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Abstract Previous work has suggested that excess
nitrogen (N) alters the degree to which forest canopy
versus soil variables influence forest herb communi-
ties. This study tested the hypothesis that excess N
would shift this influence on individual herb species
from soil N availability to stand structural variables
that determine light availability to the forest floor.
Two watersheds at the Fernow Experimental Forest,
West Virginia, USA were used: WS4 and WS3 as
untreated reference and treatment watersheds, respec-
tively. WS3 receives 35 kg N/ha/year via aerial
application. Herb cover and composition was mea-
sured in seven permanent plots/WS from 1991,
currently on-going. In 2011, soil moisture and N
availability were measured in each plot, along with
several variables of canopy structure. Backwards
stepwise regression was used to determine relation-
ships between herb cover/individual species and
soil/canopy measurements. Herb cover varied spa-
tially with soil resources on WS4, whereas cover
varied spatially with canopy structure on WS3.
Although results for total herb layer cover supported
this hypothesis, results for individual herb species
rejected it. This contrast was especially evident for
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Rubus allegheniensis (blackberry), a nitrophilic spe-
cies which increased with increasing soil N on both
watersheds, but was not correlated with canopy
structure on reference WS4, while being correlated
with canopy structure on N-treated WS3. Excess N
from atmospheric deposition has been shown to
decrease plant biodiversity of impacted forests, espe-
cially in its effects on herbaceous layer communities.
This work demonstrates that one of the mechanisms of
such response is in N-mediated changes in the
response of herb communities to soil resources and
light availability.
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Introduction

A notable degree of past and recent research has
focused on the variety of environmental factors that
influence the herbaceous layer communities of forests.
As has become increasingly realized, this forest
stratum represents an importance to the structure and
function of these ecosystems that is quite dispropor-
tionate to its diminutive stature, facilitating energy and
nutrient flux and representing up to 90% of plant
biodiversity (Gilliam 2007, 2014; Thrippleton et al.

@ Springer


http://orcid.org/0000-0002-5525-0766
http://crossmark.crossref.org/dialog/?doi=10.1007/s11258-019-00984-3&amp;domain=pdf
https://doi.org/10.1007/s11258-019-00984-3

1132

Plant Ecol (2019) 220:1131-1138

2016). Thus, it is imperative to understand the nature
of influences on herb layer dynamics, especially in the
context of global change (De Frenne et al. 2013;
Bellemare and Moeller 2014; Gilliam 2016).

Some of the earlier work in this area focused on the
importance of environmental gradients within forests
as primary drivers influencing herb layer communi-
ties, as well as on structural aspects and energy use
efficiency of this stratum (Struik and Curtis 1962;
Anderson et al. 1969; Zavitkovski 1976). Later work
by Rogers in conifer and hardwood forests of the
northern U.S. and Southern Canada (Rogers
1980, 1981, 1982, 1983, 1985) emphasized the high
degree of interannual variability in herb cover, con-
cluding that soil fertility was more influential than
climate on forest herb communities.

Work in other forest types and using different
methodology has yielded quite contrasting results. As
part of the classic Hubbard Brook Study, Reiners
(1992) reported a detailed chronology of 20 year of
vegetation recovery following clearcutting and herbi-
cide treatment, demonstrating that post-disturbance
reorganization was largely influenced by light. High
light-requiring species, e.g., Rubus spp., increased in
abundance rapidly following cessation of herbicide
treatment, but decreased just as rapidly during canopy
re-initiation.

Certainly, light and soil resources are continually
required by herb layer species; thus, neither factor
should be considered as a sole driver in determining
the structure and composition of forest herb commu-
nities (Bartels and Chen 2010; Walter et al. 2016).
Among essential resources, light availability is spa-
tially and temporally the most dynamic, passing
through the forest canopy to the forest floor as
sunflecks (Neufeld and Young 2014). Such spatial
heterogeneity has been found to have a profound effect
on herb richness and cover in forests (Reich et al.
2012; Kumar et al. 2018a, b). On the other hand, soil
conditions, especially fertility, are not only often
spatially heterogeneous, but this heterogeneity can
maintain high species diversity of herb communities
(Hutchings et al. 2003; Laliberté et al. 2013).

