ground
air-dried bulk soil samples (2000 rpm, four cycles, 90 s/
cycle), weighed 50 mg of the soil, and determined the soil
total N and C contents by using an elemental analyzer
(Vario EL III, Elementar, Hanau, Germany) (McGeehan &
Naylor, 2008). Soil available P was extracted from 3.0 g of
bulk soil with NH4F-HCI and measured colorimetrically
using a visible spectrophotometer (Shimadzu, UV-1900i,
Japan) (Tiyapongpattana et al., 2004).

Statistical analyses

We used a linear mixed-effects model (LMM) to assess
the effects of N addition, stand age, and their interactions
on absorptive root traits, fungal communities, and soil
nutrients. Each model included stand age (Age), N addi-
tion (N), and their interactions as fixed effects, with a

random slope for N across plots, specified by (N|plot).
Data were log-transformed prior to variance analysis when
necessary.

To better understand the relationships between the
drivers (root traits, soil nutrients, and forest age) and
the relative abundance of root- and soil-associated fungal
functional groups, we employed the canonical correspon-
dence analysis (CCA) using the “vegan” package. A total
of 12 variables were used in the CCA to explain the pat-
terns of variations in the root- and soil-associated fungal
communities. The CCA was analyzed by Monte Carlo
permutation tests (9999 permutations under the full
model) with forward selection of explanatory variables
(Clemmensen et al., 2015). Variance partitioning analysis
was performed to quantify the variation explained by root
traits and soil nutrient factors in root- and soil-associated
fungal functional groups. Random forest analysis (ntree =
500, nrep = 1000) was conducted to determine the relative
importance of root traits and soil nutrient variables in the
relative abundance of specific fungal functional groups using
the “rfPermute” package (Jiao et al., 2018).

Soil-associated fungi (rhizosphere soil fungi) exhibit a
close phylogenetic relationship with root-associated fungi
(including rhizoplane and endosphere fungi), particularly
saprotrophic fungi within the soil and EcM fungi in roots.
These interactions would further influence the foraging
strategy of root-mycorrhizal associations. To test our
third hypothesis, we analyzed networks of interactions
among root- and soil-associated fungi for each stand age
and N treatment using the “ggClusterNet” package (Wen
et al., 2022). The Hellinger transformation was applied to
the relative abundances of OTUs for both root-associated
and soil-associated fungi. The interactions among
root-associated fungi, soil-associated fungi, and between
these two groups were determined using a network
co-occurrence analysis. This analysis focused on OTUs
with a relative abundance > 0.05% and those that
occurred in more than 80% of the total samples
(Faust, 2021). Each dot represents a genus of fungi, and
the links represent statistical significance (p < 0.05).
Spearman’s correlations had a correlation coefficient >
0.8. Network analysis was visualized with the “ggplot2”
package. Most data analyses and diagrams were gener-
ated in R (4.1.3).

RESULTS

Optimum balance between root
architecture and root segment metabolism

We revealed trade-offs between the root architectural traits
(aRB, RLD, and RMF) and root segment metabolism
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(root respiration [R,.o] and SRL) as the larch forest age
progressed from the young to mature stages
(Figure 2a-f; Appendix S1: Tables S3 and S4). Root respira-
tion decreased from 28.9 to 20.3 nmol g~' s™! (p < 0.001)
and SRL decreased from 47.0 to 34.7mg "' (p < 0.001)
from the young to mature stages (Appendix S1: Figure S7f,g

451 ]

