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ABSTRACT

The persistence of future forests depends on the
success of tree seedlings which are experiencing
increasing physiological stress from changing cli-
mate and air pollution. Although the moss layer
can serve as an important substrate for tree seed-
lings, its potential for reducing environmental
stress and enhancing the establishment of seedlings
remains poorly understood. We tested if the moss
layer decreased environmental stress and increased
the abundance of balsam fir seedlings dominant in
high-elevation forests of northeastern United States
that are sensitive to changing climate and mercury
deposition. We surveyed balsam fir seedling density
by substrate (moss, litter, other) on 120 quadrats
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(I x 1 m) in two contrasting canopy environments
(in gaps and under canopies), measured seedling
stress, and quantified mercury content in seedlings
and substrates. We observed that, in both canopy
environments, tree seedlings established on moss
exhibited (i) increased density, (ii) decreased
physiological stress, and (iii) higher potential to
recruit into larger size classes, compared to seed-
lings established in litter. Regardless of canopy
environment, seedling foliar mercury levels did not
correspond to substrate mercury despite large dif-
ferences in substrate mercury concentrations (rel-
ative to moss, litter concentrations were ~ 4-times
greater and soil concentrations were ~ 6-times
greater), likely reflecting the dominance of foliar
over root uptake of mercury. Because the moss
layer appeared to mitigate seedling drought stress,
and to increase seedling establishment and
recruitment compared to other substrates, these
microsite effects should be considered in models
predicting forest regeneration and dynamics under
increased drought stress associated with the ongo-
ing climate warming.
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HIGHLIGHTS

e The moss layer is a common substrate for tree
seedlings in montane conifer forests.

e The moss layer supported greater seedling den-
sity than other substrates.

e By enhancing seedling recruitment, the moss
layer has a key role in forest dynamics.

INTRODUCTION

Climate warming and pollution are two pervasive
components of global environmental change and
human-induced environmental stress (sensu Vi-
tousek 1994; Dietz and others 2017) and montane
forest ecosystems are particularly sensitive to both
climate change and air pollution. Climate warming
tends to shift species climatic envelopes upslope
(for example, Wason and others 2017a), whereas
the deposition of atmospheric pollutants can
undermine plant physiology (Driscoll and others
2001) and contaminate forests with pollutants such
as mercury (Driscoll and others 2007). Although
canopy trees have been shown to be sensitive to
both climate and air pollution (for example, acidic
deposition; Wason and others 2019), tree seedling
responses to these interacting global change drivers
are often less clear despite the key role that tree
seedlings play in forest dynamics (Clark and others
1999; Fisichelli and others 2013).

Due to their small stature and shallow roots, tree
seedlings are susceptible to climate warming at fine
spatial scales related to heterogeneous microsite
conditions that affect their light, water, and nutri-
ent availability. For instance, increasing tempera-
tures cause greater heat and drought stress that can
vary with canopy openness and substrate type, lo-
cally hampering tree seedling establishment (Castro
and others 2004; Tourville and others 2022). Sim-
ilarly, atmospheric deposition and accumulation of
pollutants, such as mercury, also varies at fine
spatial scales as it is affected by both forests struc-
ture (Blackwell and Driscoll 2014, 2015) and sub-
strate type (compare Pahlsson 1989). Thus, fine
scale microsite conditions affect seedling growth
and survival, and thus ultimately tree seedling

distributions on the forest floor (Dovciak and oth-
ers 2003; Mori and others 2004; Bace and others
2012). However, various microsite conditions such
as substrate type and canopy openness often covary
in complex ways (Jonsson and others 2015; Ber-
dugo and Dovciak 2019), underscoring the impor-
tance of better understanding how fine-scale
processes may affect responses of tree seedling
banks to global environmental change (Fisichelli
and others 2014).

Due to the complexity of integrating fine and
broad spatial-temporal scales in ecosystem pro-
cesses (Carpenter and Turner 2000), most studies
investigating the effects of global environmental
change in forest regeneration tend to consider
broader-scale factors (Petrie and others 2016 and
references therein;, Maréchaux and others 2021)
and while often neglecting microsite variables such
as substrate type (McCarthy 2001). Compared to
much better studied fine-scale effects of forest gaps
on light, microclimate, nutrient cycling, microcli-
mate, and forest regeneration (for example, Spru-
gel 1976; Prescott 2002; Abd Latif and Blackburn
2010; Muscolo and others 2014), the effects of
substrate type on tree seedlings are less well
understood. Yet, substrate can influence moisture
and nutrient availability (Oleskog and Sahlén 2000;
Mori and others 2004), exposure to pollutants
(Delach and Kimmerer 2002), and ultimately tree
seedling survivorship (Cornett and others 1998;
Mori and others 2004) and abundance (Simard and
others 1998; Mori and others 2004).

The forest-floor moss layer has been posited as a
substrate which facilitates forest regeneration (Si-
mard and others 1998; Wright and others 1998;
Dovciak and others 2003) by enhancing seedling
establishment via increased water holding capacity
and improved seedling nutrition and hydration
(Lett and others 2017). However, the effects of
moss on seedlings can be complex and species-de-
pendent (for example, Soudzilovskaia and others
2011; Lett and others 2017) both, in terms of moss
and seedling species. Yet, most models of forest
dynamics fail to consider the role of the moss layer
in shaping the composition and abundance of tree
seedling banks (compare Pacala and others 1993;
Clark and others 1999; Maréchaux and others
2021). Given the ability of mosses to store moisture
(Lett and others 2017), better understanding of
their roles in forest regeneration is needed partic-
ularly under globally increasing heat and drought
stress (Will and others 2013).

Mercury is a potent, highly toxic global pollutant
with considerable mobility among environmental
compartments (for example, soil, vegetation,
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wildlife; Sauer and others 2020) and a long atmo-
spheric lifetime (Chen and Driscoll 2018; Driscoll
and others 2013, 2007). Airborne mercury released
from several anthropogenic activities is the main
source of this pollutant globally (Driscoll and others
2007). In forest ecosystems, interacting environ-
mental factors such as soil pH, microbial commu-
nity, and climate influence plant uptake of trace
metals (Pahlsson 1989), but empirical data on
mercury uptake by tree seedlings in natural settings
are scarce (Godbold 1991). Yet, mercury has been
shown to accumulate over time in forests due to a
local cycle through trees and their litter (Blackwell
and others 2014; Jiskra and others 2018; Yanai and
others 2020; Zhou and others 2021). In forested
watersheds, mercury moves through trophic webs
to bioaccumulate in wildlife (Sauer and others
2020). The moss layer can trap airborne particles,
including plant nutrients (for example, Lindo and
Gonzalez 2010) and trace metals (Schroder and
Pesch 2010; Zhou and others 2017). Interestingly,
it has been reported that moss can reduce mercury
accumulation in forest fungal fruiting bodies at the
microsite scale (Nasr and Arp 2011), suggesting
that mossy microsites may limit seedling exposure
to mercury by controlling mercury evasion from
forest soils (Yang and others 2019). The role of the
moss layer in mercury uptake by tree seedlings in
natural settings, to our knowledge, has not been
investigated (but see Nyman and Lindau 2016).
To improve the understanding of the complex
effects of the moss layer on forest regeneration
under changing environmental conditions, we
studied moss-tree seedling interactions in high-el-
evation balsam fir (Abies balsamea (L.) Mill.) dom-
inated forests in northeastern United States that are
particularly sensitive to both changing climate
(Wason and others 2017a) and deposition of mer-
cury (Gerson and others 2017). Importantly, these
high-elevation forests are characterized by fir wave
regeneration dynamics that consist of alternating
contrasting canopy environments—elongated gaps
and closed canopies (fir waves)—formed by wind
and ice abrasion in mountains in northeastern
United States and around the world (Bekker and
Malanson 2008; Sprugel 1976). These distinct ca-
nopy environments interact with both atmospheric
deposition of mercury (higher under forest ca-
nopies where litter with mercury accumulates;
Hanson and others 1995; Blackwell and others
2014) and climate-change-induced heat and
drought stress (higher in gaps where solar radiation
is higher; Will and others 2013). Thus, these high-
elevation forests provide a ‘natural experiment’
(with two treatments: gap and closed canopy) that

allow investigation of how fine-scale (microsite)
variation in canopy conditions and substrate may
interact with broad-scale factors such as climate
and atmospheric pollution to affect forest regener-
ation, tree population dynamics (demography) and
regional forest composition (landscape demogra-
phy; Gurevitch and others 2016).

