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Abstract 
Aims  Climate change is expected to shift climatic 
envelopes of temperate tree species into boreal forests 
where unsuitable soils may limit range expansion. We 
studied several edaphic thresholds (mycorrhizae, soil 
chemistry) that can limit seedling establishment of 
two major temperate tree species, sugar maple (arbus-
cular mycorrhizal, AM) and American beech (ecto-
mycorrhizal, EM).
Methods  We integrate two field surveys of tree 
seedling density, mycorrhizal colonization, and soil 
chemistry in montane forests of the Adirondack 

and Green Mountains (Mtns) in the northeastern 
United States. We conducted correlation and linear 
breakpoint analyses to detect soil abiotic and biotic 
thresholds in seedling distributions across edaphic 
gradients.
Results  In the Green Mtns, sugar maple seedling 
importance (an index of species relative density and 
frequency, IV) declined sharply with low pH (< 3.74 
in mineral soil) and low mycorrhizal colonization 
(< 27.5% root length colonized). Sugar maple impor-
tance was highly correlated with multiple aspects 
of soil chemistry, while beech was somewhat sensi-
tive to pH only; beech mycorrhizal colonization did 
not differ across elevation. Mycorrhizal colonization 
of sugar maple was positively correlated with soil 
pH and conspecific overstory basal area. In the Adi-
rondacks, sugar maple importance, but not beech, 
plateaued above thresholds in soil calcium (~ 2 
meq/100 g) and magnesium (~ 0.3 meq/100 g).
Conclusions  The establishment of sugar maple, but 
not beech, was impeded by both biotic and abiotic 
soil components in montane conifer forests and by 
soil acidity in temperate deciduous forests. These dif-
ferences in species sensitivity to edaphic thresholds 
will likely affect species success and future shifts in 
forest composition.
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Introduction

Climate change is a foremost driver behind the 
documented shifts in species distributions on both 
regional and global scales (Pecl et  al. 2017). Even 
more substantial changes in species distributions 
are expected to occur over the next century as cli-
mate change accelerates (e.g., Prasad et  al. 2020). 
Tree species may be particularly susceptible to lags 
in migration given their slow growth, slow disper-
sal, and long lifespans; all of which can lead to slow 
population turnover and limited ability to adapt to a 
rapidly changing environment (Aitken et  al. 2008). 
While prevailing theory and some empirical evidence 
indicates that tree species track changing climate by 
shifting range limits to higher elevations and latitudes 
(e.g., Beckage et  al. 2008), some species have been 
observed to shift in unexpected directions; toward 
warmer climate (downslope or to lower latitudes) 
possibly due to past disturbance history and ongoing 
successional processes (Foster and D’Amato 2015; 
O’Sullivan et al. 2021; Tourville et al. 2022; Wason 
and Dovciak 2017). Other studies have revealed slow 
or delayed range shifts possibly due to other limiting 
factors, most notably soils and belowground biotic 
interactions (Alexander et  al. 2018; Brown and Vel-
lend 2014; Vellend et  al. 2021). However, despite 
numerous attempts to model and predict future tree 
species distributions in the context of climate change, 
few studies have included these edaphic abiotic or 
biotic variables (de Bueno et al. 2016).

Montane slopes in northeastern North America are 
dominated by deciduous temperate (northern hard-
wood) tree species at low elevations and coniferous 
spruce-fir tree communities at high elevations (e.g., 
Wason and Dovciak 2017). In addition to a well-
defined climatic gradient that covaries with elevation, 
soil texture and chemistry are also known to change 
across this gradient. Deeper, well-developed, rela-
tively nutrient-rich soils in northern hardwood forests 
at low elevation generally give way to rocky, shal-
low, acidic, and nutrient poor soils at high elevations 
(Collin et  al. 2017; Evans and Brown 2017). Sugar 
maple (Acer saccharum) and American beech (Fagus 
grandifolia), two ecologically important decidu-
ous tree species that co-dominate low elevations, 
might migrate upslope as climate warming acceler-
ates (Beckage et al. 2008; Urli et al. 2016). However, 
while sugar maple is generally more cold-tolerant 

than American beech, sugar maple is also known to 
be sensitive to low base cation concentrations typical 
of acidic soils (Bal et  al. 2015; Halman et  al. 2015) 
which could prevent upslope migration. Further, 
American beech has been shown to be more toler-
ant of acidic, base-poor soils (Sullivan et  al. 2013; 
Lawrence et al. 2018; Zarfos et al. 2019). Given this 
difference in acid-sensitivity, American beech could 
conceivably outcompete sugar maple at higher eleva-
tions. Further identification of soil chemistry thresh-
olds that limit seedling establishment of these two 
species is helpful for understanding potential soil 
chemical controls across a broader region.

Soil acidity in northeastern North America is not 
predictable solely by variation across elevational 
gradients, but also by differences in parent mate-
rial and anthropogenic acidification resulting from 
atmospheric nitrogen (N) and sulfur (S) deposition 
(Driscoll et  al. 2001). N and S deposition, though 
much reduced following the 1990 amendments to the 
Clean Air Act (Lawrence et  al. 2015), has acidified 
soils across the Northeast resulting in soil base cation 
depletion and mobilization of potentially toxic inor-
ganic aluminum. As the industrial sources of much 
of this pollution were located in the Midwest, acidic 
deposition loads generally decreased from west to 
east and north, such that Adirondack soils were more 
exposed to acidifying deposition than soils in Ver-
mont (Driscoll et al. 2001; Ollinger et al. 1993). Pre-
vious results in the Adirondacks have indicated that 
sugar maple recruitment is limited by soil acidifica-
tion in a threshold response to base cation depletion 
(Sullivan et al. 2013).

Mycorrhizal associations and their influence on 
natural tree range expansions have received little 
attention in the ecological literature (Lankau et  al. 
2015). It is well documented that mycorrhizal sym-
bioses are usually mutualistic and extremely wide-
spread in nature (Van Der Heijden and Horton 2009); 
plants benefit from increased soil nutrient uptake 
via colonization by mycorrhizal fungi in exchange 
for plant-derived photosynthates. Given their known 
prevalence and positive influence on plant growth, 
mycorrhizal importance in aiding tree species estab-
lishment during climate change induced range expan-
sions should be considered. Two dominant mycor-
rhizal types, arbuscular mycorrhizal fungi (AMF) 
and ectomycorrhizal fungi (EMF), are found in 
association with trees in northern hardwood forests 
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at low elevation, but EMF are the dominant coloniz-
ers of trees at high elevation spruce (Picea sp.) and 
fir (Abies sp.) (Evans and Brown 2017). Function-
ally, AMF and EMF also differ in resource acquisi-
tion strategies stemming from anatomical, physi-
ological, and habitat idiosyncrasies (Tedersoo et  al. 
2020). EMF is generally more efficient than AMF at 
acquiring various forms of nitrogen (N), and can pro-
vide ample protection from plant-toxic heavy metals 
and pathogens in soils at high latitudes and elevations 
(Harley and Smith 1983; Van Der Heijden and Horton 
2009; Tedersoo et  al. 2020). Given these functional 
differences, and possible issues around local dispersal 
limitation, it is generally thought that the paucity of 
AMF propagules in soils at high elevations, assumed 
from a lack of AMF plant hosts, could impede the 
colonization of sugar maple, an AMF obligate spe-
cies, but not American beech, a nominally EMF asso-
ciated species (Carteron et al. 2020; Chaudhary et al. 
2022; Tourville, unpublished data). However, to date, 
there has been no indication of the extent to which 
mycorrhizal root colonization is necessary to support 
seedling establishment beyond the existing ranges of 
these species.

