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Increasing ground-layer plant taxonomic diversity masks
declining phylogenetic diversity along a silvicultural
disturbance gradient
Stefan F. Hupperts, Christopher R. Webster, Robert E. Froese, Erik A. Lilleskov, Amy M. Marcarelli,
and Yvette L. Dickinson

Abstract: Most plant diversity in temperate deciduous forests is found in the ground layer, but nearly all studies comparing
plant community assembly using taxonomic, trait, and phylogenetic diversity indices are limited to woody plants. To examine
the relationship between short-term ground-layer plant community assembly and disturbance severity, we leveraged a silvicul-
tural experiment that applied a combination of harvest and site preparation treatments in a northern hardwood forest in
Michigan, USA. We predicted that after two growing seasons, plant communities would be less sensitive to harvest treatments
when compared with site preparation treatments that disturb the rhizosphere and modify rooting substrate. We also predicted
that an increase in taxonomic diversity would accompany a decline in trait diversity and phylogenetic diversity. Instead, plant
species composition responded similarly to harvest treatment and site preparation treatment. However, our measure of distur-
bance severity was positively correlated with both trait diversity and taxonomic diversity but negatively correlated with
phylogenetic diversity, indicating that increasingly diverse traits and taxonomies along this disturbance severity gradient were
comprised of more phylogenetically simple plant communities. Informed management decisions should therefore consider the
underlying value of each diversity measure, as taxonomic diversity alone may not be the best metric for assessing plant
community assembly.
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Résumé : La plus grande partie de la diversité végétale des forêts feuillues tempérées se trouve dans la strate près du sol, mais
presque toutes les études comparant l’assemblage des communautés végétales à l’aide d’indices de diversité taxonomique,
phylogénétique et caractérielle se limitent aux plantes ligneuses. Pour étudier la relation à court terme entre l’assemblage des
communautés végétales de la strate près du sol et l’intensité des perturbations, nous avons utilisé une expérience sylvicole
combinant des traitements de récolte et de préparation de terrain dans une forêt feuillue du nord du Michigan, aux États-Unis.
Nous avons anticipé qu’après deux saisons de croissance, les communautés végétales seraient moins sensibles aux traitements
de récolte qu’aux traitements de préparation de terrain qui perturbent la rhizosphère et modifient le substrat d’enracinement.
Nous avons également anticipé qu’une augmentation de la diversité taxonomique serait associée à une baisse de la diversité
phylogénétique et caractérielle. Nous avons plutôt observé que la composition des espèces végétales a réagi de façon similaire
aux traitements de récolte et de préparation de terrain. Cependant, notre mesure de l’intensité des perturbations était positive-
ment corrélée à la diversité taxonomique et caractérielle, mais négativement reliée à la diversité phylogénétique. Ces résultats
indiquent que l’augmentation de la diversité des caractères et des taxons le long du gradient d’intensité des perturbations se
traduisait par des communautés végétales plus simples sur le plan phylogénétique. Des décisions d’aménagement éclairées
doivent donc tenir compte de la valeur sous-jacente de chaque mesure de diversité, puisque la seule diversité taxonomique
pourrait ne pas être la meilleure mesure pour évaluer l’assemblage des communautés végétales. [Traduit par la Rédaction]

Mots-clés : assemblage des communautés, feuillus nordiques, sylviculture, conservation, écologie fonctionnelle.

1. Introduction
The ground layer typically contributes the majority of compo-

sitional diversity in temperate deciduous forest communities
(Gilliam 2014). Consequently, disentangling the effects of canopy
and forest floor disturbances on the taxonomic, trait, and phylo-
genetic diversities of ground-layer plant communities may be im-
portant for determining the mechanisms by which disturbances
influence plant community assembly. The intermediate distur-