To elucidate the role of the moss layer in the
dynamics of high-elevation balsam fir forests, we
tested four hypotheses across the two contrasting
canopy environments (gaps, closed canopies)
defining this balsam fir-dominated forest: Seedling
density (H1) and seedling recruitment rates into
taller seedling size class (H2) are higher on moss
than on other substrates; and seedlings established
on the moss layer experience less instant physio-
logical stress (H3) and less exposure to mercury
(H4) than seedlings on other substrates. We antic-
ipate that the moss layer, with similar thickness
and species composition in both canopy environ-
ments (Berdugo and Dovciak 2019), favors seedling
establishment by creating microsites that mitigate
seedling stress and reduce mercury exposure com-
pared to other dominant substrates (leaf litter). We
also expect differences in the size of the moss-effect
between closed canopies and forest gaps as a war-
mer microclimate in forest gaps (Berdugo and
Dovciak 2019) suggests a more stressful environ-
ment for seedlings.

METHODS
Study Area

This study was conducted in the high elevation fir-
dominated forests on Whiteface Mountain (44.22°
N and 73.54° W) in northeastern United States.
Details of the study area were previously described
in Berdugo and Dovciak (2019) and elsewhere (for
example, Battles and others 2003; Wason and
others 2017b, 2021). Briefly, Whiteface Mountain
is an isolated massif with the summit at 1,485 m
above sea level (asl) and well-developed eleva-
tional climatic and vegetation zones whose ecology
has been extensively studied over the past half
century (for example, Sprugel 1976; Battles and
others 2003; Aleksic and others 2009; Wason and
others 2017b). The vegetation of the area belongs
to the Adirondack-New England Highlands
ecosystem province (Bailey 2014) and is represen-
tative of regional forest communities with northern
hardwood forests occurring below ~ 800 m asl,
spruce-fir forests between ~ 800 and ~ 1300 m
asl, and alpine communities above ~ 1350 m asl
(Battles and others 2003). Balsam fir (Abies bal-
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Table 1. Climate Records for the Fir Wave Zone on Whiteface Mountain

Climate parameter Observed value and Elevation = Measurement Source
unit (m) period
Mean annual precipitation 1560 mm 1050 1986-1996 Friedland and Miller
(1999)
Mean annual air temperature 8 °C 1095 2001-2002 Richardson and others
(2004)
Mean air temperature of the warmest 13 (Jul.) °C 1095 2001-2002 Richardson and others
month (2004)
Mean air temperature of the coldest — 9 (Feb.) °C 1095 2001-2002 Richardson and others
month (2004)
Soil mean annual temperature’ 8 °C 1095 2001-2002 Richardson and others
(2004)
Growing season mean air tempera- 13.84 + 0.12 °C 1198-1276 2014 Berdugo and Dovciak
ture* (2019)
Growing season mean RH* 90.42 £ 0.70% 1198-1276 2014 Berdugo and Dovciak
(2019)
Growing season mean VPD* — 0.21 £ 0.02 Pa 1198-1276 2014 Berdugo and Dovciak
(2019)

TRecorded at 15 cm depth.

*Recorded at 30 cm above the ground surface during the growing season (May-Sept.). RH relative humidity, VPD vapor pressure deficit.

samea (L.) Mill.) is a dominant tree species be-
tween ~ 1100 and ~ 1250 m asl where recurring
linear openings in the forest canopy, known as fir
waves, facilitate fir regeneration (Sprugel 1976;
Silvertown and Dodd 1999). Soils in the area are
mainly Histosols derived from the accumulation of
organic material due to slow decomposition and
slow weathering of anorthosite (Witty and Arnold
1970; Sprugel 1976).

The character of the moss layer in high-elevation
fir forests of Whiteface Mtn. is relatively unre-
sponsive to the microclimatic and other environ-
mental changes caused by gaps dynamics (Berdugo
and Dovciak 2019). Moss layer here typically cov-
ers 57.5 + 2.2% of the forest floor surface, it is
about 2.5 cm thick, and it tends to contain ca. 5
species per square meter both in gaps and under
closed canopies (Berdugo and Dovciak 2019).
Notwithstanding, two aspects of the moss layer
differed between canopy environments: Dicranum
fuscescens Turner, Hypnum imponens Hedw., and
Tetraphis pellucida Hedw. are more abundant under
closed canopies than in gaps, making these moss
species indicator species for closed canopies in the
area; and functional dispersion (derived from
growth form and the Ellenberg indicator values for
soil fertility and acidity) is higher under closed ca-
nopies than in gaps (Berdugo and Dovciak 2019).
While the moss layer in the study area includes up
to 25 bryophyte species (Table S2.2 in Berdugo and
Dovciak 2019), those identified as seedling sub-

strates in the current study corresponded to the
liverwort Lophozia ventricosa (Dicks.) Dumort. and
four mosses, D. fuscescens, H. imponens, Pleurozium
schreberi (Brid.) Mitt., and Polytrichastrum alpinum
(Hedw) G. L. Sm. In all our observations, mats of H.
imponens held sparse fertile shoots of Pohlia nutants
(Hedw.) Lindb.

Climate on Whiteface Mountain has been char-
acterized in several studies (Table 1) and it can be
considered a high-elevation form of a modified
continental climate (McNab and others 2007)
experiencing the warming climate trend typical of
the northeastern United States (Huntington and
others 2009; Wason and others 2017a). The climate
records specific for the fir wave zone (1100-1250 m
asl) are rather sporadic compared to those at the
summit (1485 m asl) and the shoulder (~ 600 m
asl) of the mountain where climate stations are
located (Schwab and others 2015). The weather on
Whiteface Mountain during the study period (in
September 2015, see ““Study design and field data
collection”’) was mild, but the month was consid-
erably drier in 2015 (48.0 mm of precipitation)
than long-term average (93.6 mm, mean Septem-
ber precipitation for 1985-2019 period) (National
Atmospheric Deposition Program 2020).

Study Design and Field Data Collection

To assess the relevance of the moss layer for forest
regeneration, we selected a total of 40 study plots
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using a stratified sampling design with two strata
(forest gaps, closed canopy) that represented the
two typical canopy environments in these high
elevation forests (fir waves; Sprugel 1976). We se-
lected 20 fir waves and placed one plot in each
canopy gap and another plot under the forest ca-
nopy nearby (on average within 50.2 4+ 3.9 m,
mean =+ SE, from the closest gap). Each plot con-
sisted of three 1-m? survey quadrats placed along a
transect in the gap center and parallel to the gap
length; minimum spacing between survey quadrats
was 5.6 m. Transect lengths varied between ca.
14 m and 25 m long, depending on the gap length
while transects under forest canopy were consis-
tently 25 m long. The total number of surveyed
quadrats was 120 (3 quadrats x 40 plots).

Seedling Bank Surveys

We characterized tree seedling abundance and
composition on all quadrats in 2014 (May-—
September) by counting the number of tree seed-
lings (=5 and < 25 cm tall) by species, height
class, and substrate. Based on specific aging meth-
ods developed to describe the seedling bank struc-
ture of balsam fir (Parent and others 2003), this
height range likely captures about 98% of balsam
fir seedling bank, composed of seedlings recruited
in, at least, the previous 10 years. Balsam fir also
dominated the seedling bank as it was found in all
plots and represented about 95% of all surveyed
seedlings. The remaining 5% of tree seedlings was
split among other four species (Picea rubens Sarg.,
Betula papyrifera var. cordifolia (Regel) Regel, B.
alleghaniensis  Britton, and Populus tremuloides
Michx.) that were present on less than half of the
plots. Seedlings were divided into two height clas-
ses: small (=5 and < 10 cm tall) and large (> 10
and < 25 cm tall). Seedling substrate, character-
ized as moss, litter, and other (decaying logs, bare
soil, peat, and rocks), were sampled to a depth <
5 cm to collect the substrate under the moss layer
(with thickness of 2.5 + 0.3 cm, mean =+ SE; Ber-
dugo and Dovciak 2019) while accommodating the
generally shallow soil depth (< 10 cm deep; Ger-
son and others 2017). The two most common
seedling substrates were moss and litter (Fig-
ure S1).

Microsite Characteristics

In addition to seedling substrate (see above), other
environmental characteristics potentially affecting
tree seedlings were also measured on all quadrats.
Canopy cover (%) was measured with a concave
spherical densiometer (Forestry Supplies Inc.,

Jackson, Mississippi, USA) at 50 cm above the
ground. Despite lower accuracy under closed ca-
nopies, densiometer measurements of canopy
cover (or openness) were shown to provide satis-
factory contrast between closed forest canopies and
open canopies such as those in forest gaps (Rus-
savage and others 2021). We also measured tree
stem (=2 m tall) density and height by species,
density of standing dead trees, tree diameter at the
breast height (DBH) by species, and the density of
balsam fir saplings (individuals > 25 cm but < 2
m tall). We estimated the cover (%) of understory
vegetation, coarse woody debris (CWD; the largest
diameter > 5 c¢m), and fine woody debris (FWD;
the largest diameter < 5 cm) within < 30 cm
height from the ground surface. We also estimated
the overall cover (%) for seedling substrates for
each quadrat (substrate details are given in Sect.
““Seedling Bank Surveys” above). Balsam fir does
not build persistent seed banks (Houle 1992), but
its seedling banks can instead stagnate under closed
canopies and rapidly grow under canopy gaps
(Sprugel 1976; Parent and others 2000; Parent and
others 2001; Parent and others 2003). Given these
dynamics, mast years do not seem to have a strong
effect on the structure of fir seedling banks (Parent
and others 2003).