The purpose of this analysis was to use plant and 
environmental survey data along elevation and puta-
tive soil acidity gradients in the northeastern United 
States to quantify soil biotic and abiotic thresholds 
beyond which the establishment of sugar maple and 
American beech seedlings is affected. We were par-
ticularly interested in (1) specific thresholds of myc-
orrhizal root length colonization and soil chemis-
try associated with seedling establishment (species 
importance values), and (2) comparison of threshold 
values between sugar maple and American beech 
which are colonized by different dominant mycorrhi-
zal types (AMF versus EMF). We also sought to (3) 
evaluate general correlations between different soil 
chemical variables, mycorrhizal colonization, eleva-
tion, and overstory basal area to speculate on their 
individual influence on seedling establishment.

Methods

Study area

Field sampling was conducted along edaphic gradi-
ents related to elevation on four of the Green Mtns 

in Vermont and at low elevations along a soil acid-
ity gradient in the Adirondack Mtns of New York 
(Fig. 1). The Green Mtns are characterized by strong 
zonation in forest communities. Temperate decidu-
ous northern hardwood forests dominated by sugar 
maple and American beech (and other AMF associ-
ated species, particularly other Acer species) occupy 
lower elevations, and spruce-fir forests dominated by 
balsam fir (Abies balsamea) and red spruce (Picea 
rubens) (both EMF associated species) occupy higher 
elevations. These forest communities are separated 
by a sharp ecotone around 800  m above sea level 
(asl) (Wason and Dovciak 2017). The Adirondack 
sites were established in temperate deciduous north-
ern hardwood forests analogous to the low elevation 
forests sampled in the Green Mtns. Though glacial 
till accounts for much of the soil parent material in 
the Northeast, the geologic sources of that till differ 
between the Adirondack and Green Mtns, the former 
being generally more base-poor and acidic than the 
latter (Baker et al. 1990; Siccama 1974).

The northern region of New York and New Eng-
land is comprised of diverse forests with the broad-
leaf temperate forest biome to the south and the 
boreal conifer forest to the north and in the highest 
elevations (Janowiak et al. 2018). The region is offi-
cially situated in the Adirondack-New England high-
lands; and is characterized by highly variable terrain 
(generally ranging from 150 to 1,220  m asl, rocky 
Spodosol soils, a continental forest climate with 
warm summers and cold snowy winters (mean annual 
temperatures between 3 and 11˚C; mean length of 
the frost-free period ~ 100 days; mean annual snow-
fall > 2,550  mm), and evenly distributed precipita-
tion across the year (annual mean precipitation of 
890 mm, Albany, New York; Janowiak et al. 2018).

Soil and vegetation sampling – Green Mtns

Overstory and understory vegetation, soil chemis-
try, and seedling mycorrhizal status were assessed 
at 5–6 sites at intervals of 100  m elevation (from 
500 to 1,000 m asl) on each of the four study moun-
tains. Sites at each elevation were previously estab-
lished and surveyed as described in Wason and 
Dovciak (2017) and Tourville et  al. (2022). Briefly, 
we surveyed tree seedlings (juvenile woody tree spe-
cies < 0.5 m in height) on understory vegetation plots 
(1 × 1  m) placed systematically at each elevation 
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along 225 m transects along contour lines; 15 of these 
plots were established along each transect at 15  m 
intervals. We counted the number of seedlings per 
plot (by species). We subsampled up to 3 tree seed-
lings (< 0.5 m in height) per elevation and mountain 
of both sugar maple and American beech for quan-
tifying mycorrhizal colonization (see below). Over-
story trees were surveyed using the point-center-quar-
ter method at each elevation using transect vegetation 
plots as sampling points (Wason and Dovciak 2017), 
which allowed for the quantification of basal area 
partitioned between AMF and EMF associated trees 
(see Brundrett and Tedersoo 2020). Adult trees were 
defined as individuals > 10  cm diameter at breast 
height (DBH).

To assess soil chemistry across gradients of eleva-
tion, a total of 30 soil cores (5 cm diameter × 15 cm 
depth) were extracted from each mountain in the fall 
of 2019 (see Tourville et  al. 2022 for site and sam-
pling details). Five cores per elevation were mixed 
to form a composite sample ultimately yielding 6 

soil samples per elevation (5–6 elevations × 4 moun-
tains = 130 samples total). All soil cores were pro-
cessed to separate the mineral upper B horizon from 
other soil horizons and any organic (leaf litter) mate-
rial, and sieved using a 2  mm sieve to remove the 
coarse soil fraction. Sieved upper B horizon soils 
were processed to quantify soil pH via electrometric 
methods, and soil organic matter (SOM) was deter-
mined via the loss on ignition procedure in the Soil 
Analysis Laboratory at SUNY-ESF following Carter 
and Gregorich (2007). Additionally, soil subsam-
ples from each elevation were sent to the University 
of Vermont Agricultural and Environmental Testing 
Lab to analyze for effective cation exchange capac-
ity (ECEC, sum of exchangeable base cations plus 
exchangeable acidity), base cation concentrations 
(Ca, Mg, K, Na), and metal concentrations (Al) using 
a modified Morgan procedure (McIntosh 1969).

Mycorrhizal colonization was estimated from 
stored seedling roots (preserved in 70% ethanol) 
collected during the field surveys (see above) using 

Fig. 1   Map indicating survey locations in the Adirondack 
Mtns (orange points; 20 watersheds with 2–3 plots each) of 
New York State (n = 50), and Green Mtns (green points; 5–6 
sites per each of the four study mountain) of Vermont (n = 22). 

Darker shading indicates higher elevations. Note that some 
points for both the Adirondacks and the Green Mtns are close 
together and overlap in this map
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staining and light microscopy methods. Specifically, 
root samples were cleared using a 10% KOH solu-
tion via a 30-min autoclave liquid cycle, stained with 
Chlorazol Black E in another 30-min liquid autoclave 
cycle, and stored in a 50% glycerin solution. The grid-
line intercept method was used to estimate AMF col-
onization, defined as the percent total examined root 
length with mycorrhizal structures present; structures 
that include arbuscules, vesicles, coils, and hyphae, as 
described in McGonigle et  al. (1990) and Brundrett 
et  al. (1996). We also noted any dark-septate endo-
phytes (DSE), and other unknown endophytes pre-
sent in seedling roots (see Supplemental Table  S1). 
A simplified gridline intercept procedure was used to 
estimate EMF colonization (defined as % of examined 
root tips with a fungal sheath present) for unstained 
fungi (Brundrett et al. 1996).