bance hypothesis suggests a unimodal response of taxonomic di-
versity to disturbance severity because intermediate-severity
disturbances often promote colonization by disturbance-adapted
species but are not severe enough to eliminate disturbance-
intolerant species and may consequently yield communities with
higher taxonomic diversity (Grime 1973). For example, previous
work in northern hardwood forests has found higher taxonomic
and trait diversities in medium-sized gaps compared with small
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and large gaps (e.g., Kern et al. 2014). On the other hand, many
studies have demonstrated little evidence of the classic unimodal
response, and fewer than 20% of studies found maximum diver-
sity at intermediate disturbance levels (Fox 2013). Regardless,
quantifying disturbance severity depends on the ecosystem, spa-
tial scale, temporal scale, and objectives. In the context of the
herbaceous layer, Roberts and Gilliam (2014) defined disturbance
severity as “the amount of forest overstory removed and the
amount of understory vegetation, forest floor, and soil destroyed.”
Accordingly, assessing taxonomic, trait, and phylogenetic diversi-
ties along a gradient of postdisturbance canopy and forest floor
conditions may be a useful way to assess ground-layer plant com-
munity responses to disturbance.

Few studies have concomitantly assessed the response of taxo-
nomic, trait, and phylogenetic diversities of ground-layer plant
communities to variations in disturbance severity. Explicitly test-
ing whether these three diversity indices respond similarly
to disturbances could provide a more comprehensive under-
standing of disturbance effects than taxonomic diversity alone
(Cavender-Bares et al. 2009). For example, greater taxonomic di-
versity following a disturbance may simply be driven by the addi-
tion of generalist species (Battles et al. 2001). Consequently, trait
and phylogenetic diversity indices may provide additional insight
into plant community dynamics. High trait diversity usually im-
plies more filled niche space and competitive filtering processes,
while low trait diversity typically implies trait redundancy and
more environmental filtering processes (Liu et al. 2018). Despite
its recent popularity in community ecology and its ability to de-
tect convergent evolutionary processes, trait diversity indices
depend on the quantity and types of measured traits and may
consequently be inconsistent among different studies (Pakeman
2014). Phylogenetic diversity, on the other hand, is a simple and
robust measure of evolutionary relatedness that can provide an
important component of community responses to disturbance
not fully captured by taxonomic or trait diversity alone (Faith
1992). More recently, phylogenetic diversity has been used to
gauge vulnerability to invasion (Gerhold et al. 2011) and infer as-
sembly mechanisms following disturbance (Cavender-Bares et al.
2009). For example, one study found that phylogenetically simple
plant communities were more susceptible to introduced species
when compared with phylogenetically diverse plant communities
(Gerhold et al. 2011), and another reported higher colonization in
a manipulated grassland community of low phylogenetic diver-
sity despite high trait diversity (Galland et al. 2019).

The relationship between disturbance severity and plant com-
munity assembly can be used to inform management decisions.
Contemporary silvicultural research focuses on disturbance-based
management systems to better emulate historical natural distur-
bance regimes and restore historical species diversity (Webster
et al. 2018). Along with variations in harvesting intensity to emu-
late windthrow severity (Kern et al. 2017), mechanical duff layer
removal to expose mineral soil has been used to emulate wind-
throw effects by favoring traits of desired species that are typically
less competitive in sites with thick duff layers such as rapid
growth and low-mass fruit production (Willis et al. 2015). Though
canopy disturbances such as harvesting drastically alter light and
temperature, site preparation techniques including mechanical
scarification and tip-up mound creation may disrupt the rhizo-
sphere and alter the rooting substrate (Pec et al. 2019), in addition
to modifying ground-layer temperature, light, and forest floor
insulation capacity (Landhäusser 2009). However, tip-up mounds
can also foster unique plant communities in both the short term
(Beatty 2014) and long term (Kern et al. 2019) and elevate stand-
level diversity (Smith et al. 2008). Disentangling the effects of

harvest and site preparation disturbances on plant community
composition and comparing the responses of diversity indices to
these disturbances could therefore provide valuable insight into
how such processes structure plant community assembly follow-
ing silvicultural disturbances.

In this study, we assess the short-term responses of ground-
layer plant taxonomic, trait, and phylogenetic diversities to silvi-
cultural disturbances of varying severity and, further, attempt to
disentangle the effects of harvest and site preparation treatments
on plant community composition. To our knowledge, this is
among the first studies to include phylogenetic diversity when
comparing ground-layer plant diversity indices along a silvicul-
tural disturbance gradient. We hypothesized that (1) taxonomic
plant community composition would be more sensitive to site
preparation treatments when compared with harvest treatments
owing to disruption of the rhizophere and rooting substrate;
(2) increasing disturbance severity would be correlated with increas-
ing taxonomic diversity, declining trait diversity, and declining
phylogenetic diversity, resulting in more trait and phylogeneti-
cally simple communities; and (3) the heterogeneity of plant com-
munity taxonomic and phylogenetic composition would increase
following disturbances. To test our hypotheses, we leveraged a
silvicultural disturbance that applied a range of harvesting and
site preparation treatments in a northern hardwood forest. Plant
community composition was assessed before and one or two con-
secutive growing seasons after treatment application and com-
pared with environmental variables such as canopy openness, leaf
litter depth, and soil water content.