Seedling Physiological Stress

To estimate the instantaneous physiological stress
that seedlings experienced in the two main sub-
strates (moss, litter) under both canopy environ-
ments (closed canopies, gaps), we contrasted the
efficiency of heat dissipation (non-photochemical
quenching—NPQ, Maxwell and Johnson 2000) in
seedling needles. We calculated NPQ for a sub-
sample of 186 seedlings from the seedling bank
survey to achieve comparable seedling numbers on
the two dominant substrates (95 on moss, 91 on
litter) and in the two canopy environments (98
under forest canopy, 88 in gaps) by selecting the
most accessible ten study plots (five under the ca-
nopy, five in gaps) among the selected fir waves
(see Sect. ““Study Design and Field Data Collec-
tion”’).

The efficiency of heat dissipation, NPQ, is calcu-
lated from non-invasive fluorescence measure-
ments relative to dark-adapted conditions (Murchie
and Lawson 2013). Therefore, we recorded
chlorophyll fluorescence on seedling needles in
both dark and light conditions. Dark-adapted
seedling needles (Figure S2a) were excited with a
pulse of 100 steps, each lasting 1.8 ps, of an intense
saturating light (20,000 umol m™2 s~ ') and light-
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adapted seedling needles (Figure S2b) were excited
with this light pulse while recording ambient
photosynthetically active radiation (PAR; measured
in pmol m ?s7!). Using the Pulse Modulated
Chlorophyll Fluorometer Model FMS2 (Hansatech
Instruments Ltd, Northfork, United Kingdom), we
completed these instantaneous measurements be-
fore noon between September 7 and 11, 2015.

NPQ was calculated as (Fm—-F'm)/Fm in light-
adapted samples, where F'm is the maximum flu-
orescence yield in light-adapted conditions and Fm
is the maximum fluorescence yield in dark-adapted
conditions (Murchie and Lawson 2013). We used a
single Fm value for seedlings in equivalent condi-
tions (substrate, canopy environment) by averag-
ing the measurements. Long-term seedling stress
was avoided by targeting only healthy seedlings
and was verified with a ratio between variable and
maximum fluorescence (Fv/Fm) in dark-adapted
needles > 0.8 (Maxwell and Johnson 2000;
Murchie and Lawson 2013) as the average Fv/Fm
of dark-adapted needles of seedling established in
both substrates and in both environments (n = 74)
was 0.84 + 0.05 (mean £ SD). Ruling out long-
term seedling stress allows us to assume that dif-
ferences in efficiency of heat dissipation (NPQ) may
result from short-term stress drivers (Murchie and
Lawson 2013), such as climate.

Climatic Stressors

To identify potentially climatically stressful condi-
tions for tree seedlings, we monitored instanta-
neous microclimate during the time when seedling
instantaneous physiological stress (chlorophyll
fluorescence) was measured (that is, September 7-
11, 2015). Air temperature (7) and relative
humidity (RH) were measured using iButton data
loggers (Model DS1923; Maxim Integrated Prod-
ucts, Inc., Sunnyvale, California) on each plot ev-
ery 15 min with 0.5 °C resolution for temperature
and 0.6% for relative humidity. Each iButton was
placed at 30 cm above the ground within a hand-
made gill shield (~ 12 cm height x 9 cm diameter)
to measure ambient microclimate (7, RH) while
shielding the sensor against solar radiation and
allowing for adequate ventilation (Tarara and Ho-
heisel 2007).

Exposure to Mercury

We quantified total mercury in seedling needles
and dominant substrates (moss, litter) on the plots
used for monitoring seedling instantaneous physi-
ological stress (see above). Assuming mercury
accumulation in conifer needles overtime (Black-

well and others 2014) by quantifying total mer-
cury, we indirectly measured seedling exposure to
mercury (Parent and others 2003). We selected 53
seedlings using stratified random sampling to rep-
resent the combinations of substrate (litter, moss)
and canopy environment (forest canopy, gap) and
collected samples of both seedling needles and
associated substrates (both surface and subsurface).
Sample collection followed the protocol for envi-
ronmental sampling of low-level trace metals (EPA
Method 1669; US EPA 1995) adapted for solid
samples. Briefly, a two-member team wearing
clean nitrile gloves split sampling tasks. ‘“Clean
hands”” only handled the plastic bag containing the
final sample. “Dirty hands” prepared sample con-
tainers, collected samples by operating pruning
scissors and a soil sampling tube, cleaned these
tools by rinsing them with trace metal grade HCI,
and handled secondary container bags and ship-
ping containers. All needles were collected from
each seedling along with the associated seedling
substrate(s). A substrate sample was collected when
a single substrate was present within the 5 cm
depth from the surface. Another separate substrate
sample was collected if a different substrate was
present within 5 cm of the substrate surface (that
is, subsurface substrate included moss, litter, or soil
A horizon; Fig. S1). Seedling roots and substrate
sections contaminated by the adjacent substrates
were discarded. Thus, a total of 125 samples were
collected and transported on ice to the Center for
Environmental Systems Engineering (CESE) at
Syracuse University where they were kept frozen
until processed. Samples were freeze-dried to a
constant weight and hand homogenized to a fine
powder (any twigs, stems, or rocks were removed
from the samples). Homogenized samples were
analyzed for total mercury concentration following
the EPA Method 7473 (US EPA 2007) with an
Advance Mercury Analyzer AMA 254 (Leco Cor-
poration, Saint Joseph, Michigan); details on
quality control according to the EPA Method 7473
(US EPA 2007) are described in Appendix S1 in
supporting information.

Data Analyses and Hypothesis Testing

To test our hypothesis H1, whether the moss layer
had a positive effect on tree seedling density, we
used a multivariate approach by fitting generalized
linear models (GLM). We modeled maximum
count of fir seedlings per square meter for two
seedling height classes, small (=5 and < 10 cm
tall) and large (> 10 cm and < 25 cm tall) at the
plot level (n = 40) with a Poisson error distribution
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and ‘log’ link function. These two height classes
allowed us to target seedlings established in, at
least, the last decade (Parent and others 2003). The
full model predictor set included the percentage
moss cover, four uncorrelated forest structural
metrics (P > 0.05 and rho <10.300l; see Appendix
S2)—canopy openness, fir sapling density, fir tree
density, and density of other tree species—and the
interaction between the moss cover and canopy
openness. Because the forest structural metrics ac-
counted for the structural differences among the
plots, neither random nor categorical effects by
canopy environment (that is, gap vs. canopy) were
included in the model; consistently including plot
as a random effect did not change the model
selection. We did not include the cover of litter (the
other dominant substrate) in the model to avoid
collinearity since moss and litter covers were highly
and negatively correlated (Pearson correlation
coefficient = — 0.538, P < 0.001). We fitted all
possible models and the best model was selected
using delta AIC corrected for small sample size
(AAICc; Anderson and Burnham 2002); models
within AAICc < 2 were considered equivalent.

To test our hypothesis H2, whether the moss
layer had positive effects on seedling recruitment
into the larger size class, we calculated an index of
seedling recruitment potential. The index was cal-
culated as a demographic ratio between large
(> 10 and < 25 cm tall) and small seedlings (= 5
and < 10 cm tall) for those quadrats where both
seedling height classes were present, that is,
recruitment potential was calculated for 54 of the
120 sampling quadrats. The differences in seedling
recruitment potential between the two dominant
substrates were analyzed with the Kruskal-Wallis
tests as data did not follow a normal distribution.