Soil and vegetation sampling – Adirondack Mtns

Overstory and understory vegetation and soil chem-
istry were assessed at two to three plots (50 total) in 
20 watersheds selected to capture a gradient of soil 
acidity across the western Adirondacks. Sites were 
previously established and surveyed as described in 
Sullivan et al. (2013) and Zarfos et al. (2019). Briefly, 
during the summers of 2009 and 2015 we counted 
each species of seedling encountered within five sub-
plots (1 × 1 m), spaced 10 m apart along the midline 
of each 20 × 50 m plot. We defined seedlings as any 
species of tree > 5 cm tall and < 1 cm DBH. In 2009, 
we recorded the DBH of all trees in each plot with a 
DBH > 10 cm.

Soil sampling was carried out in 2009 by the U.S. 
Geological Survey (USGS), USDA Forest Service, 
and E&S Environmental Chemistry. We used soil 
data gathered from the upper 10 cm of the B horizon 
at each plot to enable comparison with results derived 
from this horizon in Sullivan et al. (2013). All chemi-
cal analyses were done in the U.S. Geological Survey 
(USGS) New York Water Science Center Soil and 
Low-Ionic Strength Water Quality Laboratory (see 
Lawrence et  al. 2020 for soil data and also Sullivan 
et  al. 2013 for the details of soil-chemical analysis 
methods). Full documentation of analysis methods 
and all data are available in Lawrence et  al. (2020). 
ECEC was calculated as the sum of exchangeable 
base cations (K, Na, Ca, and Mg) plus exchangeable 
acidity.

Statistical analysis

Seedling relative frequency and relative density were 
averaged across plots to calculate a species impor-
tance value (IV) (index ranging from zero to one) for 
each elevation (site) on each mountain in the Green 
Mtns (n = 22) and for each plot in the Adirondack 
Mtns (n = 50). Raw soil chemical and mycorrhizal 
colonization data were also averaged for each eleva-
tion and mountain (Green Mtns) or for each plot and 
watershed (Adirondack Mtns). A Spearman rank cor-
relation analysis was conducted first to assess cor-
relation estimates and significance (alpha = 0.05) 
between species importance and soil abiotic and 
biotic variables, elevation, and conspecific overstory 
basal area. In addition, generalized linear (GLM) 
breakpoint analyses were conducted using the “seg-
mented” package in R (Muggeo 2008) to identity 
variable values beyond which species importance 
rapidly declined to zero or reached a plateau (using 
a binomial distribution). Only variables with signifi-
cant correlations with species importance for either 
species were included in the breakpoint analyses. To 
assess the validity of estimated breakpoints, model 
Akaike Information Criterion (AIC) values were 
calculated for both segmented models and general-
ized linear models (the latter served as a null model) 
for each bivariate comparison (using the R package 
“lme4”). Breakpoints were considered meaningful 
if the segmented models performed better than their 
corresponding generalized linear models (> 2 ∆AIC). 
GLM diagnostic plots (plots of jackknife deviance 
residuals against linear predictor, qq-plots, plots of 
approximate Cook statistics against leverage, and 
case plots of Cook statistics) were examined using 
the “boot” package in R. Lastly, both mean AMF 
and EMF root length colonization for each elevation, 
combined across all study mountains (Green Mtns), 
were plotted with mean basal area of total AMF or 
EMF associated trees. All analyses were conducted 
using the R statistical programming language (R 
Development Core Team 2022).

Results

The root length colonized by AMF of naturally occur-
ring sugar maple seedlings decreased below 20% 
above 800  m asl, just above the temperate-boreal 
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ecotone in the Green Mtns (Fig.  2, panel A). AMF 
colonization declined with the basal area of AMF 
associated tree species as elevation increased (Fig. 2, 
panel A; also see Supplemental Table S1). EMF root 
length colonization of American beech seedlings 
remained between 40 and 50% along the elevation 
gradient, even as EMF associated basal area increased 
with elevation (Fig. 2, panel B).

In the Green Mtns, sugar maple species impor-
tance was significantly positively correlated with 
AMF colonization, soil pH, sugar maple overstory 
basal area, and base cation concentrations including 

Ca and Mg (Table 1, Supplemental Fig. S1). Sugar 
maple importance value was significantly nega-
tively correlated with elevation and SOM. Similarly, 
American beech importance value was significantly 
negatively correlated with elevation and SOM while 
positively correlated with soil pH and overstory 
basal area of both sugar maple and beech, although 
these relationships were weaker than for sugar 
maple (see Fig.  3 for relationships with pH). As 
expected, there was a negative relationship between 
elevation and most soil biotic and abiotic variables. 
EMF colonization was not correlated with any soil 
chemical variable with the exception of a positive 
relationship with Mg. Elevation was negatively cor-
related with soil pH, ECEC, base cation concentra-
tions, and AMF colonization while positively cor-
related with SOM (Table 1).

In the Adirondacks, sugar maple importance was 
significantly positively correlated with pH (as with 
the Green Mtns), sugar maple overstory basal area, 
and base cation concentrations including Ca and 
Mg (Table  2, Supplemental Fig.  S2) and was sig-
nificantly negatively correlated with Al concentra-
tions. American beech importance was only signifi-
cantly positively correlated with its overstory basal 
area and had a weak negative correlation with soil 
Ca (Table 2).

Bivariate breakpoint analyses revealed that 
sugar maple seedling importance in the Green Mtns 
declined to zero around a root length coloniza-
tion < 27.5%, a pH < 3.74, a SOM > 21.2%, and pla-
teaued around 0.7 at Ca concentrations of < 26.1 
meq/100  g, although sugar maple importance also 
declined to 0 below ~ 5.0 meq/100 g (Table 3; Fig. 4). 
Breakpoints could not be resolved for elevation (lin-
ear relationship). American beech importance was 
insensitive to biotic and abiotic soil variables and 
only declined to zero as a linear function of eleva-
tion (> 700 m asl) and hardwood overstory basal area. 
For the Adirondacks, sugar maple seedling impor-
tance plateaued around 0.8 for values of Ca above 
2.09 meq/100 g and values of Mg > 0.35 meq/100 g 
(from 2015 data, Table 3; Fig. 4). Species importance 
declined to 0 at higher concentrations of Al > 3.51 
meq/100 g although the segmented regression did not 
perform better than a generalized linear model (see 
Supplemental Table S2). While sugar maple was neg-
atively correlated with SOM up to the 21.2% break-
point in the Green Mtns (where SOM exceeded 50%), 

Fig. 2   Mycorrhizal (arbuscular mycorrhizal fungi, AMF or 
ectomycorrhizal fungi, EMF) root length colonized (%) of 
sugar maple (A) and American beech (B) seedlings for each 
elevation surveyed averaged across the study mountains in the 
Green Mtns (filled points; ± 1 SE indicated by the whiskers) 
on the left axis compared with averaged plot overstory basal 
area (m2/ha, partitioned between AMF and EMF associated 
trees) on right axis (with ± 1 SE whiskers). AMF colonization 
for sugar maple is displayed in the top plot while EMF coloni-
zation of American beech is displayed in the bottom plot
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this relationship was flat in the Adirondacks, where 
SOM did not exceed 26%.