R%*=0.31**
151 S

R?=0.22*

and Table S4), while aRB and RLD increased from 584 to
2479 g m™ (p < 0.001), and 27.23-86.0 cm cm ™= (p < 0.001),
respectively (Appendix S1: Figure S7b,d and Table S4). As
the forests matured, RTD and phenolic content increased
significantly (Appendix S1: Figure S7h,i and Table S4).
Meanwhile, the aRB increased four-fold (Appendix S1:
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Specific root length (mg ™)
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FIGURE 2 Root architecture constrains the metabolic rate of root segments and the exploration type of mycorrhizal fungi during larch
forest development. (a—c) Metabolic rate (root segment) versus size (root system architecture) trade-offs in larch forest development, that is,
negative relationships between absorptive root respiration versus root architectural traits (absorptive root biomass, absorptive root length
density, and root mass fraction). (c-e) Root segment acquisition efficiency (specific root length) versus size trade-offs in larch forest
development, that is, negative relationships between the specific root length and root architectural traits in the young, middle-aged, and
mature stands. (g-i) Testing for complementarity between exploration types of ectomycorrhizal fungi and root architecture among the three
age classes of larch forest. A greater root system size corresponds to a higher abundance of short-distance mycorrhizas, and the young forest
with less root biomass compensates by an increase in the long-distance exploration type of ectomycorrhizal fungi (EcM long type) (inset
panels). Gray, light green, and dark green represent the young, middle-aged, and mature forest developmental stages, respectively. Data
were log;, transformed. Significance of trade-offs: *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure S7b), while the absorptive root tips decreased by
nearly 72% (Appendix S1: Figure S7a). These results
suggested that the root strategy shifted from explorative
to more conservative strategies, with increasing root sys-
tem size during forest development.

The effect of forest age on root traits outweighed that
of N addition (Appendix S1: Table S4). Root architec-
tural traits had higher plasticity, as indicated by greater
variation (mean CV = 46%) compared to other root
traits (Appendix S1: Table S3). The fungal composition
and CCA revealed that aRB and RMF were the most
important root traits in explaining the shift in fungal func-
tional groups (Figures 3 and 4; Appendix S1: Table S5),
suggesting that root architecture may be the leading

dimension for predicting foraging continuums as com-
pared to either root morphology or root metabolism.

Shifts in EcM exploration types from young
to mature plantations

Mycorrhizal exploration strategy significantly changed
with stand age but not with N addition (Appendix S1:
Table S4; Figure 3a,b). The relative abundance of
short-distance exploration fungi, mainly Wilcoxina and
Tomentella, increased by more than nine-fold from young
to middle-aged and mature forests (Figure 3b), despite
a ~two-fold reduction in mycorrhizal colonization

a b

,.\100' I Long-distance | = =9 =— - = .| Short-distance type
X ['] Short-distance o
~ ‘ . _| Inocybe
§ 801 T | ] "1 Hygrophorus
3 | "1 Tuber
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c d
100+ =l BBl B |
X [ Soil saprotrophic fungi = Saprotrophic fungi
8 80+ 1 B Trichocladium
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FIGURE 3 The relative abundances of root-associated mycorrhizal fungi and their top eight genera (a, b) and soil-associated saprotrophic

fungi and the top eight genera (c, d) are strongly constrained by forest age rather than nitrogen (N) addition across 27 plots in larch forests.

Forest age significantly influenced the (a, b) root-associated mycorrhizal fungal communities and (c, d) soil-associated saprotrophic fungal

communities. (a) The long-distance exploration type predominantly o
Piloderma, while the short-distance exploration type, which included
forest, despite the reduction in the relative abundance of total ectomy

ccupied the young forest, (b) which included genera Tricholoma and
genera Wilcoxina and Tomentella, played a dominant role in the mature
corrhizal (EcM) fungi from 71% (average of relative abundance in young

and middle-aged forests) to 26% within the roots. The soil-associated fungal community was relatively less affected by forest age or N conditions,

as (c) the relative abundance of saprotrophic fungi (green) slightly increased with forest age, while (d) within the saprotrophic fungal functional

type, the dominance of Mortierella decreased and community evenness increased with aging. Detailed results are presented in Appendix S1:

Table S4. Nitrogen treatments: N0, no N addition; N20, 20 kg N ha™*

year™'; and N50, 50 kg N ha™" year™.
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Canonical correspondence analysis (CCA) indicating that the root architectural characteristics (branching intensity,

absorptive root biomass [aRB], root mass fraction [RMF]) are the leading dimensions in the variation in the fungal community composition
of (a) root- and (b) soil-associated fungi in a temperate larch forest. The CCA demonstrated that various combinations of root
architectural (branching intensity [BrIntensity], aRB, and RMF) and absorptive root segmental traits (root diameter [Diam], specific
root length [SRL], root total phenolic content [Phenols], and root tissue density [RTD]), which correspond to multiple nutrient capture
strategies, influenced the fungal community composition within and outside of the roots under different soil N availability levels during

forest aging. Detailed trait definitions and abbreviations are provided in Appendix S1: Table S1. The red arrows indicate the selected

explanatory variables with p < 0.10 by forward selection according to Appendix S1: Table S5. Symbol size is proportional to the
average relative abundance of each guild. The circle symbols are colored according to the four fungal functional guilds, and
symbol size is proportional to the mean relative abundance. MC, EcM colonization; RLD, root length density; R0, absorptive root

respiration.

(Appendix S1: Figure S7j). In contrast, the relative
abundance of long-distance exploration fungi, mainly
the genera Piloderma and Tricholoma, decreased from
65% in young forests to 0.5% in mature forests
(Figure 3a,b).

Mature forests with a larger root system size had a
greater absorptive root occupying more soil volume, and
it was complemented by short-distance EcM fungi to
forage nutrients (Figure 2g-i). In contrast, young trees
with smaller root systems had fewer roots to occupy the
soil, mainly through symbiosis with long-distance
mycorrhizal fungi (Figure 2g-i, inset panels), which
increased the total absorptive length and improved the
tree’s ability to explore more nutrient patches. Indeed,
short-distance EcM fungi and saprotrophic fungi were
associated with the roots that had high phenolic content
and low root respiration in mature larch forests
(Figures 3 and 4; Appendix S1: Figure S8), while the rel-
ative abundance of long-distance exploration types of
EcM fungi co-varied with greater branching intensity
(BrIntensity) and more rapid metabolic activity in the
root segments (Figure 4).

The interaction of root- and soil-associated
fungi shifted with forest age and were less
affected by total soil N

The strength of interactions between root- and soil-
associated fungi significantly increased as the forest
developed, with the relationship shifting from negative
co-occurrence in young stands to positive co-occurrence
in middle-aged and mature forests (Appendix SI:
Figure S9a and Table S6). The relative abundance of soil
saprotrophic fungi increased from 34% in young forests
to 57% in mature forests (Figure 3c), while the relative
abundance of root-associated EcM fungi declined from
67% in young and 74% in middle-aged forests to 26% in
mature forests (Figure 3a). The soil NH,*-N was signifi-
cantly correlated with soil saprotrophic fungi and EcM
fungi (Appendix S1: Figure S10c-f). Changes in the rela-
tive abundance of functional groups of root-associated
fungi were mainly explained by root traits and soil nutrients
(aRB, Brintensity, total phenolic content [Phenols], and soil
C:N ratio [SoilCN]), while soil-associated fungi were
explained by soil nutrients (Appendix S1: Figure S11).
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Network analysis revealed that the number of links
between root- and soil-associated fungi in young,
middle-aged, and mature forests was 27, 77, and
26, respectively (Appendix S1: Table S6), suggesting that
the complexity of networks peaked in the middle-aged
forest (Appendix S1: Figure S9a and Table S6). Root-
and soil-associated fungi and their interaction changed
with stand age, and they were relatively less affected by
N conditions (Appendix S1: Figure S9).

DISCUSSION

The shift in nutrient foraging strategy with forest age is a
complex adaptive process. We found that the nutrient
acquisition continuum was functionally constrained by a
trade-off between size-related root architectural traits and
root segment metabolism, and by a complementarity
between root architecture and mycorrhizal exploration
types. These two interactions led to a negative correlation
between EcM fungi and soil saprotrophic fungi during
forest development, which may be attributed to
age-related C allocation and the increase in soil inorganic
N content.