To test our hypothesis H3, whether tree seedling
stress varied by substrate, we performed several
comparisons. We assessed the difference of the in-
stant desiccation potential of the air between ca-
nopy environments, the difference of instant
physiological stress of seedling between substrates
within each canopy environment, and the inter-
action between substrate and canopy environment
on the instant physiological stress. Instant micro-
climate and instant physiological stress, synchro-
nized by their time record, were positively
correlated (Pearson’s correlation coefficient be-
tween instant air desiccation potential—VPD—and
efficiency of heat dissipation—NPQ —: rho = 0.21,
P < 0.001, n = 186). Field measurements of tem-
perature (7) and relative humidity (RH) were
combined to calculate instant vapor pressure deficit
(VPD), a measure of the desiccation potential (Will

and others 2013). VPD was calculated as the dif-
ference between saturation vapor pressure (SVP)
and actual vapor pressure (AVP) at a given tem-
perature following Ward and Trimble (2003),
where SVP = exp (16.78 x T — 116.9)/ T + 237.3,
and AVP = SVP x RH/100. Seedling physiological
stress was estimated as non-photochemical
quenching (NPQ, see Sect. ‘‘Seedling Physiological
Stress’”’). Because NPQ data were non-normal
(Shapiro—-Wilk: W = 0.40, P < 0.001) and variance
homogeneity was not met for either substrate
(Bartlett: x*(;, =112.9, P < 0.001) or canopy
environment (Bartlett: x*;, =11.2, P < 0.001),
we used nonparametric Kruskal-Wallis test fol-
lowed by Friedman test (Friedman 1937) for the
interaction between substrate and canopy envi-
ronment.

Finally, to assess whether exposure to mercury
differs between seedling substrates (H4), we tested
the differences in total mercury concentrations
(THg) both in (i) seedling needles (by substrate and
canopy environment) and (ii) among the sampled
substrates (moss, litter, and soil by canopy envi-
ronment). Unlike instant physiological stress,
exposure to mercury is cumulative as mercury
concentration in plant tissues increases over time
(Driscoll and others 2013). Samples from quadrats
were averaged at the plot level for each sample type
(seedling needles, moss, litter, and soil). Because
seedling total mercury concentrations met the
assumptions of normality (Shapiro-Wilk: W = 0.92;
P =0.150) and variance homogeneity (between
substrates, Bartlett: x°;, = 0.00; P =0.958; and
between environments Bartlett: x°(;, = 0.43,
P=0.512), we used two-way ANOVA to test
whether tree seedling total mercury differed by
substrate in the forest as a whole and between ca-
nopy environments, while considering also the
interaction between substrate and canopy envi-
ronment. Finally, we tested for the differences in
total mercury among seedling substrates using a
Kruskal-Wallis test since substrate total mercury
concentrations were not normally distributed
(Shapiro-Wilk: W =10.90; P=0.01) and their
variances were not homogeneous (xz(l) =12.03,
P = 0.003). We evaluated the main effect of canopy
environment on the total mercury concentration in
each substrate using one-way ANOVA since the
data for each substrate separately complied with
normality (Shapiro-Wilk: W < 0.93; P > 0.05).

All analyses were performed in R (R Core Team
2018) with the ‘stats’ package as well as with
additional specific packages; ‘lme4’ (Bates and
others 2015), ‘MuMIn’ (Barton 2020), and ‘arm’
(Gelman and Su 2020) for model fit and selection.
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REsuLTs forest canopy but not in canopy gaps (Figure 2ab).
Recruitment potential was an order of magnitude

We found support for hypothesis H1 as the density greater in canopy gaps than under forest canopy

of small fir seedlings (5-10 cm tall) established on
moss was 5.01 + 1.19 (mean + SE, stems per m?)
compared to 3.06 + 0.85 for small seedlings on a. 2.0 — b'0.20 -

litter (regardless of the canopy environment). The

density of large fir seedlings (10-25 cm tall) was b
one order of magnitude lower than the density of

small fir seedlings (0.72 &+ 0.18 on moss; and _ o 154 a 0.15 —

0.17 £ 0.07 on litter). The density of these seedling = §°

height classes differed between canopy environ- E) =

ments, with overall higher density of small fir 2 3

seedlings under closed forest canopy (3.34 £+ 0.72) % = 1.0 T a 0.10 -

than in gaps (2.06 £ 0.75) (X1, n=120) = 7.91, g & T

P < 0.01), and an opposite pattern of higher den- g g)

sity of large fir seedlings under canopy gaps 25

(0.53 £ 0.13) than under closed canopies 05 0.05 —

(0.09 £ 0.03) (X°(1, n=120) = 8.28, P < 0.01). The

moss layer and closed forest canopy had positive a

effects on early seedling establishment as the den-

sity of small seedlings was related positively to the 0.0 = 12 0.00 =7 18
moss cover and negatively to canopy openness thterGapMOSS thtﬁigoregt/loss

(Figure la). In contrast, the density of large seed-
lings was strongly positively related to canopy

e Figure 2. Recruitment potential of fir seedlings
openness and unrelated to the moss cover, indi-

established on litter and moss under two canopy

cating greater seedling recruitment to the larger environments, gap (a) and forest canopy (b) in high-
height class in canopy gaps (Figure 1b) where the elevation fir-dominated forests on Whiteface Mountain
density of large seedlings was positively related to in the northeastern United States. Recruitment potential
the density of fir saplings and other tree species was calculated as the number of large seedlings (> 10
(Figure 1b). The interaction between canopy and < 25 cm) divided by the number of small seedlings
openness and moss cover affected only the density (= 5and < 10 cm); different letters indicate statistically

different means; error bars indicate 1 SE; bars indicate
mean values; the number of replicates, underneath each
bar, varied due to removing plots with missing one of the
size-classes (see Sect. “Data Analyses and Hypothesis
Testing”’). Note that y-axes vary in scale among the plots.

of small seedlings which decreased under open
canopies (Figure lab).

Our hypothesis H2 that moss layer increases
seedling recruitment was supported under the

a.Small fir seedlings b, Large fir seedlings

Moss - ——
Moss x Canopy Openness - —
Canopy Openness -{ —e— | D
Density of other tree species - NS
Fir sapling density - ———
-1.5 -ll.() —04|5 0.0 0!5 0.0 I Of4 I 018 I l.|2

Standardized regression coefficients

Figure 1. Standardized coefficients of the best models fitted to test the effect of the moss substrate (above the dashed line)
and forest structure (below the dashed line) on the maximum abundance of tree seedlings in the high-elevation fir-
dominated forests on Whiteface Mountain in the northeastern United States. The density for small (= 5 and < 10 cm, a)
and large (> 10 and < 25 cm, b) seedlings was modeled using GLMs. Error bars show 95% CI of the coefficient
estimates. Model intercept estimates are not shown for brevity. Fir saplings = individuals > 50 cm and < 2 m tall.
Appendix S3 in supporting information provides additional details on the GLM models and statistics.
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Figure 3. Environmental and physiological stress caused by climate, vapor pressure deficit, (a and b) and pollution,
mercury, (c and d) of fir seedlings < 25 cm tall in the high-elevation forests on Whiteface Mountain in the northeastern
United States. VPD = Vapor pressure deficit. NPQ = Non-photochemical quenching (a measure of plant physiological
stress). Seedlings mercury exposure was estimated as mercury concentrations in their surface (moss, litter) and subsurface
(moss, litter, and soil) substrates (c). The chronic stress by mercury was measured as mercury concentrations in seedling
needles (d). In (a) and (b), the numbers within each bar indicate the number of seedlings for which physiological stress
was assessed. Because THg of seedling substrate was aggregated at the plot level, numbers within each bar in (c) indicate
the number of plots where those substrates were collected. In (c¢) and (d), THg = Total mercury concentration. Bars
indicate mean values; error bars indicate 1 SE; different letters indicate statistically different means; numbers within each
bar indicate the number of replicate measurements used to calculate mean values. Higher values of VPD and NPQ indicate

higher desiccation potential and higher physiological stress, respectively.

(Figure 2ab), corroborating the idea of increased
recruitment in canopy gaps. However, the recruit-
ment potential in gaps is similar between the two
dominant substrates, moss layer and litter (Fig-
ure 2a). In contrast, recruitment potential under
the forest canopy was much higher for seedlings
established on moss than for seedlings established
on litter, although still lower than recruitment
potential in gaps (Figure 2b).

Seedling established on the moss layer experi-
enced less instant physiological stress than those

established on litter (H3). Interestingly, although
instant desiccation potential of the air (vapor
pressure deficit, VPD) was ca. three-fold greater, in
canopy gaps than under forest canopies (XZ(L N =
186) = 18.95, P < 0.001; Figure 3a), canopy envi-
ronment did not affect seedling instant physiolog-
ical stress (NPQ: X°(1, n = 18¢) = 2.46, P=0.117;
with non-significant substrate x canopy interac-
tion: X1, x - 4 =2.00, P=0.157). However,
seedling physiological stress differed substantially
by substrate as seedlings established on moss
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experienced less instant physiological stress than
seedlings on litter (XZ(L N = 186) = 4.68, P =0.03;
Figure 3b).