Discussion

Patterns and role of soil abiotic environment

Our results indicate that sugar maple seedlings are 
much more sensitive to acidic soils than Ameri-
can beech, which may lead to beech becoming more 
dominant in hardwood forests expanding to higher 
elevations on montane slopes, where soils tend to be 
more acidic than lower elevations. We find that sugar 
maple importance value is particularly sensitive to 
low soil pH and low base cation concentrations, cor-
roborating previous work and theory focused around 
this species (Bal et  al. 2015; Lawrence et  al. 2015; 

Sullivan et al. 2013, see Fig. 3). This apparent differ-
ence in soil-chemical niche space is also supported 
by more recent work in the region and may have sig-
nificant consequences for future forest composition 
both within the northern hardwood forest biome and 
at higher elevations where range expansions of these 
species may occur (Carteron et  al. 2020; Cleavitt 
et  al. 2011). Recent work investigating factors that 
control seedling distributions indicates that both cli-
mate and soils are significant drivers (Tourville et al. 
2022). Assuming climate becomes favorable for both 
sugar maple and American beech within the boreal 
forest at high elevations, acidic soils with low base 
cation saturation may impede sugar maple seedlings 
but allow for the establishment of acid-tolerant beech 
seedlings and possibly other less abundant species 
such as red maple (Acer rubrum), striped maple (Acer 
pensylvanicum), mountain maple (Acer spicatum), 
and birch species (Betula sp.) (Tourville et al. 2022). 
While not addressed through this study, given previ-
ous research that has indicated that beech saplings are 
generally absent in drier sites, the high soil moisture 
content of mesic and high elevation forests (which 
will remain so with greater future precipitation) will 
not likely give sugar maple or beech an advantage 
over one another (Arii and Lechowicz 2002).

Given the observed ability of American beech 
(via advanced seedling recruitment and vegetative 
sprouting) to compete with and suppress sugar maple 
seedlings (Hane 2003; Nyland et al. 2006), especially 
given the increase of sapling basal area and stem den-
sity largely as a result of beech bark disease (Giencke 
et  al. 2014), the establishment of beech at higher 
elevations may further hinder upslope sugar maple 
migration (cf. Cleavitt et  al. 2018, 2022). While 
somewhat speculative, it is possible that the observed 
increase of American beech basal area and upslope 
establishment throughout the Northeast relative to 
sugar maple (Bose et  al. 2017; Wason and Dovciak 
2017; but see Tourville et  al. 2022) may be in part 
due to historical soil acidification across the region 
due to acidifying deposition; however, this anthropo-
genic influence was not evenly distributed across the 
region (cf. Ollinger et al. 1993). However, we should 
add that while we were largely able to distinguish 
between beech vegetative sprouts and independent 
seedlings in our study, it is possible that the perceived 
tolerance of beech to acidity is partly a result of 
access to parental resources by beech sprouts.

Fig. 3   Bivariate relationships between sugar maple (a) species 
importance value (IV) and American beech (b) species impor-
tance value (IV) and pH in the Green Mtns. Relationships are 
fitted with a linear model (p-values and R2 reported in figure)
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Seedling threshold responses to soil abiotic 
environment

Our breakpoint analysis highlighted three catego-
ries of species response to abiotic gradients: linear, 
thresholds beyond which a species was absent, and 
thresholds beyond which the species response pla-
teaued at a non-zero value. Plateaus indicate that 
the predictor (or its close correlates) reaches a level 
at which additions no longer produce a benefit to the 

species, perhaps loosely reflecting Liebig’s Law of 
the Minimum (cf., Rubio et  al. 2003). For example, 
this was the case for sugar maple’s relationship with 
Mg and Ca in the Adirondacks, but not with pH – a 
close chemical correlate. Sugar maple had a strong, 
positive, linear association with pH in another study 
within the region, reflecting a potential for nutrient 
colimitation (Mg and Ca; cf., Vadeboncoeur 2010). 
The Green Mtns provided the only examples of 
thresholds beyond which a species was always absent. 

Table 2   Spearman rank correlation matrix of all soil chemical 
variables, overstory basal area (BA) of sugar maple (SM BA) 
and American beech (AB BA, m2/ha), and species importance 

value (IV, %) of sugar maple (SM IV) and American beech 
(AB IV) from the Adirondack Mtns for both 2009 and 2015

Soil chemical variables include pH, SOM (soil organic matter, %), ECEC (effective cation exchange capacity, meq/100  g), Mg 
(soil magnesium concentration, meq/100  g), Ca (soil calcium concentration, meq/100  g), and Al (soil aluminum concentration, 
meq/100 g). Statistically significant correlations (alpha = 0.05) are in bold font

Elevation pH SOM ECEC Mg Ca Al SM BA AB BA

pH −0.07
SOM 0.08 −0.25
ECEC 0.16 −0.31 0.64
Mg 0.40 0.01 0.20 0.42
Ca 0.40 0.31 0.10 0.29 0.8
Al 0.02 −0.61 0.72 0.53 −0.10 −0.22
SM BA 0.05 0.52 −0.55 −0.38 0.20 0.42 −0.61
AB BA 0.28 −0.41 0.33 0.36 0.14 0.01 0.37 −0.36
2009 SM IV 0.37 0.43 −0.15 −0.02 0.58 0.73 −0.41 0.73 −0.09
2015 SM IV 0.35 0.34 0.05 0.10 0.48 0.65 −0.15 0.50 0
2009 AB IV 0.05 −0.02 0.06 0.01 −0.10 −0.11 0.16 −0.14 0.59
2015 AB IV 0.10 −0.11 0.15 −0.01 −0.26 −0.35 0.23 −0.27 0.39

Table 3   Threshold values beyond which species importance value (IV) rapidly declines to zero, or reaches a plateau as revealed via 
linear breakpoint analysis (± SE)

Only significant correlations between IV for either tree species and elevation, mycorrhizal colonization, or soil chemical variables 
were included in breakpoint analyses. Variables for which no breakpoints were resolved or where linear breakpoint models did not 
improve model fit over generalized linear models as determined by ∆AIC (< 2) are also not shown. AIC = Akaike Information Crite-
rion; SOM = soil organic matter

Breakpoint variable Study area Year data 
collected

Species IV to 0 or Plateau Value (± SE) ∆AIC

Root Length Colonized (%) Green Mtns 2019 Sugar maple 0 < 27.5 ± 4.62 2.42
pH Green Mtns 2019 Sugar maple 0 < 3.74 ± 0.19 4.30
SOM (%) Green Mtns 2019 Sugar maple 0 > 21.2 ± 4.42 4.16
[Ca] (meq/100 g) Green Mtns 2019 Sugar maple Plateau > 26.1 ± 1.87 2.65
[Ca] (meq/100 g) Adirondacks 2009 Sugar maple Plateau > 1.44 ± 0.26 13.26
[Ca] (meq/100 g) Adirondacks 2015 Sugar maple Plateau > 2.09 ± 0.69 8.12
[Mg] (meq/100 g) Adirondacks 2009 Sugar maple Plateau > 0.24 ± 0.09 5.28
[Mg] (meq/100 g) Adirondacks 2015 Sugar maple Plateau > 0.35 ± 0.12 4.57
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This reflects the study design, wherein samples cap-
tured the full transition in community composition 
from northern hardwood to spruce-fir.