The trade-off between size-related root
architectural traits and root segment
metabolism

Root architecture primarily drives the shift in nutrient
foraging with stand age (Figure 4; Appendix SI:
Figure S8 and Table S4). Root branching intensity
declined considerably, and root biomass increased with
stand age (Appendix S1: Figure S7a,b and Table S7).
Across different species, root branching architecture and
root diameter represent two independent dimensions of
nutrient absorptive capacity (Kong et al., 2014). However,
within a species, the root diameter of the first order tends
to be phylogenetically conservative (Ma et al., 2018).
Thus, the root architectural traits are plastic and mainly
respond to soil resource supplies (Fitter, 1987;
Hodge, 2004), serving as a leading dimension of the
nutrient acquisition strategy. In a young forest, to occupy
new soil space and acquire P- and N-rich hotspot patches,
roots with intensive branching will quickly increase in
total root length and the exploited soil volume (de Kroon
et al., 2012; Robinson et al., 1999). More than 65% of root
tips are colonized by EcM in young stands (Appendix S1:
Figure S7j), so a small root system with more hyphae
improves nutrient foraging efficiency in the unevenly dis-
tributed soil resources. As the forest ages, the root sys-
tem’s horizontal expansion ceases under multiple biotic

constraints (de Kroon et al., 2012). With the increasing
shift of more nutrients from the soil to litter or plant tis-
sue (Jobbagy & Jackson, 2004), a larger shallow root sys-
tem with low EcM colonization (MC = 34% in mature
forest) can economically exploit the enriched patches to
acquire nutrients (Hodge, 2004). Overall, improving
nutrient acquisition efficiency likely depends on root
architecture plasticity (Freschet et al., 2015; Weemstra
et al., 2017), and the plant will deliver root tips into bulk
soil patches when the plant size is smaller and communi-
ties have less biotic competition.

Tree age modulates root segments with C supplies,
promoting trade-offs between the size-related root archi-
tectural traits and the metabolic activity of root segments.
We focused on the first-order root (root tips), which is
the most fragile, N-rich, and metabolically active seg-
ment. The root phenolics and tissue density significantly
increased with stand age (Appendix S1: Figure S7h,i).
The corresponding root respiration and SRL decreased
(Appendix S1: Figure S7f,g), consistent with previous
studies (Ren et al., 2023; Rosenvald et al., 2013). These
changes in root segments follow the metabolic theory
(Brown et al., 2004). Young larch forests have higher SRL
and respiration, as well as lower RTD and phenolic con-
centrations, indicating high physiological activity for fast
growth (Comas et al.,, 2002; Rosenvald et al., 2013;
Ryser & Lambers, 1995). When the plant size becomes
larger, the whole-plant C allocation strategies signifi-
cantly shift with age (Poorter et al., 2012). First, the size
of the root system increases in proportion to the increase
in whole-plant size (Appendix S1: Figure S7c), while the
root segment metabolic rates decrease (Figure 2a-f).
Second, C is allocated to multiple functions, such as stor-
age, anchorage, and reproduction, in addition to growth
and absorption (Weiner, 2004). Third, root-root competi-
tion within and across species, as well as root defense
against herbivores and pathogens, increases with ecosys-
tem development (de Kroon et al., 2012). The relative
abundance of pathogenic fungi in both root-associated
fungi and soil-associated fungi decreased significantly in
mature forests (Appendix S1: Table S4). Under physical
and biotic constraints, the expansion of root system size
in mature forests may be constrained (McConnaughay &
Bazzaz, 1992). A large root system architecture occupying
a larger soil space leads to a greater length, harder fea-
tures (higher RTD), and longer lifespan of the roots
(Eissenstat & Yanai, 1997) in mature forests. These shifts
in root strategy—from explorative and competitive
toward more conservative and tolerant—are reflected in
terms of realistically efficient covarying combinations
between the architecture (i.e., aRB and RLD) and seg-
ments (i.e., SRL and root respiration) of the roots. Our
results may reflect the accumulating effect of stand aging,