Mercury concentrations varied substantially by
substrate (X5, y = 26) = 21.13, P < 0.001) and they
were lowest in the moss layer, intermediate in the
litter layer (about four-times as high as in moss),
and highest in soil (about six-times as high as in
moss and nearly twice as high as in litter) (Fig-
ure 3¢). However, despite these substantial differ-
ences among the substrates, mercury
concentrations in seedlings did not differ by sub-
strate (F(;,13) = 0.04; P = 0.855) in either of the two
canopy environments (X, N < 1) = 2.46,
P > 0.05; non-significant substrate x canopy
interaction: F(;,3) = 0.08; P = 0.776) (Figure 3d).
In contrast, seedlings under forest canopy appeared
to contain greater mercury concentrations than
seedlings in canopy gaps (Figure 3d) but this was
not significant (F(; 13y = 4.44; P = 0.055). There-
fore, we did not find support for our last hypoth-
esis.

DiscussioN

Our results provide multiple lines of evidence for
the importance of the moss layer in forest regen-
eration, corroborating previous indirect inferences
from other studies (Simard and others 1998; Dov-
¢iak and others 2003; Soudzilovskaia and others
2011; Bace and others 2012). Moreover, our find-
ings suggest that forest dynamics studies that do
not consider the role of the moss layer may be
missing an important driver of forest regeneration
(Clark and others 1999; Pacala and others 1993;
Maréchaux and others 2021). We found that,
compared to litter, the moss layer positively af-
fected forest regeneration in the high-elevation
conifer forests by providing microsites: (i) where
tree seedlings experienced less instant physiological
stress; (ii) that supported a greater abundance of
small seedlings, suggesting greater seedling estab-
lishment and early survival on moss; and (iii)
where greater recruitment potential of tree seed-
lings occurred under forest canopies. However, the
mechanisms by which mossy substrates reduce in-
stant physiological stress remain unclear. We ob-
served that even under the warmer and more
desiccating conditions of forest canopy gaps, seed-
lings established on mossy substrates dissipate heat
with the same efficiency as those established under
cooler and less desiccating conditions of the closed
canopy forest (Figure 3a, b), but we did not find an
effect of canopy environment on instant physio-
logical stress of seedlings. Interestingly, despite the

moss layer containing far lower mercury concen-
trations than litter or soil, seedlings’ foliar mercury
concentration did not differ per seedling substrate,
consistent with the foliar pathway of mercury up-
take reported for adult trees of conifer species in
natural settings (Blackwell and others 2014; Yang
and others 2019).

Role of Moss Layer in Fir Wave
Regeneration

The affinity of small balsam fir seedlings with the
moss layer that we document here has been sug-
gested in the past by other authors, although often
with less direct evidence when moss cover effects
on seedlings were not explicitly quantified but only
mentioned as one of potentially important features
of seedling microsites (for example, Simard and
others 1998; Parent and others 2003). Moisture is
an important limiting factor for seedling establish-
ment and survival (for example, Cornett and others
1998) and even a thin moss layer has been sug-
gested to both store moisture within its tissues and
capillary spaces and reduce moisture loss from
underlying substrates (Lindo and Gonzalez 2010;
Lett and others 2017; Soudzilovskaia and others
2013) to positively affect balsam fir seedling
abundance (Cornett and others 1997). Although
previous studies of high-elevation fir-dominated
forests in northeastern United States and elsewhere
have shown the importance of canopy gaps in
forest regeneration dynamics (Sprugel 1976; Bek-
ker and Malanson 2008; Fig. S3), our study ex-
pands that classic work by elaborating on the
importance of the moss layer for the initial estab-
lishment and recruitment of the dense seedling
bank under the forest canopy (prior to the forma-
tion of fir wave canopy gap). Our results show how
the biology of balsam fir, a species with a shade
tolerant seedling bank, explains the synchronous
recruitment into larger size classes once canopy
gaps allow more light penetration into forest
understory. Thus, our results corroborate and ex-
pand early fir wave studies (Sprugel 1976) that
documented the importance of canopy gaps in fir
regeneration.

Seedling Climatic Stress and Mitigating
Effects of the Moss Layer

Even in a high-elevation ecosystem where frequent
clouds provide a moisture source (Richardson and
others 2004), canopy gaps could be potentially
stressful environments for fir seedlings compared to
under closed forest canopies. We observed desic-
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cation potential (vapor pressure deficit, VPD) in
canopy gaps to be significantly higher (by ~ 60%)
than under forest canopy. However, we did not
observe a similar difference in physiological stress
in seedlings growing in forest gaps and under forest
canopies—perhaps because grouping seedlings in
disregard of their substrate reduces the signal to
noise ratio. The medium-term seasonal desiccation
potential is relatively low in these moist high-ele-
vation forests and it does not differ dramatically
between forest canopies and canopy gaps (Berdugo
and Dovciak 2019). Indeed, some studies suggested
that these high-elevation montane forests are
linked to the occurrence of cloud ceiling with high
atmospheric moisture content (Richardson and
others 2004).

Unlike the canopy environment (gap vs. forest
canopy), we found that substrate type made a large
difference in instant physiological stress experi-
enced by fir seedlings. Although we did not mea-
sure instant moisture in each substrate, we did
record that seedlings established on litter dissipated
heat two to four times more efficiently than seed-
lings associated with moss, consistent with the
greater water holding capacity of moss. This pattern
is not surprising given that balsam fir litter, com-
pared to the moss layer, contains less moisture gi-
ven both, its particulate size and structure and its
concentration of lignin (balsam fir litter is 47%
lignin, Klaus 2018); moss mats are rich in capillary
spaces and their surfaces rich in cellulose, allowing
for water movement and storage in extracellular
spaces (Nakamura 1992; Lindo and Gonzalez 2010;
Philben and others 2018). In addition, such differ-
ences in water holding capacity likely correlate to
differences in pH and nutrient concentration, fea-
tures that we did not study but that could be
potentially relevant for seedling survival and
recruitment (Wheeler and others 2011; Stuiver and
others 2014; Nyman and Lindau 2016; Lett and
others 2017).

Thus, although canopy gaps in this high-eleva-
tion forest ecosystem have been shown to facilitate
seedling recruitment into the canopy (Sprugel
1976), moss patches seem to have a much more
important role than canopy gaps do in affecting
(ameliorating) fir seedling climatic stress and facil-
itating copious establishment in the initial stages of
fir wave regeneration. Consistently, the higher
recruitment potential of seedlings established on
the moss layer, compared to seedlings established
on litter, highlights the facilitative role of the moss
layer in early stages of tree seedling establishment
(that is, for seedlings = 5 and < 25 cm tall) under
closed forest canopy. The observed patterns of

recruitment potential reflected the patterns in
microclimate conditions (Figure 3a) and seedling
stress across different substrates (Figure 3b). More
adverse microclimate (and potentially somewhat
lower seed rain) in canopy gaps likely contributed
to a greater seedling establishment under forest
canopy (Peguero-Pina and others 2007), where
climatic stress was lower, and particularly so on
moss layer. On the one hand, the difference in
recruitment values between canopy environments
(Figure 2) emerges from the life history of balsam
fir, as its seedlings can survive in shaded environ-
ment under closed forest canopy for a relatively
long time until a canopy gap forms above them. On
the other hand, similar climate-driven stress levels
in seedlings established on mossy substrates in both
canopy environments (Figure 3b) suggest that the
resilient moss layer of these forests (Berdugo and
Dovciak 2019) provides some resilience also to
seedlings established on moss.

Decoupling Between Mercury Content
of the Moss Layer and Seedlings

The observed low concentration of mercury in the
moss layer contrasted with the considerably higher
mercury concentration in litter and soil, probably
due to the long-term accumulation of this con-
taminant in soil, compared to litter and plant tissue
(Driscoll and others 2013). These observations
support that mercury uptake via roots is limited
(Grigal 2002) and suggest that soil mercury con-
centrations and pools may increase as leaf litter
accumulates and decomposes over time, as ob-
served in Demers and others (2007). At the same
time, our observations suggest that mercury is not
easily transferred from these pools (litter and or-
ganic soil) into mosses or fir seedlings. In agree-
ment with Zhou and others (2021), we observed
that the mercury concentration in fir seedlings was
even lower than mercury concentration in the
moss layer. This finding agrees with the hypothesis
that mercury largely enters canopy trees via
atmospheric exchange and deposition (Bushey and
others 2008; Blackwell and Driscoll 2015; Zhou and
others 2021) and extends this hypothesis to tree
seedlings ( £ 25 cm tall) of canopy species. Over-
all, our measurements of mercury concentrations
indicate that bryophytes and conifer seedlings do
not represent a significant concern in terms of
mercury bioaccumulation relative to mercury
concentrations observed in litter or soil.