The light environment of the forest floor is primar-
ily determined by variation in forest canopy structure
(Atkins et al. 2018), including seasonal changes in
foliar cover in deciduous stands (Neufeld and Young
2014) and changes over successional time. Once
largely measured via satellites, such as Landsat
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Thematic Mapper imagery (Jasinski and Crago
1999), a more recent technique using LiDAR tech-
nology with hand-held instrumentation allows for
more detailed stand structural measurements at the
smaller spatial scale of individual sample plots (e.g.,
100400 mz) (Lefsky et al. 2002; Parker et al. 2004a).
Common measurements include local outer canopy
height, rugosity (‘roughness’), canopy area index, and
gap fraction (see Atkins et al. 2018 and Methods for
further description of these variables). In addition to
numerous studies that have quantified these stand
structural variables with applications toward the light
environment (Aiba et al. 2013), others have linked
them to forest microclimate and gas exchange (Parker
et al. 2004b), energy flow and net primary productivity
(Hardiman et al. 2011, 2013), management effects
(McMahon et al. 2015), and forest greenness (LaRue
et al. 2018).

Natural and anthropogenic disturbances can alter
the relative degree of influence that soil and light
environments can exert of forest herb communities
(Roberts 2004; McMahon et al. 2015). Recent work on
hardwood forests at the Fernow Experimental Forest
(FEF), West Virginia, has suggested, via on-going
watershed-scale manipulations for over a quarter
century, that excess nitrogen (N) can shift the impor-
tance of soil fertility versus light in controlling spatial
pattern in herb cover. Despite that N deposition,
especially oxidized N, has declined throughout the
eastern United States since around 1990, many sites
still exhibit symptoms of N saturation (Peterjohn et al.
1996; Gilliam et al. 2019). At FEF, both canopy
structure and soil resources variables (N availability
and moisture) were quantified in samples plots
wherein cover and diversity of the herb community
was also measured. Herb cover on the untreated
reference watershed varied with available soil N,
whereas cover on the N-treated watershed varied with
stand structural variables that affect the light environ-
ment of the forest floor. Herb community diversity,
however, was influenced by neither stand nor soil
variables (Gilliam 2019).

As that study did not include the responses of
individual herb layer species to overstory structure and
soil resources, the purpose of this study is to examine
these relationships. More specifically, the following
hypothesis is addressed, based on findings regarding
total herb cover: Excess N shifts the control on herb
layer species from soil N fertility to stand structure.
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Methods
Study site

The research site for this study was the Fernow
Experimental Forest (FEF), Tucker County, West
Virginia (39°03'15” N, 79°49'15"” W). This is part of a
long-term study to determine the effects of chronic
additions of N on central Appalachian hardwood
forests (Adams et al. 2006). Fernow Experimental
Forest is within the unglaciated Allegheny Plateau,
occupying approximately 1900 ha area of the
Allegheny Mountain section. Annual precipitation
for this site averages ~ 1430 mm, generally higher in
the growing season and increasing with higher eleva-
tions (Gilliam et al. 2018a, b).

Three watersheds are used in the broader, long-term
study, of which two are employed for the current work:
WS3, serving as the treatment watershed, and WS4,
serving as reference watershed. Aerial applications of
(NH4),SO4 to WS3 began in 1989 and remain on-
going. These are made three times per year: March and
November applications are 33.6 kg/ha of fertilizer, or
7.1 kg/ha of N, whereas July applications are
100.8 kg/ha fertilizer (21.2 kg/ha N). Stands on WS3
are ~ 50 years old and even-aged, following clearcut-
ting. WS4 supports even-aged stands > 100 years old
following harvesting.

Forest stands on these watersheds are mixed
hardwoods, with dominant species including sugar
maple (Acer saccharum Marsh.), sweet birch (Betula
lenta L.), American beech (Fagus grandifolia Ehrh.),
yellow poplar (Liriodendron tulipifera L.), black
cherry (Prunus serotina Ehrh.), and northern red oak
(Quercus rubra L.) (Kochenderfer 2006). At the
initiation of sampling in 1991, species composition
of the herbaceous layer was quite similar between
watersheds, despite differences in stand age, including
species of Viola, Rubus, seedlings of striped maple
Acer pensylvanicum L. and red maple A. rubrum L.,
and a minor component of mixed ferns (Gilliam et al.
2016b).

