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Abstract
Mycorrhizal facilitation and root competition interact to determine forest adaptability to global change, specifically the

myriad stressors affecting trees in temperate hardwoods. As managers seek to apply forest adaptation strategies to climate
change——including maintaining current canopy conditions, expanding representation of trees at their northern range limit,
or moving future climate-adapted species to forests outside their current range——it is essential to understand how belowground
interactions affect seedling success under different management scenarios. We planted three species of arbuscular mycorrhizal
(AM) seedlings representing different adaptation strategies: Acer saccharum (sugar maple), Prunus serotina (black cherry), and
Nyssa sylvatica (black gum) under selective pre-salvage harvests of Fraxinus americana and 0.1 ha harvest gaps at three levels of
root access, assessing changes in growth, survival, and foliar nitrogen (seedling success). We found that while sugar maple in
the selective harvests initially demonstrated higher AM fungal colonization, survival, and foliar N, root exclusion facilitated
success of all three species after a second season, especially in the harvest gaps. These findings show that despite the potential
loss of root access and AM fungal inoculum with increased harvest intensity, climate-adaptive management could improve AM
seedling success through competition release.

Key words: arbuscular mycorrhizal fungi, belowground competition, seedling success, northern hardwood forests, climate-
adaptive management

Introduction
Stressors to the temperate forests of North America are nu-

merous, ranging from insect pests (Trotter and Shields 2009;
Youngquist et al. 2017) and pathogens (Cale et al. 2017) to
climate change-related threats of frost damage (Augspurger
2013), extreme weather (Rustad and Campbell 2012), and
drought (Aubin et al. 2016; Isaac-Renton et al. 2018). To fa-
cilitate a transition towards more resilient future-adapted
forests, we must ensure forest structural complexity to simul-
taneously maintain current species types, expand the repre-
sentation of trees at their northern range limit, and facili-
tate the northward migration of future climate-adapted trees.
This goal requires a range of silvicultural interventions, from
selective harvests and canopy gaps that may promote cur-
rent species to larger harvest gaps that yield the warmer,
drier microclimates that may promote the population enrich-

ment and assisted forest migration of more southern-adapted
species (Nagel et al. 2017; Palik et al. 2022). However, the ef-
fects of these management strategies on belowground inter-
actions are largely unexplored, despite their potential to alter
competition among the roots of neighboring trees for water,
space, and nutrients (root competition; Gerhardt 1996).

Despite decades of research on how root competition im-
pacts seedlings (Connell and Slatyer 1977; Berkowitz et al.
1995; Chapin et al. 2011; Coomes and Grubb 2000), our under-
standing of how mycorrhizal facilitation may interact with
belowground competition to drive forest successional dy-
namics remains limited (Lekberg et al. 2018; Ke and Wan
2020; Van Nuland et al. 2023). Mycorrhizal fungi can facili-
tate seedling success by transferring nutrients (van der Heij-
den et al. 2015) and water (Kakouridis et al. 2022) to roots in
exchange for photosynthate, thereby helping trees overcome
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nutrient limitation (Phillips et al. 2013) and drought stress
(mycorrhizal facilitation; Ruiz-Lozano 2003). These benefits
may occur through independent mycorrhizal colonization or
possibly by connecting seedlings to mature trees through
common mycorrhizal networks (Simard et al. 1997). How-
ever, evidence for common mycorrhizal networks is sparse
(Karst et al. 2023). Alternatively, mycorrhizal fungi may be-
come parasitic in high-nutrient soil (Johnson 1993), low-light
conditions (Hayman 1974; Daft and El-Giahmi 1978), and in
soils with a high root density (Johnson et al. 1997). Thus, de-
pending on the function of the mycorrhizal symbioses and
the strength of root competition, access to roots of neigh-
boring mature trees (hereafter called root access) could facil-
itate or inhibit seedling growth and survival (hereafter called
seedling success).

Forming symbioses with 80% of land plants (Smith and
Read 2008; Bonfante and Genre 2010), and colonizing trees
such as maple (Acer spp.), ash (Fraxinus spp.), and cherry
(Prunus spp.; Brundrett and Tedersoo 2020), arbuscular my-
corrhizal (AM) fungi are ubiquitous in both the canopy and
understory of temperate hardwoods (Genre et al. 2020); how-
ever, the degree of benefit AM fungi render to seedlings
remains uncertain and context-dependent (Johnson 1993;
Johnson et al. 1997), further complicating the role of myc-
orrhizae in belowground interactions (Karst et al. 2023). AM
trees commonly exhibit conspecific negative density depen-
dence (Brown et al. 2020), in which seedlings perform more
poorly when grown near conspecifics (Bennett et al. 2017).
Indeed, AM hosts can be susceptible to the accumulation of
less beneficial host species-specific AM fungal communities
(Bever 2002) and pathogens (Packer and Clay 2003).

Despite this tendency towards conspecific negative den-
sity dependence, AM trees are increasingly dominant in the
forests of the eastern US (Abrams 1998; Jo et al. 2019). Fur-
thermore, forest inventory data show 100% AM dominated
forest stands are more commonly found than mixed stands
(Averill et al. 2022; Delavaux et al. 2023). A con-mycorrhizal
feedback wherein AM fungi create conditions to reinforce the
dominance of their tree hosts has been hypothesized to ex-
plain these patterns (Averill et al. 2022; Delavaux et al. 2023).
In particular, AM fungi and their tree hosts can perpetuate
fast nitrogen cycles (Phillips et al. 2013), and AM fungi can be
shared among heterospecific host plants, which have been
found to be more beneficial than fungi shared amongst con-
specifics (Bever 2002). However, it should be noted that AM
dominance in the northeast has also been driven by a legacy
of small gap and single-tree selection that strongly favors
shade-tolerant AM trees like Acer spp. (Smith and Miller 1987;
Leak and Smith 1996; Leak and Sendak 2002; Neuendorff et
al. 2007; Premer and Froese 2022).