Another notable difference between results from 
the Adirondacks and those from the Green Mtns were 
the relationships observed among elevation, SOM, 

ECEC, and pH. In the Green Mtns, SOM increased 
with elevation, where colder conditions slow decom-
position, similar to findings in the unglaciated Great 
Smoky Mountains (Garten et  al. 1999; Tewksbury 
and Van Miegroet 2007), and in New York’s Catskills 
(Lawrence et  al. 2000). In the Adirondacks, SOM 

Fig. 4   Results of generalized linear breakpoint analyses of 
sugar maple (SM) seedling species importance value, in the 
Green Mtns and Adirondack Mtns relative to soil chemical and 
environmental variables (only significant relationships shown, 
panels A-F). Points (+) indicate raw data; shading represents 
95% confidence intervals. The solid lines in A-D display data 
derived from 2019. The vertical dotted line represents the esti-

mation of the breakpoint (change between slopes of the two 
linear segments – see Supplemental Table  S2 for diagnostics 
of segmented fits). For Adirondack Ca and Mg comparisons, 
the solid lines display data derived from 2009 (with blue verti-
cal dashed line) and the dashed lines show 2015 data (with red 
vertical dashed line)
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was weakly related to overstory species composi-
tion, possibly reflecting differences in decomposition 
rate between beech and sugar maple litter (Melillo 
et  al. 1982). As with surveys in the Catskill Moun-
tains to the south (Johnson et al. 2000), SOM in the 
Adirondacks appeared to be an important component 
of ECEC (SOM was ECEC’s strongest potentially 
explanatory predictor). In the Green Mtns, where 
SOM was unrelated to ECEC, but was negatively 
correlated with pH, it is possible that organic matter 
accumulation at high elevations has contributed to 
soil acidification.

Patterns and role of mycorrhizal associations

Mycorrhizal colonization of tree seedling roots also 
seems to play an important role in seedling establish-
ment across our elevation gradients. It has previously 
been indicated that AMF propagules are not present 
in sufficient abundance within the boreal forest to 
support beneficial colonization of expanding sugar 
maple (Carteron et  al. 2020). Indeed, AMF associ-
ated tree basal area (represented solely by Sorbus sp. 
at high elevations) is extremely low at high elevations 
generally dominated by EMF associated trees like 
red spruce, balsam fir, and cordate birch (Betula cor-
difolia). Although this indicates low diversity of tree 
AMF hosts at high elevation, AMF colonization of 
understory herbaceous plants does occur. Our analy-
sis revealed a steep decline in AMF root length colo-
nization beyond the temperate-boreal ecotone, coinci-
dent with a sharp decline in sugar maple importance 
value. While we cannot fully decouple the decline in 
sugar maple importance at high elevations from the 
effects of climate and soil chemistry (but see Tour-
ville et al. 2022), recent manipulative seedling growth 
experiments along regional elevation gradients done 
both in a greenhouse and in a field setting indicates a 
central role of mycorrhizal colonization in potentially 
controlling sugar maple establishment in the boreal 
forests considered in our study (Carteron et al. 2020; 
Tourville, unpublished data).

While mycorrhizal colonization of sugar maple 
roots was much reduced in boreal forests relative 
to northern hardwoods, it remained non-zero. Our 
study identified a threshold value of colonization 
(~ 30%) below which sugar maple importance value 
rapidly declined to zero. Importantly, colonization 
is not only a function of inoculum availability, but a 

response to resource availability modulated by func-
tional differences between AMF and EMF species 
(Tedersoo et al. 2020). However, we posit that avail-
ability of inoculum was more relevant for coloniza-
tion rates in this study. For AMF which specializes 
in phosphorus (P) acquisition, concentrations of P 
were not low (compared to lower elevations) at high 
elevations sites in the Green Mtns (see Supplemental 
Fig. S3). For EMF which efficiently harvest nitrogen 
(N), high N deposition at high elevations, known to 
occur in the northeastern United States, did not sig-
nificantly reduce EMF colonization of beech (Miller 
et  al. 1993). While the lack of colonization inten-
sity itself likely impedes successful establishment of 
sugar maple in boreal forests, it is also possible that a 
less beneficial AMF community (i.e., fungal species 
that exchange a relatively smaller amount of critical 
nutrients than other species) is dominant in higher 
elevation spruce-fir forests compared to lower eleva-
tion hardwoods forests. Species turnover and declin-
ing fungal richness at higher elevations and latitudes 
has been noted across other such gradients across the 
globe and this could be at play in our system (Kivlin 
et al. 2017; Urcelay et al. 2019; De Bellis et al. 2022). 
It is also possible that environmental changes spurred 
in part by climate change could also shift fungal 
community composition to favor fungal species bet-
ter suited to function under an altered climate, which 
in turn could have unpredicted effects on plant host 
performance (Kivlin 2020). In contrast, EMF coloni-
zation of beech remained consistent across the eleva-
tion gradient in our study, even though EMF species 
turnover may also have occurred (Kivlin et al. 2017), 
which would indicate that beech can partner with a 
variety of generalist fungal species. Given the lack 
of consistent strong correlations between American 
beech species importance and soil abiotic or biotic 
variables, limitation of American beech seeding 
establishment at high elevation may be more con-
trolled by climate or other biotic interactions.

Conclusions

Despite numerous efforts to forecast changes in 
future tree species distributions under climate 
change, models often lack crucial information on 
the edaphic factors or biotic interactions that can 
dramatically alter the realized niche of a species. 
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Based on data collected along well-defined eleva-
tion and soil acidity gradients, we have quanti-
fied specific soil abiotic and biotic thresholds that 
can limit the establishment of sugar maple that do 
not appear to be relevant for American beech. The 
threshold values reported here could be used to con-
tinue and expand studies of the fundamental limita-
tions of sugar maple seedling establishment beyond 
its current realized niche. Furthermore, our work 
highlights the importance of considering informa-
tion related to plant associations with mycorrhizal 
fungi when forecasting distributional shifts of tree 
species. Ultimately, we hope that our results can 
contribute to the development of more sophisticated 
species distribution models that can be used to eval-
uate tree community shifts and inform the conser-
vation and management of forest ecosystems in a 
changing world.