85USD 17 SUOWWOD BAIFER1D) 3|qedlidde au Aq pausenob aie I VO ‘3N 40 S3|NJ 10} ArIg1T 8UIIUO AB]IM UO (SUOIPUOD-PUe-SWIBH LD A3 | 1M AReiq 1 U1 |UO//SANY) SUORIPUOD Pue WS | 8L} 89S *[9202/50/52] Uo Arelqiauliuo A8|IM 89 L AG 6800/ WIs/200T OT/I0PW00" A3 1M Aseq 1 pul JUO'S feuano fess//sdny wouy papeoiumod ‘ ‘S20g ‘STOLLSST



ECOLOGICAL MONOGRAPHS

| 13 0f 19

not only the simple snapshots of young, middle-aged,
and mature forests.

We found that adding nitrogen (N) had little effect on
the root traits of root respiration and mycorrhizal coloni-
zation. Root N may have increased slightly as soil N rose
(Zhao et al., 2022), but the first-order roots, which were
already saturated with N, did not show significant
changes (Burton et al, 2011). Furthermore, the
short-term effect of N addition might not be comparable
to the long-term accumulated effect of forest age
(Appendix S1: Table S4). N addition appears to have a
dose-dependent effect (Noguchi et al., 2013), in which N
is quickly taken up by the wunderstory initially
(Qu et al., 2019), but it eventually leaches or volatilizes,
particularly in this sandy soil (Cevallos et al., 2015). As a
result, the amount of N the roots ultimately received may
have been less than expected. In addition, EcM larch is
part of the organic nutrient economy (Phillips et al., 2013),
meaning that the root traits may not be sensitive to inor-
ganic N; however, EcM fungi can quickly respond to N
(Appendix S1: Table S4, Figure S12). Thus, mycorrhizal
colonization (MC) was highest at the medium N level
(p = 0.03), suggesting that both carbon (C) and nitrogen
(N) influence mycorrhizal-root strategies.

Complementarity between root
architecture and mycorrhizal
exploration types

Nutrient foraging strategies can be defined along a spec-
trum, from “young explorative roots with long mycorrhizas”
to “mature conservative roots with short mycorrhizas.”
The proportion of EcM short-distance exploration
types increased from young to mature larch forests
(Figure 3a). This finding is consistent with patterns
obtained in P. sylvestris (Kyaschenko et al., 2017;
Rudawska et al., 2018) and C. ladanifer-dominated
scrubland (Martin-Pinto et al., 2022). As the root system
grows, we observed complementarity between root archi-
tecture and mycorrhizal exploration types (Figure 2g-i).
Peay et al. (2011) also confirmed that low RLD is
complemented by extensive or long-distance exploration
types of EcM. Indeed, the low RLD in young forests
allows long-distance types to extend (Geml, 2019); while
in mature forests, short or contact exploration types are
more prevalent (Kyaschenko et al., 2017; Martin-Pinto
et al., 2022; Rudawska et al., 2018). At least three rea-
sons may explain why the short EcM fungi gradually
become dominant as the root system size expands. First,
a large root system combined with short hyphae
increases the potential for soil exploitation. A large root
biomass or density occupies the soil matrix efficiently,

and the short-distance (e.g., contact, short-distance,
medium-distance smooth) exploration types maximize a
large area of hydrophilic hyphae, which can more rap-
idly take up inorganic N compared to long-distance
types (Lilleskov et al., 2011). Second, potential enzy-
matic activities in short-distance types are lower than
those in long-distance types (Kyaschenko et al., 2017;
Tedersoo et al., 2012), which reduces the construction
and maintenance cost. Third, hydrophilic hyphae in
short-distance types should be favored in stable soil
moisture environments when the forest canopy is closed
(Geml et al., 2017).