Field methods

As part of long-term, on-going studies, cover of
individual herb layer species was determined visually
within five circular 1-m? sub-plots within each of
seven circular 0.04 ha permanent sample plots; see

Walter et al. (2015) for detailed description of
methodology. All vascular plants < 1 m in height in
each subplot were identified to species or genus and
estimated for cover. This has occurred in the first week
of July throughout the on-going study, but data for this
study were taken from 2011 sampling only. Similarly,
soil sampling and analyses are currently on-going, as
described in Gilliam et al. (2018a, b). Plots for soil
sampling are paired with and immediately adjacent to
vegetation plots. Soil analyses include soil moisture
(%), extractable NH," and NO;~, and net N miner-
alization and nitrification. Soil moisture was deter-
mined gravimetrically, NH4;* and NOs;~ were
measured colorimetrically following 1N KCI extrac-
tion, and net N mineralization and nitrification were
determined using in sifu incubations using mineral soil
only (O horizon excluded). This was taken to a 5-cm
depth on a monthly basis, generally from May to
September each year. For this study, data from July
2011 were used to align with the herb layer and forest
canopy measurements (see below).

Forest canopy structural variables were measured
in July 2011 with a Riegl LD90-3100VHS-FLP laser
rangefinder (operating in first-return mode at 890 nm
and 2 kHz, laser safety class I) mounted to the front of
a frame at 1 m above the ground. This was manually
pointed upward, making 2000 measurements per
second. Collected data were transferred through a
serial cable to laptop (Parker et al. 2004a, b). Loca-
tions of each range measurement were estimated from
its sequence in the data file with constant walking
speed. Distances between measurements typically
were < 1 cm, with the spot size of the laser beam
varying between 4 and 6 cm at the ranges measured.

Canopy structure data files were edited to identify
out-of-range values (for example, when penetrating
canopy openings to the sky) and eliminate spurious
values. Edited files were processed through a program
customized for grouping ranges horizontally, calcu-
lating vertical profiles (using methodology of
MacArthur and Horn 1969), estimating surface area
density using the overlap transformation, and assign-
ing coordinates to each estimate. The utilized bins
were 1 m in the horizontal and 1 m in the vertical.
Resulting estimates refer to cube-shaped voxels of 1 x
1 x 1 min the x, y, and z dimensions, respectively.

To be consistent with earlier work (i.e., Gilliam
2019), this study used the following canopy structural
variables: canopy area index (CAI), local outer canopy
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height (LOCH), rugosity, and gap fraction. Canopy
area index is the total surface area density across all
levels in a column through the canopy. Local outer
canopy height represents the maximum surface height
in a column, comprising the outer canopy surface
across all columns. Rugosity in its most general sense
is a measure of the small-scale variation in amplitude
in the height of a surface; in this case, rugosity
quantifies the “roughness” of the forest canopy,
calculated as the standard deviation of the mean outer
canopy height. The gap fraction is the fraction of
horizontal locations without any canopy surface area
directly above (one minus the “cover”) (Parker et al.
2004a, b; Atkins et al. 2018).

Data analysis

Backwards stepwise regression was used to assess the
potential effects of both canopy structural and soil
variables on individual species of the herb layer. This
procedure eliminates variables from the proposed
model (see below) sequentially until all remaining
variables produce F statistics that are significant at a
given level of probability, i.e., p < 0.05 (Zar 2009).
This was used to identify canopy and/or soil variables
that best explain spatial variation in cover of individ-
ual species with the following initial model:

Y = moist + NH; + NO; + Nmin + nit + CAI
+ LOCH + gapfrac + rug

where moist is soil moisture (%), NH," and NO; ™ are
extractable soil NH,™ and NO;~ (ug N/g soil), Nmin
is net N mineralization (ug N/g soil/d), nit is net
nitrification (pg N/g soil/d), CAl is canopy area index,
LOCH is local outer canopy height (m), gapfrac is gap
fraction, rug is rugosity, and Y is the dependent
variable, namely cover (%) of individual herb layer
species.