While it has been suggested that preserving large, mature
ectomycorrhizal trees can bolster ectomycorrhizal seedling
success (Simard 2009; Cortese and Horton 2024), it is an open
question whether leaving adult AM trees behind facilitates
AM seedling success. Root access in less intensively harvested
stands may negatively affect AM seedling success due to in-
creased competition between seedlings and neighboring ma-
ture tree roots and associated AM fungi for nutrients, wa-
ter, and light (Coomes and Grubb 2000) and from increased

pathogen exposure (Bennett et al. 2017). Furthermore, there
is a higher potential for mycorrhizal parasitism in more
dense, light-limited forests where trees may be more carbon-
limited (Johnson et al. 1997). However, root access may facil-
itate AM seedling success via the increased likelihood of my-
corrhizal fungi colonizing roots, the subsequent benefits of
nutrient and water provision, and the potential for resource
exchange with neighboring trees (Simard 2009). These bene-
fits may be greatest in harvest gaps, where nutrients may be
more scarce (Coomes and Grubb 2000). The balance of mycor-
rhizal facilitation and root competition can also vary depend-
ing on the identity and relative abundance of each AM tree
species (Liang et al. 2015). For example, the strength of com-
petitive versus facilitative effects on trees has been shown
to vary dramatically based on species identity (Bennett et al.
2017), life history traits such as shade tolerance (Brown et al.
2020), and site richness (Berkowitz et al. 1995), underlining
the importance of regional, species- and site-specific research
on these drivers.

Our 2-year study investigates how root access mediates the
growth, survival, and foliar nitrogen of three AM seedlings——
sugar maple (Acer saccharum Marsh.), black cherry (Prunus
serotina Ehrh.), and black gum (Nyssa sylvatica Marsh.)——under
two levels of canopy disturbance: selective pre-salvage har-
vesting of Fraxinus americana and 0.1 ha harvest gaps created
through group selection——within the northern hardwood
forests of Vermont, USA. Each species represents different ap-
plications of forest adaptation approaches to climate change
(Palik et al. 2022), with sugar maple reflecting strategies
to maintain current species densities (enrichment planting),
black cherry representing assisted population expansion of a
climate-adapted species, and black gum representing assisted
range expansion of species expected to gain new habitat in
the study region (Peters et al. 2020). We planted seedlings of
these three species in selective harvests and 0.1 ha harvest
gaps, and varied access to live roots through temporary root-
severing and permanent trenching, a technique often used in
studies aiming to eliminate both root competition (Coomes
and Grubb 2000) and mycorrhizal facilitation (Simard et al.
1997). We hypothesized that increased access to live roots
would ultimately benefit seedlings through mycorrhizal facil-
itation, especially in the harvest gaps where the soil may have
less AM fungal inoculum and root competition is less intense.

Materials and methods

Plot establishment
Our experiment occurred at the Clement Woodlot Experi-

mental Forest in Corinth, Vermont (Fig. S1; elev. 1200′/366 m,
lat.: 44.05, long.: −72.32), a northern hardwood forest with
nutrient-rich, high-calcium soils where sugar maple (A. sac-
charum) and white ash (F. americana) dominate, with lesser
amounts of yellow birch (Betula alleghaniensis) and American
beech (Fagus grandifolia) based on basal area. The mean annual
temperature is 5.3 ◦C, while the mean annual precipitation
is 110 cm (Rice et al. 2024). The woodlot was cleared for pas-
tureland in the 19th century, which was subsequently aban-
doned and naturally reforested with primarily maple and ash
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prior to being given to Dartmouth College in the 1920s. Man-
agement of the area prior to this study consisted of single-
tree selection harvests in 1992 and 1993 to convert stand
conditions from even-aged to uneven-aged structure and en-
courage sugar maple dominance. The soils are predominantly
sandy to coarse-loamy spodosols derived from glacial till and
formed from carbonaceous phyllite and limestone (Rice et
al. 2024). The soil is slightly acidic, moist, and well-drained,
which explains why the trees that grew back after agricul-
tural abandonment in the 19th century were primarily maple
and ash, adapted to this rich, moist site.

To address how harvest type and root access affect seedling
success, we utilized two main harvest types with different
levels of canopy disturbance——harvest gaps and selective har-
vests (Figs. S1 and S2). The harvest gaps consisted of four
0.1 ha group selection openings in which all overstory trees
within an 18 m radius were removed in co-produced adapta-
tion treatments that align with other climate-adaptive forest
management treatments in the northeast (Nagel et al. 2017).
The selective harvests were four 0.1 ha circular plots of selec-
tive, pre-salvage harvesting focused on the removal of Frax-
inus americana. The selective harvest resulted in a range of
canopy opening sizes given ash was both scattered as indi-
vidual trees and in groups across the site with an average
basal area of 14 ± 1.6 m2 ha−1 (ranged from 12.7 to 18.5 m2

ha−1) prior to harvest. Before harvesting, we measured the
diameter at breast height (DBH) of stems >10 cm diameter
in the harvest gap locations to ensure all plots were domi-
nated by AM trees (Table S1). Initial surveys of the broader
area showed that ash dominance ranged from 37% to 44% and
sugar maple dominance ranged from 32% to 38%, based on
importance values (relative basal area + relative density/2;
Curtis and McIntosh 1951). Harvest took place between De-
cember 2020 and April 2021 using hand felling with chain-
saws and a tractor with a winch for cable skidding. Soil in the
harvest gaps was generally more disturbed as the litter layer
was seldom present compared to the less invasive selective
harvest treatment. All trees >10 cm DBH were measured and
identified in August 2023 to characterize the selective harvest
plots, which remained >95% AM due to maple (A. saccharum)
dominance.

To create a range of seedling access to the network of
roots and associated fungi of neighboring trees, we estab-
lished six 0.75 m radius subplots in June 2022 within each
of the eight 0.1 ha plots (Fig. S1). Of the six subplots, two
were undisturbed controls (high root access), two were root-
severed (medium root access), and two were trenched (low
root access). There were 16 subplots of each treatment across
the whole experiment (Table S2). Subplot locations were de-
termined by scouting to find areas within the 0.1 ha plots
that would accommodate a 0.75 m radius subplot, and ran-
domly assigning treatments. In the low root access subplots,
we dug a circular trench to a depth of 45 cm or until contact-
ing bedrock, lined the trench with a 3 mm thick polyethy-
lene rhizome barrier, and backfilled. As we only trenched
along the perimeter, the structure of the soil inside the sub-
plot remained intact. For the medium root access subplots,
we severed the soil, roots, and hyphae in a continuous cir-
cle to a depth of 45 cm using a sharpshooter (a heavy, 45 cm

long, straight shovel). This treatment was repeated halfway
through the first summer (26 to 27 July 2022) to sever new
root and hyphal growth. The control subplots were estab-
lished with the same 0.75 m radius as the other treatments,
but there was no root severing or barrier at the perimeter,
yielding comparatively high root access.