Although young seedling needles are expected to
hold less mercury than older needles of adult trees
(Rasmussen and others 1991), we found mercury
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concentration in fir seedling needles slightly higher
than previously reported for canopy trees of this
species (Rasmussen and others 1991; Blackwell and
Driscoll 2015). This observation emphasizes the
continuous exposure to mercury as time passes in
fir seedlings below 25 cm tall, which can be a
decade old (Parent and others 2003; see also Obrist
and others 2021). Interestingly, the slight differ-
ence in seedling mercury concentrations observed
between canopy environments can be explained by
increased photoreduction of mercury from forest
soils (that is, soil mercury evasion) in canopy gaps
(Yang and others 2019). The relative similarity in
total mercury concentration between seedling
needles and bryophytes are likely due to both moss
layer and seedlings as components of the forest
understory. This forest stratum experiences a local
enrichment cycle of mercury (Boening 2000) be-
cause losses of mercury from forest soil enter plants
via foliage, especially under forest canopies
(Bushey and others 2008; Yang and others 2019).
Finally, the total mercury concentration that we
found in the moss layer agrees with the total
mercury concentration reported for pleurocarpous
mosses previously (Rasmussen and others 1991).

CONCLUSIONS

Tree seedlings benefit from association with the
moss layer in different forest types (for example,
Cornett and others 1998; Oleskog and Sahlén 2000;
Dovciak and others 2003) where the moss layer can
function as a nurse plant (sensu Filazzola and
Lortie 2014) in initial stages of forest regeneration
(Soudzilovskaia and others 2011). Our findings
highlight the importance of the forest moss layer as
a tree seedling substrate and thus the need to more
explicitly include the moss layer in forest ecosystem
models. Recent evidence gathered along eleva-
tional gradients in the northeastern United States
indicated that moss cover can compensate for the
decline in tree seedling species richness with
increasing elevation and with increasing under-
story cover (Dovciak and others 2021). Including
moss cover in such models is especially relevant for
montane forests where moss cover is abundant
(Berdugo and others 2018) and where it interacts
with canopy gaps, as shown in our study, to pro-
duce often complex forest regeneration dynamics
characteristic of many mountain forests around the
world (Fig. S3; Sprugel 1976; Bekker and Malanson
2008). Afterall, the fine-scale intimate interaction
of mossy substrates with tree seedlings may influ-
ence demographic outcomes at broader forest or
landscape scales (compare Gurevitch and others

2016). Our observational contribution suggests that
experimental settings may be implemented to as-
sess the mechanisms by which mossy substrates
reduce instant physiological stress in tree seedlings.

ACKNOWLEDGEMENTS

This research was funded mainly by Becas Caldas
grant from COLCIENCIAS (MB), and partially by
several additional funding sources: NSF Award
(NSF-1759724; MD), SUNY-ESF Seed Grant (P-T
1117436-1; MD), the Edwin H. Ketchledge Schol-
arship (MB), and Pack Grant (MB). We thank the
New York State Department of Environmental
Conservation for the permit to work on Whiteface
Mountain, and acknowledge the invaluable logistic
support provided by Paul Cason at the Atmospheric
Sciences Research Center of the University at Al-
bany-SUNY; the field help provided by Mariana
Nava, Terrance E. Caviness III, Joshua Weber-
Townsend, Gusti Ayu Fransiska Dewi, Kaira
Fuentes, Jay W. Wason, and Mariano Arias; the
technical training provided by Mario Montesdeoca
and Mariah Taylor in the ultraclean laboratory of the
Center for Environmental Systems Engineering
(CESE) at Syracuse University; and the constructive
criticisms and advice on an earlier version of this
manuscript by Drs Gregory McGee, Karin Limburg
and Myron Mitchell. MB appreciates the warm and
multidimensional support of Manuel Berrio.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as
you give appropriate credit to the original author(s)
and the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material in
this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a
credit line to the material. If material is not in-
cluded in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will
need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit h
ttp://creativecommons.org/licenses/by/4.0/.

DATA AVAILABILITY

The data analyzed in this manuscript are available
in DRYAD (https://doi.org/10.5061/dryad.280gb5
msj).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5061/dryad.280gb5msj
https://doi.org/10.5061/dryad.280gb5msj

The Roles of the Moss Layer in Mediating Tree Seedling 921

REFERENCES

Abd Latif Z, Blackburn GA. 2010. The effects of gap size on some
microclimate variables during late summer and autumn in a
temperate broadleaved deciduous forest. Int J Biometeorol
54:119-129.

Aleksic N, Roy K, Sistla G, Dukett J, Houck N, Casson P. 2009.
Analysis of cloud and precipitation chemistry at Whiteface
Mountain, NY. Atmos Environ 43:2709-2716.

Anderson DR, Burnham KP. 2002. Avoiding pitfalls when using
information-theoretic methods. J Wildlife Manag 66:912-918.

Bale R, Svoboda M, Pouska V, Janda P, Cervenka J. 2012.
Natural regeneration in Central-European subalpine spruce
forests: which logs are suitable for seedling recruitment? For
Ecol Manag 266:254-262.

Bailey RG. 2014. Ecoregions, 2nd edn. New York: Springer.

Barton K. 2020. MuMIn: Multi-Model Inference. R package
version 1.43.17. https://CRAN.R-project.org/package=MuMIn

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear
mixed-effects models using Ime4. J Stat Softw 67(1):1-48. h
ttps://doi.org/10.18637/jss.v067.i01.

Battles JJ, Fahey TJ, Siccama TG, Johnson AH. 2003. Commu-
nity and population dynamics of spruce-fir forests on White-
face Mountain, New York: recent trends, 1985-2000. Can J
For Res 33:54-63.

Bekker MF, Malanson GP. 2008. Linear forest patterns in sub-
alpine environments. Prog Phys Geogr 32:635-653.

Berdugo MB, Dovciak M. 2019. Bryophytes in fir waves: forest
canopy indicator species and functional diversity decline in
canopy gaps. J Veg Sc 30:235-246.

Berdugo MB, Quant JM, Wason JW, Dovciak M. 2018. Latitu-
dinal patterns and environmental drivers of moss layer cover
in extratropical forests. Glob Ecol Biogeogr 27:1213-1224.

Blackwell BD, Driscoll CT. 2015. Using foliar and forest floor
mercury concentrations to assess spatial patterns of mercury
deposition. Environ Pollut 202:126-134.

Blackwell BD, Driscoll CT, Maxwell JA, Holsen TM. 2014.
Changing climate alters inputs and pathways of mercury
deposition to forested ecosystems. Biogeochemistry 119:215-
228.

Boening DW. 2000. Ecological effects, transport, and fate of
mercury: a general review. Chemosphere 40:1335-1351.

Bushey JT, Nallana AG, Montesdeoca MR, Driscoll CT. 2008.
Mercury dynamics of a northern hardwood canopy. Atmos
Environ 42:6905-6914.

Carpenter SR, Turner MG. 2000. Hares and tortoises: interac-
tions of fast and slow variables in ecosystems. Ecosystems
3:495-497.

Castro J, Zamora R, Hoédar JA, Gémez JM. 2004. Seedling
establishment of a boreal tree species (Pinus sylvestris) at its
southernmost distribution limit: consequences of being in a
marginal Mediterranean habitat. J Ecol 92:266-277.

Chen CY, Driscoll CT. 2018. Integrating mercury research and
policy in a changing world. Ambio 47:111-115.

Clark JS, Beckage B, Camill P, Cleveland B, HilleRisLambers J,
Lichter J, Wyckoff P. 1999. Interpreting recruitment limitation
in forests. Am J Bot 86:1-16.

Cornett MW, Reich PB, Puettmann KJ. 1997. Canopy feedbacks
and microtopography regulate conifer seedling distribution in
two Minnesota conifer-deciduous forests. Ecoscience 4:353—
364.

Cornett MW, Puettmann KJ, Reich PB. 1998. Canopy type,
forest floor, predation, and competition influence conifer
seedling emergence and early survival in two Minnesota
conifer-deciduous forests. Can J For Res 28:196-205.

Delach AB, Kimmerer RW. 2002. The effect of Polytrichum pil-
iferum on seed germination and establishment on iron mine
tailings in New York. Bryologist 105:249-255.

Demers JD, Driscoll CT, Fahey TJ, Yavitt JB. 2007. Mercury
cycling in litter and soil in different forest types in the
Adirondack region, New York, USA. Ecol Appl 17:1341-1351.

Dietz T. 2017. Drivers of human stress on the environment in
the twenty-first century. Ann Rev Environ Resour 42:189—
213.

Dovdiak M, Reich PB, Frelich LE. 2003. Seed rain, safe sites,
competing vegetation, and soil resources spatially structure
white pine (Pinus strobus L.) regeneration and recruitment.
Can J For Res 33:1892-1904.

Dovciak M, Tourville J, Wason JW, Berdugo MB. 2021. Diversity
begets more diversity: Species-rich understories support di-
verse tree seedling banks at fine-scales across a broad range of
environmental conditions. Ecological Society of America,
Annual Meeting, August 1-6, 2021, Virtual online meeting.