The trend in EcM exploration types observed in this
study contradicts the observations in P. banksiana
(Wasyliw & Karst, 2020) and P. sylvestris (Guo
et al., 2020; Hagenbo et al., 2018), in which no trends in
the abundance of mycelial exploration types were found
with increasing forest age. This inconsistency may be due
to differences in whether the inorganic or organic N
increased with age (Leduc et al., 2013). In our sites, soil
inorganic N increased, but total N decreased as the forest
aged (Appendix S1: Figure S10a,b), so short-distance EcM
types with considerable surface area could easily capture
the inorganic N with high mobility (Geml et al., 2017). If
organic N is enriched in the mature or older forests, the
long-distance exploration types may have an advantage
due to their retained decomposition capacities
and improved ability to search for hotspots (Anthony
et al., 2022). This nutrient acquisition continuum formed
by root-mycorrhizal fungi may also be adapted to natural
forest succession, which depends on soil N dynamics
over time. This inconsistency may also be linked to
methodological differences, that is, a potential bias due to
the sampling scales and intensities in investigations,
which are not like controlled experiments (Lilleskov
et al., 2004). EcM fungi may adopt different exploration
strategies in different environments even for the same
fungal species (Jorgensen et al., 2021). We mainly relied
on a molecular approach to define EcM exploration types
(Appendix S1: Figure S12a), and our morphological analysis
of mycelium (Appendix S1: Figures S5 and S6), and
in-growth mesh bags of mycelium production (Appendix S1:
Figure S12b) further corroborated our key findings. In young
forests, 87% of mycorrhizal morphology had long-distance
rhizomorphs, while in mature forests, fewer root tips
were colonized by mycorrhiza, and 99% of mycorrhizal
morphology had only a few emanating hyphae, or a
voluminous envelope of emanating hyphae without
rhizomorphs (Appendix S1: Figure S5). Our results
suggest that short-distance and contact EcM fungi
dominate in mature forests; but these patterns may
change as forests continue to age and reach maturity
under differing nutrient limitation and pathogen
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exposures. For instance, recent research has found
that mature forests may rely on root exudation to
“mine” nutrients (Wang et al.,, 2024). Overall, our
holistic framework resolved the nutrient acquisition con-
tinuum strategies, which shifted from young explorative
competitive roots with long mycorrhizae to mature conser-
vative tolerant roots with short mycorrhizae.

Interactions between root-associated and
soil-associated fungi

Forest age prompted negative relationships between EcM
fungi and soil saprotrophic fungi in this study. The rela-
tive abundance of soil saprotrophic fungi significantly
increased from 34% in young forests to 57% in mature for-
ests (Figure 3c), while the EcM fungi decreased from
young to mature forests (Figure 3a), which could be
attributed to competition within the fungal community
(Verbruggen et al., 2017). On the one hand, the interac-
tions between root microbes and soil microbes can be
shaped by the root C channel input (de Kroon
et al., 2012; Yang et al., 2021). On the other hand, these
patterns are likely to reflect adaptations to changes in the
soil stoichiometric N:P ratio (Deng et al., 2016;
Kranabetter et al., 2019). EcM larch is deciduous with fast
decomposition in the litter, so inorganic N might increase
in the soil as the forest ecosystem develops (Appendix S1:
Figure S10a). With the availability of inorganic, highly
mobile N, the advantage of long-distance foraging
sources would decrease. Consequently, trees are likely to
rely more on the total root surface area rather than
long-distance types to capture N. As a result, the ecologi-
cal niche of long EcM fungi is substituted by the
saprotrophic fungi in roots and soil (Kyaschenko
et al., 2017; Leake et al., 2002), since they share similar
origins and decomposition functions. Furthermore, soil N
accumulation results in a relative shortage of soil P
due to the synthesis of phosphatase enzymes (Margalef
et al., 2021). Notably, the soil N:P ratio in young,
middle-aged, and mature plantations was 1.22, 1.25,
and 2.82, respectively. We observed that the fungal
genus Penicillium significantly increased (Figure 3d),
and it is known to be one of the most effective fungi
for phosphate-solubilizing processes in soil (Reyes
et al., 2002).