We also implemented mowing and weeding treatments
to maintain desired levels of root access and eliminate po-
tential competition with volunteer woody and herbaceous
species that grew in the plots. Mowing occurred in the control
and root-severed subplots and consisted of cutting all woody
and herbaceous growth to about 5 cm above the soil surface
while leaving root networks untouched. Weeding occurred
in the trenched subplots and consisted of pulling all woody
and herbaceous vegetation up by the roots. These treatments
helped to reinforce the gradient of root access among the
subplots. Mowing and weeding was reinforced four times in
2022 (13 July, 26 to 27 July, 13 August, and 31 August), fre-
quent enough to prevent weeds from overtaking and shading
the seedlings in their vital first year of establishment. While
some soil disturbance may have resulted from weeding in the
trenched plots, this effect was minor compared to the distur-
bances caused by planting seedlings within each plot and by
the soil scarification and root decay caused by harvest.

In each subplot, we planted four seedlings each of sugar
maple, black cherry, and black gum for a total of 12 seedlings
per subplot, and a total of 576 seedlings across the experi-
ment. Bare-root, 6–12 in. seedlings from seed zones appropri-
ate for the planting site were acquired from a nursery of a
similar latitude as the Clement Woodlot (Cold Stream Farm;
Free Soil, MI, USA) and stored in the dark at 4 ◦C prior to
planting. We planted the seedlings between 9 and 17 June
2022. Eight of the 576 planted seedlings (1% of the total) were
replaced due to a planting error by 29 June 2022.

We selected A. saccharum (sugar maple) as a species cur-
rently dominant in northern hardwoods and whose ecologi-
cal, cultural, and economic significance incentivizes foresters
to maintain the current population (Smith and Miller 1987;
Leak and Smith 1996; Leak and Sendak 2002) making it a
target in climate-adaptive management (Wikle and D’Amato
2023). Sugar maple (hereafter called “maple”) is a shade-
tolerant species that prefers moist, well-drained soils that
can range from slightly acidic to slightly alkaline. It is com-
monly associated with fertile and calcareous soils (Burns and
Honkala 1990), which explains its current dominance at the
woodlot. We selected P. serotina (black cherry) as a species
at the northern edge of its current range in our study re-
gion but expected to thrive in future climates, making it a
target species for planting in other climate-adaptive man-
agement projects (Nagel et al. 2017). Black cherry (hereafter
called cherry) grows on deep, moist, well-drained soil that
is frequently acidic and infertile, although it can thrive in
a variety of soil types (Burns and Honkala 1990). Nyssa sylvat-
ica (hereafter called black gum) was selected for its potential
for range expansion, being a more southern-adapted species
that may find the climate of northern Vermont suitable for its
growth in upcoming decades (Peters et al. 2020). Black gum
can tolerate neutral to more acidic soil that can range from
occasionally dry to saturated (Burns and Honkala 1990). All
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three seedlings are likely to respond differently to canopy
disturbance as maples and black gum are late-successional
and more shade-tolerant, while cherries are more early-
successional and shade-intolerant (Burns and Honkala 1990).

Measurements
Directly after planting (by 29 June 2022), we tagged all

seedlings with a metal forester’s tag, noted whether seedlings
were alive or dead, and measured the height of each seedling
directly after planting (by 29 June 2022). At the end of the
growing season (7 to 11 September 2022), we re-measured the
height and survival of all seedlings. Growth and survival mea-
surements were repeated from 16 to 17 August 2023.

Three times throughout the 2022 field season (13 July, 26
to 28 July, and 13 August 2022), and once in 2023 (13 Au-
gust 2023), we measured percent volumetric soil moisture
and temperature at three locations within each subplot us-
ing a Teros 11 moisture probe (METER, Pullman, WA, USA).
The probe was inserted 5.5 cm into the soil. We measured
leaf area index (LAI) in all subplots on 11 and 12 August
2023 using a LAI-2200C LiCOR Plant Canopy Analyzer (Lin-
coln, NE, USA). We sampled soil from three randomly cho-
sen points within each subplot from 8 to 11 September 2022
to determine soil nitrate/nitrite and ammonium availability.
We removed leaf litter (when present) before sampling the
top 15 cm of soil, which included O/A and B horizons. Soil
samples were stored in a −20 ◦C freezer prior to analysis and
were thawed for a KCl soil extraction. In brief, we mixed 8 g of
thawed soil with 32 mL of 2 mol/L KCl, shook the samples on
“low” for an hour, and then filtered the extractant through
Whitman filter paper (52 nm and 110 mm diameter). Extracts
were analyzed using the automated flow injection colorimet-
ric analysis technique on a Lachat QuickChem 8500 (Denver,
CO, USA).

To measure foliar N at the end of the 2022 growing sea-
son, we used a hole punch to obtain leaf samples of seedlings
across all subplots between 2 and 7 September 2022. To get a
representative sample, we punched holes from four different
leaves per seedling, avoiding diseased spots and large veins.
We did not collect foliar samples from seedlings that had not
leafed out or those with only a few small leaves to avoid neg-
atively affecting their growth and survival. We then dried the
leaf samples at 60 ◦C and analyzed them with an elemen-
tal analyzer (EA; Thermo Scientific) for % N. A total of 284
seedlings were analyzed for nutrient content.

We characterized the effects of management type on plot-
level live woody root density and seedling mycorrhizal colo-
nization in the control treatment subplots. Between 22 and
23 July 2022, we dug one randomly located root pit in each
of the eight harvest plots that was approximately 30 × 30 ×
30 cm. All live woody roots from within the pit were taken
back to the laboratory, dried, and weighed to determine live
woody root density in the top 30 cm of soil. To determine
management effects on mycorrhizal colonization, we quan-
tified the AM fungal colonization of maple and cherry roots.
A subsample of fourteen maple seedlings within control sub-
plots (seven from the selective harvest plots and seven from
the harvest gap plots) was obtained on 15 and 17 Novem-
ber 2022. In July 2023, we collected roots from three cherry

seedlings within the control subplots of each harvest treat-
ment by gently excavating the soil around each seedling.