Acknowledgements  Green Mountain research was supported 
partly by the US National Science Foundation award to Mar-
tin Dovciak (NSF award # 1759724) and partly by a Botanical 
Society of America Graduate Student Research Award, a New 
York Flora Association Research Award, and the Lowe-Wilcox 
Award from SUNY-ESF to Jordon Tourville. We thank Hailey 
Lynch, Heather Zimba, Ben VanderStouw, and Adam Bus-
man for their help with data collection; local, state, and federal 
organizations located in Vermont for providing research per-
mits, access to sites, and logistic support; and the Forest Ecol-
ogy Monitoring Cooperative and the Green Mountain Club for 
providing site access and logistic support. We thank the Adair 
lab, Marie English, and the Aiken Forestry Sciences Labora-
tory at the University of Vermont for support and facilities for 
all mycorrhizal lab work. Adirondack research was funded by 
grants from the New York State Energy Research and Devel-
opment Authority (NYSERDA), under the direction of Greg 
Lampman, to E&S Environmental Chemistry, Inc. (with a 
subaward to SUNY-ESF). We acknowledge the New York 
State Department of Environmental Conservation for permits 
for fieldwork in the Adirondack Park. The Adirondack Ecologi-
cal Center in Newcomb and Ranger School in Wanakena (both 
SUNY-ESF) provided field housing and logistical support. Jay 
Wason, Tim Callahan, Charlotte Ruth Levy, M. Brand and M. 
Leopold helped with field work, and Mariano Arias helped 
with data entry. We thank the Dovciak plant ecology lab mem-
bers for useful and critical feedback. Any use of trade, firm, or 
product names is for descriptive purposes only and does not 
imply endorsement by the U.S. Government.

Author contributions  All authors contributed to the initial 
study conception and design. Material preparation, data col-
lection and analysis were performed by Jordon Tourville and 
Michael Zarfos. The first draft of the manuscript was written 
by Jordon Tourville and all authors commented on previous 
versions of the manuscript. All authors read and approved the 
final manuscript.

Funding  Green Mountain research was supported partly by 
the U.S. National Science Foundation award to Martin Dovciak 
(NSF award # 1759724) and partly by a Botanical Society of 
America Graduate Student Research Award, a New York Flora 
Association Research Award, and the Lowe-Wilcox Award 
from SUNY-ESF to Jordon Tourville. Adirondack research was 
funded by grants from the New York State Energy Research 
and Development Authority (NYSERDA), under the direction 
of Greg Lampman, to E&S Environmental Chemistry, Inc. 
(with a subaward to SUNY-ESF).

Data availability  The datasets generated during and/or ana-
lyzed during the current study are available for download in 
Springer Nature figshare repository.

Declarations 

Competing interests  The authors have no relevant financial 
or non-financial interests to disclose.

References

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane 
S (2008) Adaptation, migration or extirpation: climate 
change outcomes for tree populations. Evol Appl 1(1):95–
111. https://​doi.​org/​10.​1111/j.​1752-​4571.​2007.​00013.x

Alexander JM, Chalmandrier L, Lenoir J, Burgess TI, Essl F, 
Haider S, Kueffer C, McDougall K, Milbau A, Nuñez 
MA, Pauchard A, Rabitsch W, Rew LJ, Sanders NJ, Pellis-
sier L (2018) Lags in the response of mountain plant com-
munities to climate change. Glob Change Biol 24(2):563–
579. https://​doi.​org/​10.​1111/​gcb.​13976

Arii K, Lechowicz MJ (2002) The influence of overstory trees 
and abiotic factors on the sapling community in an old-
growth fagus-acer forest. Ecoscience 9(3):386–396

Baker JP, Gherini SA, Christiansen SW, Munson RK, Driscoll 
CT, Gallagher J, Newton RM, Reckhow KH, Schofield 
CL (1990) Adirondack lakes survey: An interpretive anal-
ysis of fish communities and water chemistry, 1984–1987. 
https://​doi.​org/​10.​2172/​61736​89

Bal TL, Storer AJ, Jurgensen MF, Doskey PV, Amacher MC 
(2015) Nutrient stress predisposes and contributes to 
sugar maple dieback across its northern range: a review. 
Forestry 88(1):64–83. https://​doi.​org/​10.​1093/​fores​try/​
cpu051

Beckage B, Osborne B, Gavin DG, Pucko C, Siccama T, Per-
kins T (2008) A rapid upward shift of a forest ecotone 
during 40 years of warming in the green mountains of 
Vermont. Proc Natl Acad Sci USA 105(11):4197–4202. 
https://​doi.​org/​10.​1073/​pnas.​07089​21105

Bose AK, Weiskittel A, Wagner RG (2017) A three dec-
ade assessment of climate-associated changes in forest 
composition across the north-eastern USA. J Appl Ecol 
54(6):1592–1604. https://​doi.​org/​10.​1111/​1365-​2664.​
12917

Brown CD, Vellend M (2014) Non-climatic constraints on 
upper elevational plant range expansion under climate 

https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/gcb.13976
https://doi.org/10.2172/6173689
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1073/pnas.0708921105
https://doi.org/10.1111/1365-2664.12917
https://doi.org/10.1111/1365-2664.12917


Plant Soil	

1 3
Vol.: (0123456789)

change. Proc Royal Soc B: Biol Sci 281(1794):20141779. 
https://​doi.​org/​10.​1098/​rspb.​2014.​1779

Brundrett MC, Tedersoo L (2020) Resolving the mycorrhizal 
status of important northern hemisphere trees. Plant Soil 
454:3–34

Brundrett M, Bougher N, Dell B, Grove T, Malajczuk N (1996) 
Working with mycorrhizas in forestry and agriculture, 
vol 32. Australian Centre for International Agricultural 
Research, Canberra, p 374

Carter MR, Gregorich EG (2007) Soil sampling and methods 
of analysis. CRC Press, Boca Raton

Carteron A, Parasquive V, Blanchard F, Guilbeault-Mayers X, 
Turner BL, Vellend M, Laliberté E (2020) Soil abiotic and 
biotic properties constrain the establishment of a domi-
nant temperate tree into boreal forests. J Ecol 108(3):931–
944. https://​doi.​org/​10.​1111/​1365-​2745.​13326

Chaudhary VB, Holland EP, Charman-Anderson S, Guzman 
A, Bell-Dereske L, Cheeke TE, Corrales A, Duchicela J, 
Egan C, Gupta MM, Hannula SE, Hestrin R, Hoosein S, 
Kumar A, Mhretu G, Neuenkamp L, Soti P, Xie Y, Hel-
gason T (2022) What are mycorrhizal traits?. Trends Ecol 
Evol 37(7):573–581

Cleavitt NL, Battles JJ, Johnson CE, Fahey TJ (2018) Long-
term decline of sugar maple following forest harvest, 
Hubbard Brook Experimental Forest, New Hampshire. 
Can J For Res 48(1):23–31. https://​doi.​org/​10.​1139/​
cjfr-​2017-​0233

Cleavitt NL, Fahey TJ, Battles JJ (2011) Regeneration ecol-
ogy of sugar maple (Acer saccharum): seedling survival 
in relation to nutrition, site factors, and damage by insects 
and pathogens. Can J For Res 41(2):235–244. https://​doi.​
org/​10.​1139/​X10-​210

Cleavitt NL, Montague MS, Battles JJ, Box OF, Matthes JH, 
Fahey TJ (2022) Enemy release from beech bark disease 
coincides with upslope shift of american beech. Can J For 
Res 52(9):1224–1233