Driscoll CT, Lawrence G, Bulger A, Butler T, Cronan C, Eagar C,
Lambert K, Likens G, Stoddard J, Weathers K. 2001. Acidic
deposition in the Northeastern United States: sources and
inputs, ecosystem effects, and management strategies: the
effects of acidic deposition in the Northeastern United States
include the acidification of soil and water, which stresses
terrestrial and aquatic biota. BioScience 51(3):180-198.

Driscoll CT, Han YJ, Chen CY, Evers DC, Lambert KF, Holsen
TM, Kamman NC, Munson RK. 2007. Mercury contamination
in forest and freshwater ecosystems in the Northeastern
United States. BioScience 57:17-28.

Driscoll CT, Mason RP, Chan HM, Jacob DJ, Pirrone N. 2013.
Mercury as a global pollutant: sources, pathways, and effects.
Environ Sci Technol 47:4967-4983.

Epa US. 1995. Method 1669: sampling ambient water for trace
metals at EPA water quality criteria levels. Washington: Uni-
ted States Environmental Protection Agency. pp 1-42.

Epa US. 2007. Method 7473: mercury in solids and solutions by
thermal decomposition, amalgamation, and atomic absorption
spectrophotometry. Washington: United States Environmen-
tal Protection Agency.

Filazzola A, Lortie CJ. 2014. A systematic review and conceptual
framework for the mechanistic pathways of nurse plants. Glob
Ecol Biogeogr 23:1335-1345.

Fisichelli NA, Frelich LE, Reich PB. 2013. Climate and interre-
lated tree regeneration drivers in mixed temperate-boreal
forests. Landsc Ecol 28:149-159.

Fisichelli NA, Wright A, Rice K, Mau A, Buschena C, Reich PB.
2014. First-year seedlings and climate change: species-specific
responses of 15 North American tree species. Oikos 123:1331-
1340.

Friedland AJ, Miller EK. 1999. Major-element cycling in a high-
elevation Adirondack forest: patterns and changes, 1986—
1996. Ecol Appl 9:958-967.

Friedman M. 1937. The use of ranks to avoid the assumption of
normality implicit in the analysis of variance. J Am Stat Assoc
32:675-701.

Gelman A, Su Y. 2020. arm: Data Analysis Using Regression and
Multilevel/Hierarchical Models. R package version 1.11-2. h
ttps://CRAN.R-project.org/package=arm


https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=arm
https://CRAN.R-project.org/package=arm

922 M. B. Berdugo and others

Gerson JR, Driscoll CT, Demers JD, Sauer AK, Blackwell BD,
Montesdeoca MR, Shanley JB, Ross DS. 2017. Deposition of
mercury in forests across a montane elevation gradient: ele-
vational and seasonal patterns in methylmercury inputs and
production. J Geophys Res: Biogeosci 122:1922-1939.

Godbold DL. 1991. Mercury-induced root damage in spruce
seedlings. Water Air Soil Pollut 56:823-831.

Grigal DF. 2002. Inputs and outputs of mercury from terrestrial
watersheds: a review. Environ Rev 10:1-39.

Gurevitch J, Fox GA, Fowler NL, Graham CH. 2016. Landscape
demography: population change and its drivers across spatial
scales. Q Rev Biol 91:459-485. https://doi.org/10.1086/6895
60.

Hanson PJ, Lindberg SE, Tabberer TA, Owens JA, Kim KH. 1995.
Foliar exchange of mercury vapor: evidence for a compensa-
tion point. Water Air Soil Pollut 80:373-382.

Houle G. 1992. The reproductive ecology of Abies Balsamea, Acer
Saccharum and Betula Alleghaniensis in the tantare ecological
reserve, Quebec. J Ecol 80:611-623.

Huntington TG, Richardson AD, Mcguire KJ, Hayhoe K. 2009.
Climate and hydrological changes in the northeastern United
States: recent trends and implications for forested and aquatic
ecosystems. Can J For Res 39:199-212.

Jiskra M, Sonke JE, Obrist D, Bieser J, Ebinghaus R, Myhre CL,
Pfaffhuber KA, Wangberg I, Kyllonen K, Worthy D, Martin
LG, Labuschagne C, Mkololo T, Ramonet M, Magand O,
Dommergue A. 2018. A vegetation control on seasonal vari-
ations in global atmospheric mercury concentrations. Nat
Geosci 11:244-250.

Jonsson M, Kardol P, Gundale MJ, Bansal S, Nilsson MC, Met-
calfe DB, Wardle DA. 2015. Direct and indirect drivers of moss
community structure, function, and associated microfauna
across a successional gradient. Ecosystems 18:154-169.

Klaus J. 2018. Influence of stand age, micro-climate, and litter
composition on the decomposition of ten litter types in white
spruce plantation forests in Nova Scotia, Canada. Master
thesis, Dalhousie University. Halifax, Nova Scotia.

Lett S, Nilsson MC, Wardle DA, Dorrepaal E. 2017. Bryophyte
traits explain climate-warming effects on tree seedling estab-
lishment. J Ecol 105:496-506.

Lindo Z, Gonzalez A. 2010. The Bryosphere: an integral and
influential component of the earth’s biosphere. Ecosystems
13:612-627.

Maréchaux I, Langerwisch F, Huth A, Bugmann H, Morin X,
Reyer C, Seidl R, Collalti A, Bohn F. 2021. Tackling unre-
solved questions in forest ecology: the past and future role of
simulation models. Ecol Evolut 11:3746-3770.

Maxwell K, Johnson GN. 2000. Chlorophyll fluorescence: a
practical guide. J Exp Bot 51:659-668.

McCarthy J. 2001. Gap dynamics of forest trees: a review with
particular attention to boreal forests. Environ Rev 9:1-59.
McNab WH, Cleland DT, Freeouf JA, Keys JE, Nowacki GJ,

Carpenter CA. (comps). 2007. Description of ecological sub-
regions: sections of the conterminous United States. Wash-
ington, DC, US: United States Department of Agriculture,

Forest Service. General technical report WO-76B.

Mori A, Mizumachi E, Osono T, Doi Y. 2004. Substrate-associ-
ated seedling recruitment and establishment of major conifer
species in an old-growth subalpine forest in central Japan. For
Ecol Manag 196:287-297.

National Atmospheric Deposition Program (NRSP-3). 2020.
Whiteface Mountain (NY98), Essex, NY (Latitude 44.3933

Longitude -73.8594 Elevation 610m). NADP Program Office,
Wisconsin State Laboratory of Hygiene, 465 Henry Mall,
Madison, WI 53706.

Murchie EH, Lawson T. 2013. Chlorophyll fluorescence analysis:
a guide to good practice and understanding some new appli-
cations. J Exp Bot 64:3983-3998.

Muscolo A, Bagnato S, Sidari M, Mercurio R. 2014. A review of
the roles of forest canopy gaps. J For Res 25:725-736.

Nakamura T. 1992. Effect of bryophytes on survival of conifer
seedlings in subalpine forests of central Japan. Ecol Res 7:155—
162.

Nasr M, Arp PA. 2011. Hg concentrations and accumulations in
fungal fruiting bodies, as influenced by forest soil substrates
and moss carpets. Appl Geochem 26:1905-1917.

Nyman JA, Lindau CW. 2016. Nutrient availability and flooding
stress interact to affect growth and mercury concentration in
Taxodium distichum (L.) Rich. seedlings. Environ Exp Bot
125:77-86.

Obrist D, Roy EM, Harrison JL, Kwong CF, William Munger J,
Moosmiiller H, Romero CD, Sun S, Zhou J, Commane R.
2021. Previously unaccounted atmospheric mercury deposi-
tion in a midlatitude deciduous forest. Proc Natl Acad Sci U. S.
Am 118:1-7.

Oleskog G, Sahlén K. 2000. Effects of seedbed substrate on
moisture conditions and germination of Scots pine (Pinus syl-
vestris) seeds in a mixed conifer stand. New For 20:119-133.

Pacala SW, Canham CD, Silander JA. 1993. Forest models de-
fined by field measurements: I. The design of a northeastern
forest simulator. Can J For Res 23:1980-1988.

Pahlsson AMB. 1989. Toxicity of heavy metals (Zn, Cu, Cd, Pb)
to vascular plants. Water Air Soil Pollut 47:287-319.

Parent S, Morin H, Messier C. 2000. Effects of adventitious roots
on age determination in Balsam fir (Abies balsamea) regener-
ation. Can J For Res 30:513-518.

Parent S, Morin H, Messier C. 2001. Balsam fir (Abies balsamea)
establishment dynamics during a spruce budworm (Choris-
toneura fumiferana) outbreak: An evaluation of the impact of
aging techniques. Can J For Res 31:373-376. https://doi.org/
10.1139/cjfr-31-3-373

Parent S, Simard MJ, Morin H, Messier C. 2003. Establishment
and dynamics of the balsam fir seedling bank in old forests of
northeastern Quebec. Can J For Res 33:597-603.