To quantify AM fungal colonization, we washed roots to re-
move soil, subsampled 5 to 10 root tips (of approx. 2 cm in
length) from each sample (either maple seedling or cherry
roots), and stored root tips in 90-proof ethanol. Root tips
were cleared, dyed, and stained using the ink and vinegar
method (Vierheilig et al. 1998). We measured the propor-
tion of root length colonized by AM fungi using a gridline
intersection procedure (Giovannetti and Mosse 1980) on an
Axioskop microscope (Zeiss, Germany) with 20× and 40×
lenses. We also measured the % colonization of dark sep-
tate endophytes (DSE) on maple seedlings (Jumpponen and
Trappe 1998; Jumpponen 2001; Mandyam and Jumpponen
2015), whose potential interaction with mycorrhizae, and ef-
fect on directing feedback loops, remains largely unexplored
(Smith and Read 2008). Due to concerns with disturbing the
seedlings and time constraints, we did not analyze AM fungal
or DSE colonization on black gum seedlings or by root access
treatment.

Statistical analyses
To determine the effects of management type and root

access treatment on environmental factors, we ran linear
mixed effects models using functions from lme4 (Bates et al.
2015) and lmerTest (Kuznetsova et al. 2017) in which manage-
ment type, root access treatment, and their interactions were
fixed effects (Table 1). For leaf area index and soil inorganic N
measurements, we included plot ID as a random effect. Soil
temperature and soil moisture additionally had subplot ID
nested within plot ID as random effects and data from 2022
and 2023 were analyzed together. Multiple comparisons were
performed when there were significant fixed effects or inter-
actions using the emmeans package (Length 2023). To com-
pare root density between harvest treatments, we performed
an unpaired, one-sided t test weighted for unequal variances.
AM fungi and DSE colonization of maple seedlings and AM
fungal colonization of cherry seedlings were first summa-
rized by seedling ID then analyzed using one-sided t tests to
compare colonization between harvest types.

Survival data was summarized by species within each sub-
plot to obtain the proportion surviving (Assad et al. 2022),
then logit-transformed prior to statistical analyses (Berkowitz
et al. 1995; Warton and Hui 2011). Seedling growth, survival
and foliar % N were analyzed through a linear mixed effects
model in which harvest type, root access treatment, seedling
species and their interactions were fixed effects, and sub-
plot ID nested within plot ID were random effects (Table 2).
Variances in the growth and survival models were weighted
by species to meet model assumptions. Survival through the
growing season of 2022 and total survival from June 2022
to August 2023 were analyzed separately but according to
the same model as initial effects did not carry over into the
next growing season. As growth patterns remained consis-
tent over both growing seasons, we only present total growth.
All analyses were performed in R Version 4.2.3 (R Core Team
2023). We determined results to be significant if p < 0.05, and
marginally significant if 0.05 > p < 0.08. Results are reported
in the following section with mean ± standard error.
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Table 1. Linear mixed effects model results for soil moisture and temperature (2022, 2023), leaf area index
(LAI; 2023), and soil total inorganic nitrogen (TIN), nitrate, and ammonium (2022) at the Clement Woodlot
(Corinth, VT, USA).

Response variable Fixed and random effects numDF denDF F p

Soil moisture Harvest + 1|Plot/Subplot 1 6 0.202 0.70

Access + 1|Plot/Subplot 2 36 2.88 0.069

Harvest∗Access + 1|Plot/Subplot 2 36 0.017 0.98

Soil temperature Harvest + 1|Plot/Subplot 1 6 8.42 0.027∗

Access + 1|Plot/Subplot 2 558 1.32 0.27

Harvest∗Access + 1|Plot/Subplot 2 558 1.88 0.15

LAI Harvest + 1|Plot 1 5.5 2.72 0.15

Access + 1|Plot 2 25 1.76 0.19

Harvest∗Access + 1|Plot 2 25 1.10 0.35

Soil TIN Harvest + 1|Plot 1 6 0.146 0.72

Access + 1|Plot 2 36 0.0990 0.91

Harvest∗Access + 1|Plot 2 36 0.0567 0.95

Soil nitrite/nitrate Harvest + 1|Plot 1 6 2.09 0.20

Access + 1|Plot 2 36 4.49 0.018∗

Harvest∗Access + 1|Plot 2 36 1.05 0.36

Soil ammonium Harvest + 1|Plot 1 6 0.228 0.65

Access + 1|Plot 2 36 2.11 0.14

Harvest∗Access + 1|Plot 2 36 0.205 0.82

Note: Asterisks indicate statistical significance at the level of p < 0.001 (∗∗∗), p < 0.01 (∗∗), and p < 0.05 (∗). Significant p values (p < 0.05) are bolded.

Results

Characterization of experimental treatments
Environmental conditions displayed minimal variation by

harvest or root access treatment (Fig. 1 and Tables 1 and 3).
Soil moisture was marginally affected by root access treat-
ment (F[2,36] = 2.88, p = 0.069), with higher average volumetric
water content (VWC) in the root-severed (28.7%) and trenched
(28.4%) than control treatment (25.2%). Soil VWC did not vary
by harvest type (F[1,6] = 0.202, p = 0.70) or the harvest∗root
access interaction (F[2,36] = 0.017, p = 0.98). Soil temperature
varied by harvest type (F[1,6] = 8.42, p = 0.027) with soil in
the selective harvests (23.6 ± 0.16 ◦C) 2.8 ◦C cooler than in
the harvest gaps (26.4 ± 0.26 ◦C). LAI varied little by root ac-
cess treatment (Tables 1 and 3), although LAI in the harvest
gaps (2.07 ± 0.24), was lower than LAI in the selective har-
vests (3.09 ± 0.23). While total inorganic nitrogen and ammo-
nium in the soil remained consistent across harvest type and
root access treatment, nitrate and nitrate varied by root ac-
cess treatment (F[2,36] = 4.49, p = 0.018; Tables 1 and 3), with
concentrations in the trenched treatment (16 ± 3 ug/g soil)
over two-fold higher than in the control (7.5 ± 1 ug/g soil;
p = 0.0138).