Collin A, Messier C, Bélanger N (2017) Conifer presence may 
negatively affect sugar maple’s ability to migrate into 
the boreal forest through reduced foliar nutritional sta-
tus. Ecosystems 20(4):701–716. https://​doi.​org/​10.​1007/​
s10021-​016-​0045-4

De Bellis T, Laforest-Lapointe I, Solarik KA, Gravel D, Kem-
bel SW (2022) Regional variation drives differences 
in microbial communities associated with sugar maple 
across a latitudinal range. Ecology 103(8):e3727

de Bueno CP, King AJ, Schmidt SK, Farrer EC, Suding KN 
(2016) Incorporating biotic factors in species distribution 
modeling: are interactions with soil microbes important? 
Ecography 39(10):970–980. https://​doi.​org/​10.​1111/​ecog.​
01797

Driscoll CT, Lawrence GB, Bulger AJ, Butler TJ, Cronan CS, 
Eagar C, Lambert KF, Likens GE, Stoddard JL, Weathers 
KC (2001) Acidic deposition in the northeastern United 
States: sources and inputs, ecosystem effects, and manage-
ment strategies. Bioscience 51(3):180–198. https://​doi.​
org/​10.​1641/​0006-​3568

Evans P, Brown CD (2017) The boreal-temperate forest eco-
tone response to climate change. Environ Reviews 
25(4):423–431. https://​doi.​org/​10.​1139/​er-​2017-​0009

Foster JR, D’Amato AW (2015) Montane forest ecotones 
moved downslope in northeastern USA in spite of 

warming between 1984 and 2011. Glob Change Biol 
21(12):4497–4507. https://​doi.​org/​10.​1111/​gcb.​13046

Garten CT, Post WM, Hanson PJ, Cooper LW (1999) Forest 
soil carbon inventories and dynamics along an elevation 
gradient in the southern Appalachian Mountains. Bio-
geochemistry 45(2):115–145. https://​doi.​org/​10.​1023/A:​
10061​21511​680

Giencke LM, Dovčiak M, Mountrakis G, Cale JA, Mitch-
ell MJ (2014) Beech bark disease: spatial patterns of 
thicket formation and disease spread in an aftermath 
forest in the northeastern United States. Can J For Res 
44(9):1042–1050

Halman JM, Schaberg PG, Hawley GJ, Hansen CF, Fahey TJ 
(2015) Differential impacts of calcium and aluminum 
treatments on sugar maple and American beech growth 
dynamics. Can J For Res 45(1):52–59

Hane EN (2003) Indirect effects of beech bark disease on sugar 
maple seedling survival. Can J For Res 33:807–813. 
https://​doi.​org/​10.​1139/​x03-​008

Harley JL, Smith SE (1983) Mycorrhizal symbiosis. Academic 
Press, London, p 483

Janowiak MK, D’Amato AW, Swanston CW, Iverson L, 
Thompson FR, Dijak WD, Matthews S, Peters MP, Prasad 
A, Fraser JS, Brandt LA, Butler-Leopold P, Handler SD, 
Shannon PD, Burbank D, Campbell J, Cogbill C, Duve-
neck MJ, Emery MR, Templer PH (2018) New England 
and Northern New York Forest Ecosystem Vulnerability 
Assessment and Synthesis: A Report from the New Eng-
land Climate Change Response Framework Project. Janu-
ary, 234

Johnson CE, Ruiz-Méndez JJ, Lawrence GB (2000) Forest soil 
chemistry and terrain attributes in a Catskills watershed. 
Soil Sci Soc Am J 64(5):1804–1814. https://​doi.​org/​10.​
2136/​sssaj​2000.​64518​04x

Kivlin SN (2020) Global mycorrhizal fungal range sizes vary 
within and among mycorrhizal guilds but are not corre-
lated with dispersal traits. J Biogeogr 47(9):1994–2001

Kivlin SN, Lynn JS, Kazenel MR, Beals KK, Rudgers JA 
(2017) Biogeography of plant-associated fungal symbi-
onts in mountain ecosystems: a meta-analysis. Divers Dis-
trib 23(9):1067–1077. https://​doi.​org/​10.​1111/​ddi.​12595

Lankau RA, Zhu K, Ordonez A (2015) Mycorrhizal strate-
gies of tree species correlate with trailing range edge 
responses to current and past climate change. Ecology 
96(6):1451–1458

Lawrence GB, Antidormi MR, McDonnell TC, Sullivan TJ, 
Bailey SW (2020) Adirondack New York soil chemistry 
data, 1997–2017: U.S. Geological Survey data release 
(ver. 1.1, December 2020 [Data set.]). US Geologic Sur-
vey, New York Water Science Center - Troy Program 
Office. https://​doi.​org/​10.​5066/​P9YAW​R0N

Lawrence GB, Hazlett PW, Fernandez IJ, Ouimet R, Bai-
ley SW, Shortle WC, Smith KT, Antidormi MR (2015) 
Declining acidic deposition begins reversal of forest-soil 
acidification in the northeastern U.S. and eastern Canada. 
Environ Sci Technol 49(22):13103–13111. https://​doi.​org/​
10.​1021/​acs.​est.​5b029​04

Lawrence GB, Lovett GM, Baevsky YH (2000) Atmospheric 
deposition and watershed nitrogen export along an eleva-
tional gradient in the Catskill Mountains, New York. Bio-
geochemistry 50:21–43

https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1139/cjfr-2017-0233
https://doi.org/10.1139/cjfr-2017-0233
https://doi.org/10.1139/X10-210
https://doi.org/10.1139/X10-210
https://doi.org/10.1007/s10021-016-0045-4
https://doi.org/10.1007/s10021-016-0045-4
https://doi.org/10.1111/ecog.01797
https://doi.org/10.1111/ecog.01797
https://doi.org/10.1641/0006-3568
https://doi.org/10.1641/0006-3568
https://doi.org/10.1139/er-2017-0009
https://doi.org/10.1111/gcb.13046
https://doi.org/10.1023/A:1006121511680
https://doi.org/10.1023/A:1006121511680
https://doi.org/10.1139/x03-008
https://doi.org/10.2136/sssaj2000.6451804x
https://doi.org/10.2136/sssaj2000.6451804x
https://doi.org/10.1111/ddi.12595
https://doi.org/10.5066/P9YAWR0N
https://doi.org/10.1021/acs.est.5b02904
https://doi.org/10.1021/acs.est.5b02904


	 Plant Soil

1 3
Vol:. (1234567890)

Lawrence GB, McDonnell TC, Sullivan TJ, Dovciak M, Bailey 
SW, Antidormi MR, Zarfos MR (2018) Soil base satura-
tion combines with beech bark disease to influence com-
position and structure of sugar maple-beech forests in an 
acid rain-impacted region. Ecosystems 21:795–810

Mcgonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA 
(1990) A new method which gives an objective measure 
of colonization of roots by vesicular—arbuscular mycor-
rhizal fungi. New Phytol 115(3):495–501. https://​doi.​org/​
10.​1111/j.​1469-​8137.​1990.​tb004​76.x