Of additional interest was the relationship between
cover of herb layer species and individual canopy and
soil variables. Thus, in addition to the multiple
regression approach and using the same variables,
simple linear relationships were examined between
cover of the more dominant plant species in each
watershed with whichever canopy or soil variables
were of best fit (p < 0.05).
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Results and discussion

Results of this study largely reject the hypothesis that
cover of individual herb layer species is more influ-
enced by soil N under ambient conditions and by stand
structure under high N conditions. Far more species in
untreated WS4 exhibited significant results (p < 0.05)
for the backwards stepwise procedure used to eluci-
date these relationships than in N-treated WS3, and
among all species analyzed, all but two species (Acer
pensylvanicum and Viola spp.—hereafter, Viola—on
WS3) had significant coefficients for both canopy
structural and soil variables (Table 1). The wide
discrepancy in numbers of significant species between
watersheds (4 vs. 10 in WS3 vs. WS4, respectively)
likely has arisen, at least in part, from the increased
dominance of the nitrophilic species, Rubus alleghe-
niensis (hereafter, Rubus), that has developed through
nearly a quarter century of N additions to WS3
(Gilliam et al. 2016b). As Rubus increased in cover on
WS3 > 20-fold (< 1% in 1991 to 18% by 2011), it may
have masked the response to stand and soil variables of
individual herb layer species that declined as a result
of such increases. Species richness was essentially
identical between watersheds at the beginning of the
study in 1991, but was ~ 30% lower on WS3 by the
time of sampling for this study in 2011. This is also
consistent with earlier observations from this site
regarding Rubus as ecosystem engineer, effectively
redistributing subsoil nutrients to surface horizons.
Gilliam et al. (2016a) found that not only was foliar
Mn was 50% higher in Rubus on WS3 than in Rubus
on WS4 (~ 6000 ppm vs. ~ 4000 ppm, respectively),
but also that discreet patches of high soil Mn on WS3
only occurred in areas with high cover of Rubus.
Indeed, Gilliam et al. (2018a, b) demonstrated that
Rubus further concentrates Mn in post-senescent foliar
litter by > 50%, nearing the level (i.e., 10,000 ppm) to
meet the minimum criterion as Mn hyperaccumulator
(van der Ent et al. 2013). The low tolerance of most
forest herb species to high soil Mn (Nagajyoti et al.
2010; Kula et al. 2012) suggests that Rubus cover may
have altered the spatial relationships of these species
to spatial patterns of canopy structure and soil N.
Contributing to these results is that WS4 might be
considered an ecologically ‘moving target’ in its use as
reference watershed. That is, despite its status as an
unmanipulated ‘control’ in watershed-level experi-
ments at FEF, it has, in the past, experienced
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Table 1 Results of backward stepwise regression for study
watersheds at Fernow Experimental Forest, WV, beginning
with the following initial model: Y = moist + NH,*

extractable soil NH,*, NO;™ is extractable soil NO;~, Nmin
is net N mineralization, nit is net nitrification, CAI is canopy
area index, LOCH is local outer canopy height, gapfrac is gap

4+ NO3;~ + Nmin + nit + CAI + LOCH + gapfrac + rug, fraction, and rug is rugosity

where Y is cover, moist is soil moisture, NH," is

Watershed  Species  Canopy variables Soil variables P

CAI gapfrac LOCH Rug Moist NH4 NO; Nmin nit

WS3 Cover — 35.39 3.01 0.96
ACPE — 5.67 0.71
PRSE — 10.01 0.13 —0.89 0.99
RUAL 2.46 22.13 0.99
VIOL 209  0.69

WS4 Cover - 532 12.62 0.90
ACPE 0.88 — 1.98 0.91
ACRU — 0.08 — 0.19 1.24 0.99
FRAM 98.48 —0.50 0.87
LACA 3.72 0.94
LITU — 028 125 0.97
QURU — 347 0.64
RUAL 2.13 0.75
SMRO — 8.61 0.68
STPU —0.16 0.32 0.84
VIOL - 0.27 1.75 0.97

Values shown are coefficients for final significant (p < 0.05) model, along with > for the final model of each species. Species codes
are as follows: ACPE (Acer pensylvanicum), ACRU (A. rubra), FRAM (Fraxinus americana), LACA (Laportea canadensis), LITU
(Liriodendron tulipifera), PRSE (Prunus serotina), QURU (Quercus rubra), RUAL (Rubus allegheniensis), SMRO (Smilax
rotundifolia), STPU (Stellaria pubescens), and VIOL (Viola spp.). For reference, the final model for total herb layer cover is shown in