Live woody root density and mycorrhizal
colonization

Harvest type affected live woody root biomass and % myc-
orrhizal colonization (Fig. 2). Live root mass, a proxy for root
density, was five times higher in selective harvests versus har-
vest gaps (t4.66 = 3.14, p = 0.014), averaging at 141 ± 90.8 g
m−2 in the harvest gaps and 733 ± 165 g m−2 in the selec-

tive harvests. Mean AM fungal colonization of maple seedling
roots in control subplots of selective harvests (51.7 ± 4.0%)
was two-fold higher than in the harvest gaps (24.7 ± 4.3%;
t11.9 = 2.89, p < 0.001). Total AM fungal and DSE coloniza-
tion of maple roots was also higher in the selective har-
vests (88.4 ± 1.8%) than in the harvest gaps (59.8 ± 5.0%;
t6.49 = 4.09, p = 0.0027). Similarly, AM fungal colonization
of cherry seedling roots in the control subplots was higher
in selective harvests (58.1 ± 7.1%) relative to the harvest gaps
(43.9 ± 4.5%; t5.08 = 1.69, p = 0.076).

Seedling survival
Harvest type interacted with species to affect seedling sur-

vival in 2022 (Fig. 3a, Table 2; Harvest Type∗Species Interac-
tion, F[2,84] = 3.71, p = 0.029). Maple survival was higher in
the selective harvests (90.6 ± 3.0%) than in the harvest gaps
(67.7 ± 6.5%; p = 0.034). Cherry and black gum survival did
not vary significantly between harvest types, although mean
survival was lower in the harvest gaps (68.8 ± 5.9% for black
gum and 96.9 ± 1.7% for cherry) than in the selective har-
vests (78.1 ± 5.5% for black gum and 100% for cherry). Over-
all seedling survival from June 2022 to August 2023 exhib-
ited a significant three-way interaction between harvest type,
root access treatment, and species type (Fig. 3b; F[4,68] = 2.72,
p = 0.037). While the differences in maple survival between
the harvest gaps and selective harvests was near significance
(p = 0.081), 56.2 ± 9.2% of maples in root-severed subplots
survived in the harvest gaps while 87.5 ± 8.5% survived in the
selective harvests. Cherry seedling survival was higher than
that of maple (p < 0.001) or black gum (p < 0.001) in both 2022
(F[2,84] = 45.3, p < 0.001) and 2023 (F[2,68] = 42.1, p < 0.001). By
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Table 2. Linear mixed effects model results for initial seedling survival (2022), overall growth and survival (2022–2023)
and foliar N (2022) at the Clement Woodlot (Corinth, VT, USA).

Response variable Fixed and random effects numDF denDF F p

Initial survival Harvest + 1|Plot/Subplot 1 6 1.10 0.33

Access + 1|Plot/Subplot 2 36 1.77 0.18

Species + 1|Plot/Subplot 2 84 45.3 <0.001∗∗∗

Harvest∗Species + 1|Plot/Subplot 2 84 3.71 0.029∗

Species∗Access + 1|Plot/Subplot 4 84 0.994 0.42

Harvest∗Access + 1|Plot/Subplot 2 36 1.77 0.19

Species∗Access∗Harvest + 1|Plot/Subplot 4 84 1.07 0.38

Overall survival Harvest + 1|Plot/Subplot 1 5 2.08 0.21

Access + 1|Plot/Subplot 2 68 42.1 <0.001∗∗∗

Species + 1|Plot/Subplot 2 29 0.0788 0.92

Harvest∗Access + 1|Plot/Subplot 2 68 0.189 0.83

Harvest∗Species + 1|Plot/Subplot 2 29 0.234 0.79

Access∗Species + 1|Plot/Subplot 4 68 0.687 0.60

Harvest∗Access∗Species + 1|Plot/Subplot 4 68 2.72 0.037∗

Overall growth Harvest + 1|Plot/Subplot 1 6 4.46 0.079

Access + 1|Plot/Subplot 2 34 9.61 <0.001∗∗∗

Species + 1|Plot/Subplot 2 350 370 <0.001∗∗∗

Harvest∗Access + 1|Plot/Subplot 2 34 1.19 0.32

Harvest∗Species + 1|Plot/Subplot 2 350 31.9 <0.001∗∗∗

Access∗Species + 1|Plot/Subplot 4 350 10.2 <0.001∗∗∗

Harvest∗Access∗Species + 1|Plot/Subplot 4 350 0.936 0.44

Foliar N Harvest + 1|Plot/Subplot 1 7.3 0.180 0.68

Access + 1|Plot/Subplot 2 44 15.5 <0.001∗∗∗

Species + 1|Plot/Subplot 2 240 132 <0.001∗∗∗

Harvest∗Access + 1|Plot/Subplot 2 46 1.23 0.30

Harvest∗Species + 1|Plot/Subplot 2 240 8.66 <0.001∗∗∗

Access∗Species + 1|Plot/Subplot 4 240 7.91 <0.001∗∗∗

Harvest∗Access∗Species + 1|Plot/Subplot 4 240 0.0724 0.99

Note: Asterisks indicate statistical significance at the level of p < 0.001 (∗∗∗), p < 0.01 (∗∗), and p < 0.05 (∗). Significant p values (p < 0.05) are bolded.

the end of the study, mean cherry survival was the highest at
96.2 ± 1.69%, followed by maples at 70.2 ± 4.57%, then black
gum at 58.1 ± 5.32%.