The complexity among root- and soil-associated fungi
peaked during the middle age of the forest, based on the
linkage numbers, degree, and path distance of networks
according to the network analysis (Appendix SI:
Figure S9a). Twieg et al. (2007) also confirmed that the
site-level EcM fungal diversity reached a plateau by
the age of 26 years. Moreover, the richness of EcM fungi

peaked in middle-aged forests (p = 0.002) in our study.
These results likely reflect the intensity of trading C for
nutrients between fungi and plants. During forest devel-
opment, the stand basal area rate of change may reach its
peak during the intermediate stage (Appendix SI:
Figure S13), where trees of moderate size exhibit the
highest growth rate (Benito et al., 2014; Coomes &
Allen, 2007), likely corresponding to peak nutrient
demand. The competition between biotrophic and
saprotrophic fungi can have a significant influence on
fungal composition (Fernandez et al., 2020), as the inter-
actions between host plant C-driven fungi and soil
resource (i.e., N)-related fungi depend on forest develop-
ment in the larch forest. Overall, these networks suggest
a complex regulation involving root-fungi-soil feedback,
with important implications for the coupling of C and N
cycling.

Implications for understanding diverse
nutrient foraging strategies

Our study proposed a possible and novel mechanism by
which nutrient acquisition strategies might affect the C
sequestration capacity of mature forests. Considerable
C was consumed by larger roots and the high-turnover,
short-distance exploration types of mycorrhizal fungi,
which may result in relatively less C allocated to tissue
formation and transfer to the soil. Future research
should test this mechanism while considering the differ-
ing turnover rates of different exploration types.
Furthermore, concurrent changes in forest age and soil
N during forest development may alter the competition
between root-associated and soil-associated fungi, thus
impacting C sequestration. Overall, our analysis of root
tips and the soil fungi continuum successfully captured
the changes from young and explorative to mature and
conservative nutrient foraging strategies in EcM larch
forest succession (Figure 1b-d). The multi-scale and tri-
partite functional constraints among root system archi-
tecture, root segment physiology, and mycorrhizal
fungal exploration type are linked to variations in the
size and age of host trees. The temporal spectrum of the
nutrient foraging continuum can be explained by meta-
bolic principles. To better understand the underlying
causal mechanisms, further research should examine
a wide range of EcM tree species and forest ages.
Additionally, the nitrogen concentration in the first-order
roots shows a narrow range of variation and may already
be saturated, regardless of soil nitrogen manipulations.
Therefore, global nitrogen deposition may have less
impact on the temperate forest’s belowground system than
previously expected.
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CONCLUSION

Forest age explains more variation in the interaction
between tree roots and fungi than soil N fertilization in
the larch forest, though this pattern may reflect covaria-
tion between stand age and unaccounted site-specific
characteristics due to the lack of replication within age
classes. The succession and self-adapted process of the
root-EcM-fungi continuum shows a strong association
with root architecture. Our new holistic framework dem-
onstrated that nutrient acquisition is functionally
constrained by trade-offs in root system architecture and
root segment metabolic activity, and the complementar-
ity between absorptive RLD and mycorrhizal exploration
type. Generally, mycorrhizal root strategies are regulated
by multiple combinations of plant C and soil N during
forest aging. As forests mature, litter accumulates and
soil inorganic N increases, less C is used for N foraging,
favoring EcM short-distance types, while more C is allo-
cated to maintain the metabolism of the larger root bio-
mass and physiology.
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