Peguero-Pina JJ, Camarero JJ, Abadia A, Martin E, Gonzalez-
Cascon R, Morales F, Gil-Pelegrin E. 2007. Physiological per-
formance of silver-fir (Abies alba Mill.) populations under
contrasting climates near the south-western distribution limit
of the species. Flora-Morphol Distrib Funct Ecol Plants
202:226-236.

Petrie MD, Wildeman AM, Bradford JB, Hubbard RM, Lauen-
roth WK. 2016. A review of precipitation and temperature
control on seedling emergence and establishment for pon-
derosa and lodgepole pine forest regeneration. For Ecol Manag
361:328-338.

Philben M, Butler S, Billings S, Benner R, Edwards K, Ziegler S.
2018. Biochemical and structural controls on the decomposi-
tion dynamics of boreal upland forest moss tissues. Biogeo-
sciences 15:6731-6746.

Prescott CE. 2002. The influence of the forest canopy on nutrient
cycling. Tree Physiol 22:1193-1200.

R Core Team. 2018. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org/.


https://doi.org/10.1086/689560
https://doi.org/10.1086/689560
https://doi.org/10.1139/cjfr-31-3-373
https://doi.org/10.1139/cjfr-31-3-373
http://www.R-project.org/

The Roles of the Moss Layer in Mediating Tree Seedling 923

Rasmussen PE, Mierle G, Nriagu JO. 1991. The analysis of veg-
etation for total mercury. Water Air Soil Pollut 56:379-390.

Richardson AD, Lee X, Friedland AJ. 2004. Microclimatology of
treeline spruce-fir forests in mountains of the northeastern
United States. Agricu For Meteorol 125:53-66.

Russavage E, Thiele J, Lumbsden-Pinto J, Schwager K, Green T,
Dovciak M. 2021. Characterizing canopy openness in open
forests: Spherical densiometer and canopy photography are
equivalent but less sensitive than direct measurements of solar
radiation. J For 119:130-140.

Sauer AK, Driscoll CT, Evers DC, Adams EM, Yang Y. 2020.
Mercury exposure in songbird communities within Sphagnum
bog and upland forest ecosystems in the Adirondack Park.
Ecotoxicology (New York, USA). https://doi.org/10.1007/s10
646-019-02142-x.

Schroder W, Pesch R. 2010. Long-term monitoring of the metal
accumulation in forests measured by use of the moss tech-
nique. Eur J For Res 129:475-488.

Schwab JJ, Wolfe D, Casson P, Brandt R, Demerjian KL, Husain
L, Dutkiewicz VA, Civerolo KL, Rattigan OV. 2015. Atmo-
spheric science research at Whiteface Mountain, NY: site
description and history. Aerosol Air Qual Res 16:827-840.

Silvertown J, Dodd M. 1999. The demographic cost of repro-
duction and its consequences in balsam fir (Abies balsamea).
Am Nat 29:321-332.

Simard MJ, Bergeron Y, Sirois L. 1998. Conifer seedling
recruitment in a southeastern Canadian boreal forest: the
importance of substrate. J Veg Sci 9:575-582.

Soudzilovskaia NA, Graae BJ, Douma JC, Grau O, Milbau A,
Shevtsova A, Wolters L, Cornelissen JHC. 2011. How do
bryophytes govern generative recruitment of vascular plants?
New Phytologist 190:1019-1031.

Soudzilovskaia NA, van Bodegom PM, Cornelissen JH. 2013.
Dominant bryophyte control over high-latitude soil temper-
ature fluctuations predicted by heat transfer traits, field
moisture regime and laws of thermal insulation. Funct Ecol
27:1442-1454.

Sprugel DG. 1976. Dynamic structure of wave-regenerated Abies
balsamea forests in the north-eastern United States. J Ecol
64:889-911.

Stuiver B, Wardle D, Gundale M, Nilsson M-C. 2014. The impact
of moss species and biomass on the growth of Pinus sylvestris
tree seedlings at different precipitation frequencies. Forests
5(8):1931-1951. https://doi.org/10.3390/{5081931.

Tarara JM, Hoheisel G. 2007. Low-cost shielding to minimize
radiation errors of temperature sensors in the field. HortS-
cience 42:1372-1379.

Tourville J, Wason J, Dovciak M. 2022. Canopy gaps facilitate
upslope shifts in montane conifers but not in temperate
deciduous trees in the northeastern United States. J Ecol 00:1—
13. https://doi.org/10.1111/1365-2745.13993.

Vitousek PM. 1994. Beyond global warming: ecology and global
change. Ecology 75:1861-1876.

Ward AD, Trimble SW. 2003. Environmental hydrology, 2nd
edn. Boca Raton: CRC Press.

Wason JW, Bevilacqua E, Dovciak M. 2017a. Climates on the
move: Implications of climate warming for species distribu-
tions in mountains of the northeastern United States. Agric
For Meteorol 246:272-280.

Wason JW, Dovciak M, Beier CM, Battles JJ. 2017b. Tree growth
is more sensitive than species distributions to recent changes
in climate and acidic deposition in the northeastern United
States. J Appl Ecol 54:1648-1657.

Wason JW, Beier CM, Battles JJ, Dovciak M. 2019. Acidic
deposition and climate warming as drivers of tree growth in
high-elevation spruce-fir forests of the Northeastern US. Front
For Glob Change 2:63.

Wason JW, Battles J, Berdugo MB, Casson P, Tourville J, Dov-
ciak M. 2021. Sentinel research sites in global change re-
search: whiteface mountain, New York. Northeast Nat 28:47—
63.

Wheeler JA, Hermanutz L, Marino PM. 2011. Feathermoss
seedbeds facilitate black spruce seedling recruitment in the
forest-tundra  ecotone (Labrador, Canada). Oikos
120(8):1263-1271. https://doi.org/10.1111/j.1600-0706.2010
.18966.x.

Will RE, Wilson SM, Zou CB, Hennessey TC. 2013. Increased
vapor pressure deficit due to higher temperature leads to
greater transpiration and faster mortality during drought for
tree seedlings common to the forest—grassland ecotone. New
Phytologist 200:366-374.

Witty JE, Arnold RW. 1970. Some folists on whiteface moun-
tain, New York. Soil Sci Soc Am J 34:653-657.

Wright EF, Coates KD, Bartemucci P. 1998. Regeneration from
seed of six tree species in the interior cedar-hemlock forests of
British Columbia as affected by substrate and canopy gap
position. Can J For Res 28:1352-1364.

Yanai RD, Yang Y, Wild AD, Smith KT, Driscoll CT. 2020. New
approaches to understand mercury in trees: radial and longi-
tudinal patterns of mercury in tree rings and genetic control of
mercury in maple sap. Water Air Soil Pollut 231:1-10.

Yang Y, Meng L, Yanai RD, Montesdeoca M, Templer PH, Asb-
jornsen H, Rustad LE, Driscoll CT. 2019. Climate change may
alter mercury fluxes in northern hardwood forests. Biogeo-
chemistry 146:1-16.

Zhou X, Chen Q, Liu C, Fang Y. 2017. Using moss to assess
airborne heavy metal pollution in Taizhou, China. Int J
Environ Res Publ Health 14:430.

Zhou J, Obrist D, Dastoor A, Jiskra M, Ryjkov A. 2021. Vege-
tation uptake of mercury and impacts on global cycling. Nat
Rev Earth Environ. https://doi.org/10.1038/s43017-021-001
46-y.


https://doi.org/10.1007/s10646-019-02142-x
https://doi.org/10.1007/s10646-019-02142-x
https://doi.org/10.3390/f5081931
https://doi.org/10.1111/1365-2745.13993
https://doi.org/10.1111/j.1600-0706.2010.18966.x
https://doi.org/10.1111/j.1600-0706.2010.18966.x
https://doi.org/10.1038/s43017-021-00146-y
https://doi.org/10.1038/s43017-021-00146-y

	The Roles of the Moss Layer in Mediating Tree Seedling Environmental Stress, Mercury Exposure, and Regeneration in High-Elevation Conifer Forests
	Abstract
	Highlights
	Introduction
	Methods
	Study Area
	Study Design and Field Data Collection
	Seedling Bank Surveys
	Microsite Characteristics
	Seedling Physiological Stress
	Climatic Stressors
	Exposure to Mercury

	Data Analyses and Hypothesis Testing

	Results
	Discussion
	Role of Moss Layer in Fir Wave Regeneration
	Seedling Climatic Stress and Mitigating Effects of the Moss Layer
	Decoupling Between Mercury Content of the Moss Layer and Seedlings

	Conclusions
	Acknowledgements
	References