Seedling growth
Total seedling growth from the onset of the study in June

2022 to the end in August 2023 also varied by harvest type
(Table 2; Fig. 4; Harvest∗Species Interaction; F[2,350] = 31.9,
p < 0.001), a trend driven by 207% higher cherry growth in
the harvest gaps (71.9 ± 4.3 cm) than in the selective harvests
(34.8 ± 2.7 cm; p = 0.003). Although not significant, maples
grew over 10 cm more in the harvest gaps (13.4 ± 3.0 cm)
than in the selective harvests (2.64 ± 0.96 cm), and black
gum growth valued at −7.43 ± 2.2 cm in the harvest gaps
while it valued at −13.4 ± 2 cm in the selective harvests,
indicating initial dieback but more successful resprouting
in the harvest gap. Species-specific growth also differed by
root access (Species∗Root Access Interaction; F[4,350] = 10.2,
p < 0.001). Cherry seedling growth across both harvest types
was highest in the trenched treatment (74.3 ± 4.9 cm), lower
in the root-severed (48.4 ± 3.8 cm) and lowest in the control
(30.6 ± 4.0 cm; p < 0.009). Maples also grew almost 20 cm

higher in the trenched (19.2 ± 2.7 cm) than control sub-
plots (0.88 ± 2.0 cm; p = 0.015) and black gum seedlings
grew approximately 10 cm higher in the trenched treat-
ment (−5.12 ± 2.1 cm) than in the control (−16.0 ± 2.4 cm;
p = 0.064). Total seedling growth was marginally higher in
the harvest gaps (34.3 ± 3.4 cm) than in the selective har-
vest (12.4 ± 1.9 cm; Harvest, F[1,6] = 4.46, p = 0.079). Seedling
growth differed among all three root access treatments (Root
Access, F[2,34] = 9.61, p < 0.001) with highest growth in the
trenched treatment (32.8 ± 3.6 cm), followed by the root-
severed (20.6 ± 2.9 cm), and then the control subplots
(10.2 ± 2.80 cm; p < 0.043). Growth varied by tree species iden-
tity (Species, F[2,350] = 370, p < 0.001), with cherry seedlings
demonstrating the highest growth (52.0 ± 2.8 cm), then
maple (7.33 ± 1.5 cm), followed by black gum (−10.7 ± 1.5 cm)
when averaged over harvest and treatment.

Foliar nitrogen
Seedling foliar N, collected at the end of the 2022 grow-

ing season, varied by species identity, harvest type, and
root access (Tables 2 and 4). Foliar N varied by root ac-
cess in a species-specific manner (Fig. 5; Species∗Root Ac-
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Fig. 1. Soil inorganic nitrogen values from the Clement Woodlot in Corinth, VT, USA in the summer of 2022 between harvest
and treatment. (a) Total nitrite (NO2) and nitrate (NO3) concentrations vary by root access treatment, with higher nitrate and
nitrate concentrations in the trenched plots. (b) There was no difference in ammonium (NH4) concentrations by harvest or
root access treatment, although there was a trend of decreasing ammonium availability with decreasing root access. (c) Total
inorganic nitrogen (NO2, NO3, and NH4) did not vary by harvest or by root access treatment. Letters not shared indicate signif-
icant differences between root access treatments (p < 0.05). The centerpoint indicates the mean, and the whiskers represent
standard error. “NS” indicates no significant differences. Note the axes differ between panels.

Table 3. Means and standard errors for leaf area index (LAI; 2023) and soil characteristics, including volumetric water con-
tent (VWC) and temperature (T) from a probe inserted 5.5 cm into the soil (2022–23), and inorganic nitrogen concentrations,
including nitrite and nitrate (NO2/NO3), ammonium (NH4), and total inorganic nitrogen (TIN; 2022) at the Clement Woodlot
(Corinth, VT, USA).

Harvest type Root access LAI VWC (%) T (◦C) NO2/NO3 (ug/g soil) NH4 (ug/g soil) TIN (ug/g soil)

Selective Control 2.88 ± 0.29Aa 25.2 ± 0.95Aa 23.6 ± 0.26Aa 7.3 ± 1Aa 32 ± 1Aa 39 ± 1Aa

Root-severed 2.72 ± 0.37Aa 28.7 ± 0.75Aa 23.5 ± 0.24Aa 7.9 ± 2Aab 32 ± 4Aa 40 ± 4Aa

Trenched 3.71 ± 0.48Aa 28.4 ± 0.70Aa 23.7 ± 0.32Aa 12 ± 3Ab 27 ± 4Aa 39 ± 4Aa

Gap Control 2.18 ± 0.51Aa 24.9 ± 0.97Aa 27.0 ± 0.46Ba 7.6 ± 2Aa 31 ± 6Aa 39 ± 5Aa

Root-severed 2.22 ± 0.31Aa 27.5 ± 0.84Aa 26.5 ± 0.42Ba 14 ± 3Aab 29 ± 4Aa 43 ± 6Aa

Trenched 1.86 ± 0.48Aa 27.7 ± 0.82Aa 25.8 ± 0.46Ba 20 ± 5Ab 22 ± 6Aa 41 ± 8Aa

Note: N = 72 replicates for T and VWC, and 8 for nitrogen concentrations. Uppercase letters not shared indicate significant differences between harvest types, and
lowercase letters not shared indicate significant differences among root access treatments (p < 0.05).

cess Interaction, F[4,238] = 7.91, p < 0.001). Cherry foliar N
was highest in the trenched (3.91 ± 0.084%), lower in root-
severed (3.42 ± 0.08%), and lowest in the control subplots
(2.9 ± 0.067%; p < 0.001). Maples had significantly lower
foliar N in control subplots (2.36 ± 0.071%) than in root-
severed (2.59 ± 0.08%) or trenched subplots (2.65 ± 0.078%;
p < 0.041). Across all seedlings, there was a significant root ac-
cess effect on foliar N (Root Access, F[2,44.3] = 15.48, p < 0.001),
with higher foliar N in the root-severed (2.88 ± 0.065%)
and trenched subplots (3.00 ± 0.074%) than the control sub-
plots (2.58 ± 0.051%; p < 0.005). Foliar N varied by species
(Species, F[2,239] = 132, p < 0.001), with higher foliar N in

cherry (3.41 ± 0.061%) than in black gum (2.58 ± 0.052%)
or maple seedlings (2.55 ± 0.046%; p < 0.001). Maple
seedlings also displayed higher foliar N (p = 0.034) in the
selective harvests (2.67 ± 0.06%) than in the harvest gaps
(2.37 ± 0.063%; Harvest∗Species interaction; F[2,238.4] = 8.66,
p < 0.001).