McIntosh JL (1969) Bray and Morgan soil extractants modi-
fied for testing acid soils from different parent materials 1. 
Agron J 61(2):259–265

Melillo JM, Aber JD, Muratore JF (1982) Nitrogen and lignin 
control of hardwood leaf litter decomposition dynamics 
stable. Ecology 63(3):621–626

Miller EK, Friedland AJ, Arons EA, Mohnen VA, Battles 
JJ, Panek JA, Johnson AH (1993) Atmospheric deposi-
tion to forests along an elevational gradient at White-
face Mountain, NY, USA. Atmos Environ Part Gen Top 
27(14):2121–2136

Muggeo VM (2008) Segmented: an R package to fit regression 
models with broken-line relationships. R news 8(1):20–25

Nyland RD, Bashant AL, Bohn KK, Verostek JM (2006) 
Interference to hardwood regeneration in northeastern 
North America: ecological characteristics of american 
beech, striped maple, and hobblebush. North J Appl For 
23(1):53–61. https://​doi.​org/​10.​1093/​njaf/​23.1.​53

O’Sullivan KSW, Ruiz-Benito P, Chen JC, Jump AS (2021) 
Onward but not always upward: individualistic elevational 
shifts of tree species in subtropical montane forests. Ecog-
raphy 44(1):112–123. https://​doi.​org/​10.​1111/​ecog.​05334

Ollinger SV, Aber JD, Lovett GM, Millham SE, Lathrop RG, 
Ellis JM (1993) A spatial model of atmospheric deposi-
tion for the northeastern U.S. Ecol Appl 3(3):459–472. 
https://​doi.​org/​10.​2307/​19419​15

Pecl GT, Araujo MB, Bell J (2017) Biodiversity redistribution 
under climate change: impacts on ecosystems and human 
well-being. Science 355(6332):1–9

Prasad A, Pedlar J, Peters M, McKenney D, Iverson L, Mat-
thews S, Adams B (2020) Combining US and canadian 
forest inventories to assess habitat suitability and migra-
tion potential of 25 tree species under climate change. 
Divers Distrib 26(9):1142–1159. https://​doi.​org/​10.​1111/​
ddi.​13078

R Development Core Team (2022) R: A language and environ-
ment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna, Austria. http://​www.R-​proje​ct.​org

Rubio G, Zhu J, Lynch JP (2003) A critical test of the two pre-
vailing theories of plant response to nutrient availability. 
Am J Bot 90(1):143–152. https://​doi.​org/​10.​3732/​ajb.​
90.1.​143

Siccama TG (1974) Vegetation, soil, and climate on the green 
mountains of Vermont. Ecol Monogr 44(3):325–349. 
https://​doi.​org/​10.​2307/​29370​33

Sullivan TJ, Lawrence GB, Bailey SW, McDonnell TC, Beier 
CM, Weathers KC, McPherson GT, Bishop DA (2013) 
Effects of acidic deposition and soil acidification on sugar 

maple trees in the Adirondack Mountains, New York. 
Environ Sci Technol 47(22):12687–12694. https://​doi.​org/​
10.​1021/​es401​864w

Tedersoo L, Bahram M, Zobel M (2020) How mycorrhizal 
associations drive plant population and community biol-
ogy. Science 367(6480):eaba1223

Tewksbury CE, Van Miegroet H (2007) Soil organic carbon 
dynamics along a climatic gradient in a southern Appa-
lachian spruce-fir forest. Can J For Res 37(7):1161–1172. 
https://​doi.​org/​10.​1139/​X06-​317

Tourville JC, Wason JW, Dovciak M (2022) Canopy gaps facil-
itate upslope shifts in montane conifers but not in temper-
ate deciduous trees in the northeastern United States. J 
Ecol 110(12):2870–2882

Urcelay C, Longo S, Geml J, Tecco PA (2019) Can arbuscular 
mycorrhizal fungi from non-invaded montane ecosystems 
facilitate the growth of alien trees? Mycorrhiza 29(1):39–
49. https://​doi.​org/​10.​1007/​s00572-​018-​0874-4

Urli M, Brown CD, Perez RN, Chagnon PL, Vellend M (2016) 
Increased seedling establishment via enemy release at the 
upper elevational range limit of sugar maple. Ecology 
97(11):3058–3069. https://​doi.​org/​10.​1002/​ecy.​1566

Vadeboncoeur MA (2010) Meta-analysis of fertilization exper-
iments indicates multiple limiting nutrients in northeast-
ern deciduous forests. Can J For Res 40(9):17666–11780. 
https://​doi.​org/​10.​1139/​X10-​127

Van Der Heijden MGA, Horton TR (2009) Socialism in soil? 
The importance of mycorrhizal fungal networks for facili-
tation in natural ecosystems. J Ecol 97(6):1139–1150. 
https://​doi.​org/​10.​1111/j.​1365-​2745.​2009.​01570.x

Vellend M, Béhé M, Carteron A, Crofts AL, Danneyrolles 
V, Gamhewa HT, Watts DA (2021) Plant responses 
to climate change and an elevational gradient in mont 
Mégantic National Park, Québec. Canada. Northeast Nat 
28(sp11):4–28

Wason JW, Dovciak M (2017) Tree demography suggests 
multiple directions and drivers for species range shifts in 
mountains of northeastern United States. Glob Change 
Biol 23(8):3335–3347. https://​doi.​org/​10.​1111/​gcb.​13584

Zarfos MR, Dovciak M, Lawrence GB, McDonnell TC, Sul-
livan TJ (2019) Plant richness and composition in hard-
wood forest understories vary along an acidic deposition 
and soil-chemical gradient in the northeastern United 
States. Plant Soil 438(1):461–477. https://​doi.​org/​10.​
1007/​s11104-​019-​04031-y

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1093/njaf/23.1.53
https://doi.org/10.1111/ecog.05334
https://doi.org/10.2307/1941915
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
http://www.R-project.org
https://doi.org/10.3732/ajb.90.1.143
https://doi.org/10.3732/ajb.90.1.143
https://doi.org/10.2307/2937033
https://doi.org/10.1021/es401864w
https://doi.org/10.1021/es401864w
https://doi.org/10.1139/X06-317
https://doi.org/10.1007/s00572-018-0874-4
https://doi.org/10.1002/ecy.1566
https://doi.org/10.1139/X10-127
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1111/gcb.13584
https://doi.org/10.1007/s11104-019-04031-y
https://doi.org/10.1007/s11104-019-04031-y

	Soil biotic and abiotic thresholds in sugar maple and American beech seedling establishment in forests of the northeastern United States
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study area
	Soil and vegetation sampling – Green Mtns
	Soil and vegetation sampling – Adirondack Mtns
	Statistical analysis

	Results
	Discussion
	Patterns and role of soil abiotic environment
	Seedling threshold responses to soil abiotic environment
	Patterns and role of mycorrhizal associations

	Conclusions
	Acknowledgements 
	Anchor 20
	References