bold

chronically elevated levels of N deposition, with
wetfall amounts historically exceeding over 90% of
National Atmospheric Deposition Program sites in the
contiguous United States and Canada (Peterjohn et al.
1996; Adams et al. 2006). In fact, based on N data at
the beginning of the on-going study in 1993, WS4 was
identified by Peterjohn et al. (1996) as exhibiting
several symptoms of being N saturated, including both
high rates of net N mineralization and high relative net
nitrification (i.e., the percent of N mineralization as
nitrification). Data used in this study show that this
was still evident in 2011 (Fig. 1). Regarding plant
response, although not to the level observed on
N-treated WS3, Rubus cover also increased from
1991 to 2011 on WS4—from ~ 0.5 to ~ 4%.
Conversely, herb community richness increased dur-
ing this period on WS4, in contrast to significant
species loss on WS3 (Gilliam et al. 2016b), as has been
reported in studies contrasting forest types from

throughout North America, Europe, and Asia (Gilliam
2006; Luetal. 2010; Clark et al. 2013; Dirnbdck et al.
2014; Simkin et al. 2016; Walter et al. 2017; Clark
et al. 2019).

Contrasting patterns for Rubus between watersheds
are compelling. On WS4, cover of Rubus was
significantly related only to extractable NH,*, which
is actually consistent with the general hypothesis of
N-mediated change in controlling factors for the herb
layer. On WS3, however, cover was significantly
related to both net N mineralization and LOCH, the
latter of which has been found to be positively
correlated with light availability to the forest floor
(Aiba et al. 2013). These results support findings of
Walter et al. (2016) that employed two separate, but
coordinated, field studies to investigate the response of
Rubus to variation in light and N availability in a
factorial design by comparing relative cover of Rubus
in (1) N-treated WS3 and another untreated watershed
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Fig. 1 Net nitrification 1.8

versus net N mineralization
for individual sample plots
on reference WS4 (closed
symbols, solid line) and
N-treated WS3 (open
symbols, finely dashed line).
Linear regression for WS4:
Y =1.04X — 0.33,

#* = 0.71; linear regression
for WS3:

Y =1.23X + 0.20,

* = 0.74. Shown also is a
1:1 reference line depicting
a relative nitrification of
100%

OWS3 e Wws4

Net nitrification (ug N/g soil/d)

0 0.2 0.4

at FEF (WS7) and (2) among N-fertilized and
unfertilized experimental plots, with both approaches
utilizing canopy openness as a covariate. The ex situ
experiment used a two-way (2 x 3) factorial design,
measuring leaf area with two levels of N and three of
light. Both approaches revealed highly significant
interactions between light and N in influencing Rubus
cover, such that the effects of N availability on cover
were significantly mitigated by availability of light
(Walter et al. 2016).

Although the debate of organismic versus individ-
ualist concepts of plant communities was largely
resolved decades ago (Clements 1936; Whittaker
1962), results of this study add further support of the
individualistic concept, as established by Gleason
(1926). That is, in spite of clear patterns of contrast
between watersheds for herb cover as a whole (varying
only with soil N on WS4 vs. only with canopy
structure on WS3—Table 1), herb layer species varied
individually and independently with respect both to
each other and to N treatment. All species exhibited a
significant relationship with at least one of the canopy
or soil variables, but few showed similar patterns
among themselves. Again, in contrast to the distinct
N-mediated variation found for total herb cover, most
species varied significantly with combinations of both
canopy and soil variables (Table 1).

Finally, it merits reiterating the importance of
Rubus as ecosystem engineer in how it has responded
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to experimental additions of N on WS3, supporting
conclusions of previous studies at this site (Gilliam
et al. 2016b, 2018a, b). By definition, ecosystem
engineers are species that alter the availability of
resources for other species by altering biotic and
abiotic factors, and modifying, maintaining, and
creating habitats (Jones et al. 1994). As a nitrophilic
species (Strik 2008) with an R life history (sensu
Grime 2006), its proliferation in response to N on WS3
was not so surprising as that it did so under an intact
forest canopy (Jobidon 1993). As it has increased in
cover ~ 20-fold over the quarter century of N
treatments on WS3, it has not only altered resource
availability to other species of the forest herb
community, but has also redistributed Mn from the
bottom of the rooting zone to surface soils at
concentrations likely altering the success of other
species. This work further underscores the complexity
of mechanisms by which excess N can affect the most
diverse of forest strata—the herbaceous layer.
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