Discussion
Throughout this experiment, root access restricted

seedling success. In the harvest gaps, where there were
less woody roots, seedling growth and survival was higher
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Fig. 2. Mean arbuscular mycorrhizal (AM) and dark septate endophyte (DSE) colonization of maple (harvested 2022) and cherry
(harvested 2023) seedlings in control subplots was significantly higher in selective harvests versus harvest gaps at the study
site in Corinth, VT, USA. The centerpoint indicates the mean, and the whiskers represent standard error. Asterisks indicate
significant differences between harvest types (p < 0.08).

than in selective gaps, and often highest in trenched plots.
These results oppose our hypothesis that root access would
ultimately benefit seedlings through increased mycorrhizal
facilitation, especially in harvest gaps. These positive effects
of lower root access occurred despite increased mycorrhizal
colonization of maple and cherry in the selective harvest
plots. A number of studies demonstrate the benefits of myc-
orrhizal colonization to seedlings through nutrient (Bonfante
and Genre 2010) and water provision (Kakouridis et al. 2022),
and some have positive indications of common mycorrhizal
networks at least for ectomycorrhizal seedlings (Van Der
Heijden and Horton 2009). However, this study implies that
for AM seedlings at our relatively rich site, the negative
effects of root access——from root competition to potential
pathogen exposure and mycorrhizal parasitism——outweigh
any potential mycorrhizal benefit.

Potential experimental artifacts of our root access treat-
ments may have affected seedling success, although the mag-
nitude was likely minimal. A few seedlings were subject to
deer browse, insect predation, and herbivory, which can al-
ter AM fungal community assembly (Frew et al. 2024), but we
noticed no shift in herbivory by management type or root ac-
cess. Marginally higher soil moisture was found with lower
root access, although pairwise comparisons revealed no sig-
nificant differences, and this pattern was likely driven by less
root uptake with root exclusion. Trenching and weeding may
have affected seedling responses through soil disturbance
and severed root decay (Coomes and Grubb 2000). However,
we found no shift in total inorganic nitrogen, nitrate/nitrate
or ammonium by harvest type (a much larger disturbance

than weeding), and total inorganic nitrogen and ammonium
remained consistent across root access treatments. Higher ni-
trite levels in the trenched subplots may have been a func-
tion of lower root demand as well as reduced competition be-
tween microbial communities and root systems since nitrate
is a microbial product (Schimel and Bennett 2004). Finally,
while seedlings in the trenched and root-severed treatments
could still be colonized by AM fungi (Smith and Read 2008),
treatments would invariably restrict seedling access to inocu-
lum via live roots (Lang et al. 2021) and perhaps common my-
corrhizal networks (Karst et al. 2023). Future studies investi-
gating the effects of trenching and weeding on soil nutrients
and microbial community composition would help disentan-
gle the relative importance of root competition, mycorrhizal
facilitation, and soil disturbance for seedling success in this
system.

While root access did not appear to benefit seedling growth
and survival after two growing seasons, maple seedlings in
the first growing season displayed higher foliar N and sur-
vival with concurrent increases in mycorrhizal colonization
in the selective harvests. It is possible that mycorrhizal colo-
nization in the more root-dense selective harvests may pro-
vide an initial boost to maples. Indeed, sugar maple seedling
density can plummet when less than a quarter of the root
length is colonized by AM fungi (Tourville et al. 2023), and the
presence of surrounding vegetation can facilitate maple sur-
vival (Berkowitz et al. 1995). However, maple seedlings also
displayed minor gains in growth and foliar N with root exclu-
sion, confounding these conclusions. Therefore, patterns in
maple growth between selective and gap harvests are likely
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Fig. 3. Maple seedling survival at the Clement Woodlot (Corinth, VT, USA) was higher in selective harvest plots than harvest
gap plots in 2022, but initial gains were lost by the end of the 2023 growing season. Cherry seedlings demonstrated the highest
survival, followed by maple and then black gum. Bars represent means and the whiskers indicate standard error. Asterisks indi-
cate significant differences between harvest types within a species (p < 0.05), and capital letters indicate significant differences
between species (p < 0.05).

explained by maple’s shade-tolerant, late-successional status
(Burns and Honkala 1990), and possibly by the high propor-
tion of sugar maples in the overstory which may have se-
lected for nutrient and fungal conditions favorable for other
maples, as compared to black gum and cherry (Averill et al.

2022). However, any initial benefit maples derived in the se-
lective harvests ultimately disappeared. By the end of the sec-
ond summer, maple survival did not vary by harvest type and
its growth increased with root exclusion, especially in the
harvest gaps.
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Fig. 4. Seedling growth at the Clement Woodlot (Corinth, VT, USA) varied by species type and by root access treatment. The
centerpoint indicates the mean, and the whiskers represent standard error. Lowercase letters not shared indicate significant
differences between root access treatments within a species and within each harvest type (p < 0.08), and capital letters indicate
differences between species (p < 0.05). “NS” signifies that there are no significant differences in root access treatments within
a species. The asterisk indicates significant differences between harvest types within a species (p < 0.05).

Table 4. Means and standard errors for % foliar nitrogen (2022) for seedlings at the Clement Woodlot (Corinth, VT,
USA).

Harvest Species Root access % Foliar N N

Selective Maple Control 2.5 ± 0.09Aa 25

Root-Severed 2.7 ± 0.1Ab 28

Trenched 2.8 ± 0.1Ab 28

Black Gum Control 2.6 ± 0.1Aa 6

Root-Severed 2.5 ± 0.1Aa 7

Trenched 2.6 ± 0.07Aa 8

Cherry Control 2.9 ± 0.1Aa 16

Root-Severed 3.3 ± 0.1Ab 16

Trenched 3.8 ± 0.1Ac 15

Gap Maple Control 2.1 ± 0.07Ba 15

Root-Severed 2.5 ± 0.1Bb 16

Trenched 2.5 ± 0.1Bb 26

Black Gum Control 2.4 ± 0.1Aa 7

Root-Severed 2.7 ± 0.2Aa 10

Trenched 2.6 ± 0.1Aa 14

Cherry Control 3.0 ± 0.09Aa 15

Root-Severed 3.6 ± 0.1Ab 16

Trenched 4.0 ± 0.1Ac 16

Note: N values are the replicates within each harvest type, treatment, and species combination. Uppercase letters not shared indicate significant differences
within a species between harvest types, and lowercase letters not shared indicate significant differences within a species among root access treatments
(p < 0.05). Differences among species are not shown. However, there is a significant species effect on foliar N (p < 0.05).

While maples demonstrated initial gains in the selective
harvest and only minor differences by root access treatment,
cherries grew faster and had higher foliar N in the harvest
gaps and with decreasing root access, despite mycorrhizal
colonization being higher in the selective harvests than in

the harvest gaps. Other literature suggests that among the
dominant tree species of eastern North America, black cherry
demonstrates strong conspecific negative density depen-
dence (Bennett et al. 2017) which may be driven by cherry’s
high disease susceptibility (Packer and Clay 2003). Black cher-
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Fig. 5. Each tree species displayed varying responses in % foliar nitrogen to root access treatments in 2022 at the Clement
Woodlot (Corinth, VT, USA). The centerpoint indicates the mean, and the whiskers represent standard error. Lowercase letters
not shared indicate significant differences in root access treatments within a species (p < 0.05), and capital letters indicate
differences between species (p < 0.05). “NS” signifies that there are no significant differences in root access treatments within
a species. The asterisk indicates significant differences between harvest types within a species (p < 0.05).

ries are also early successional and shade-intolerant (Burns
and Honkala 1990), and thus are likely to capitalize on the
increased light within the harvest gaps. Indeed, less shade-
tolerant trees can invade more light-limited forests when re-
leased from belowground competition (Coomes and Grubb
2000), which may explain the positive response of cher-
ries to root exclusion even in the selective harvest. Allevi-
ation of root competition through interruption of root net-
works from harvesting and scarification could therefore be a
means for encouraging the range expansion of other shade-
intolerant tree species into more light-limited environments.
More realistically, the implementation of 0.1 ha or larger har-
vest gaps may give cherry the dual benefit of alleviating both
root competition and light limitation.

Black gum’s success varied the least by harvest and root ac-
cess treatments compared to maple or cherry. However, they
still appeared to benefit from decreasing root access, growing
10 cm higher in the trenched versus the control treatments
and 6 cm higher in the harvest gaps versus selective har-
vests. Black gum is a late-successional species with a relatively
long lifespan (Abrams 2007), high drought tolerance and can
occupy a wide range of habitats (Burns and Honkala 1990),
which may explain why it did not have a strong preference.
Black gum is also slow-growing (Orwig and Abrams 1994)
and difficult to transplant (Struve 2008), illustrated by their
lower survival and net growth rates that hovered around zero
in our study. Many growth values were even negative, due
to aboveground tissue senescing and then root sprouting in
the next season. This pattern may be explained by a lack

of proper mycorrhizal inoculum, novel pathogens, or inap-
propriate site conditions. Indeed, seedlings in assisted range
expansion plantings have been shown to exhibit lower sur-
vival and growth than seedlings planted within their current
range (Clark et al. 2022). Future studies are necessary to deter-
mine if black gum would acclimate to the soil conditions over
time, and if inoculation with host-specific AM fungi would
yield more pronounced success of black gum seedlings in
this area.

Overall, our results indicate that although seedlings vary
in their response to root access, AM seedling success in our
study area was strongly controlled by root competition re-
lease. While greater light availability and soil temperature
likely played a role in seedling success in the harvest gaps
(Coomes and Grubb 2000), the differences in seedling success
among root access treatment in both lower and higher light
conditions suggests that nutrient competition also restricts
growth even in this nutrient-rich, moist site (Berkowitz
et al. 1995). Previous ectomycorrhizal-focused studies have
found trenching to yield fewer fruiting bodies of mycorrhizal
fungi but prolific and vigorous seedling regeneration within
trenched areas (Romell 1938; Romell and Malmström 1945).
As trenching does not alter light, these patterns likely arose
from competition release for belowground resources such as
nutrients and water (Högberg and Högberg 2022). Our results
demonstrate that this pattern of higher seedling success via
belowground competition release can hold in AM-dominated
forests as well. Further research is necessary to determine
how the balance between nutrient and light competition may
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shift over time in both harvest types as the canopies close
and root densities increase. For example, as photosynthate
declines in seedlings following canopy gap closure, continued
allocation to mycorrhizal fungi may render the relationship
parasitic (Johnson et al. 1997).

But if root access restricts seedling success, how do
positive con-mycorrhizal feedbacks——amplification of one
mycorrhizal type over another through positive feedbacks——
drive AM dominance? At our site, AM seedlings have higher
survival in harvest gaps formerly occupied by AM trees than
in harvest gaps formerly occupied by ectomycorrhizal trees
(Fitch et al. in revision). While Averill et al. (2022) hypothe-
sized that common mycorrhizal networks were a main driver
of AM dominance, we found that AM seedling success was
in fact hampered when exposed to the roots and associated
hyphae of neighboring AM trees. One possibility is that the
rich, moist, soil of the Clement Woodlot intensified below-
ground competition (Berkowitz et al. 1995), and decreased
the trees’ needs for mycorrhizal symbionts (Johnson 1993).
It is also possible that a more diverse species assemblage
of AM overstory trees than our site had may have yielded
a more positive response to root access. However, it seems
more likely that another mechanism for AM dominance
was at play like N-cycle feedbacks in these rich soils. Future
research should investigate whether our results hold in a
more nutrient-limited site.

The increasing stress on temperate forests from climate
change and other disturbance regimes adds urgency to our
need to implement adaptive forest management that in-
creases tree species composition and structural complexity
(Wikle et al. 2024). Forest managers also must maintain cur-
rent species while also increasing the proportion of future-
adapted tree species through forest assisted migration (Palik
et al. 2022). However, we know little about how these prac-
tices affect mycorrhizal facilitation, root competition, and
their interaction to inform the success of desired seedlings.
Our research suggests that the three AM tree species are
responsive to canopy-opening methods of climate-adaptive
management like the harvest gaps and that one mechanism
by which these gaps promote seedling success is by reducing
root density. Particularly, we found competition release to fa-
cilitate the success of seedlings in areas in which they are
not normally adapted (i.e., cherries in shaded regions, sugar
maple in more open areas, and black gum outside their cur-
rent range) despite potentially less mycorrhizal facilitation.
Our results indicate that a range of AM seedlings may be suc-
cessful due to, not in spite of, the inherent belowground dis-
ruption of adaptive forest management.
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