2. Materials and methods

2.1. Site description
Study plots are part of the Northern Hardwood Silvicultural

Experiment to Enhance Diversity (NHSEED) near Alberta, Michi-
gan (46°37=39.4==N, 88°28=24.9==W), within the northern hardwood
forest type. Average daily temperatures (1981–2010) in Alberta
range from –10.8 °C in January to 18.1 °C in July for a yearly average
of 4.7 °C (National Oceanic and Atmospheric Administration
(NOAA) 2016). Precipitation averages 88.9 cm annually, including
390.1 cm of snowfall (NOAA 2016). Mean daily maximum temper-
ature and total precipitation from May through September in
Alberta for 2016 and 2018 are reported in Supplementary Table S11.
Soils are moderately well drained, primarily consisting of cobbly
silt loam overlaying Precambrian bedrock with isolated low-lying
areas (Albert 1995). A pine–hardwood forest type dominated the
site prior to extensive harvesting ca. 1900 to 1938 (Erickson et al.
1990). Subsequently, single-tree selection management, which
harvests individual trees across a range of diameter sizes, has
been applied since the 1960s, resulting in uneven-structured
stands that are heavily dominated (�80% of total basal area) by a
canopy of sugar maple (Acer saccharum Marsh.). Other canopy spe-
cies include red maple (Acer rubrum L.) and yellow birch (Betula
alleghaniensis Britton), with 8% and 5% of total basal area, respec-
tively.

2.2. Experimental design
The experiment is a split-plot design involving a factorial com-

bination of three �1.0 ha site preparation treatments within each
of four �3.0 ha harvest treatments, replicated across three blocks
(Supplementary Fig. S11). Harvest treatments include single-tree
selection (n = 3 harvest treatment units), irregular shelterwood
with high (60%) canopy cover retention (irregular shelterwood –
high, n = 6 harvest treatment units), irregular shelterwood with
low (30%) canopy cover retention (irregular shelterwood – low, n =
6 harvest treatment units), and patch clearcut (n = 3 harvest treat-

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2020-0055.
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ment units). Irregular shelterwood harvests remove canopy and
midcanopy trees but retain relatively continuous canopy cover to
buffer new seedlings against harsh environmental fluctuations
(Nyland et al. 2016). Half of the irregular shelterwood – high and
irregular shelterwood – low treatments will undergo a final har-
vest once seedlings have established (�5 years). Owing to its his-
torical and continuing widespread application throughout the
Great Lakes hardwood forests (Pond et al. 2014), we use single-tree
selection as our experimental control to represent the “business
as usual” model. Sites were harvested in February and March 2017
when snow cover and cold soil minimized soil disturbances dur-
ing the harvest treatment. Small diameter trees (<5 cm diameter
at breast height (dbh)) were cut by brush saw in August 2017 and
left on-site.

Each harvest treatment unit is split into three �1.0 ha site prep-
aration treatments (Supplementary Fig. S11), including untreated
reference, creation of artificial pit–mound topography, and me-
chanical scarification. To emulate windthrow damage, artificial
pit–mound topography was created during initial harvest by re-
moving the tree and attached root ball from the soil and placing
them within �5 m of the residual pit (Supplementary Fig. S11).
Owing to challenges of operational-scale experiments, average
mound density (±1 SE) was inconsistent among treatments but not
statistically different, ranging from 12.0 (±1.0) mounds·ha−1 in
single-tree selection treatments to 17.1 (±5.6) mounds·ha−1 in
clearcut treatments. No measurement plots were located on pits
or mounds, but nearby pits or mounds likely provide refugia and
seed sources that may influence local biodiversity (Kern et al.
2019). Mechanical scarification was implemented in October 2017
using a salmon blade to mix the A and O horizons, including the
duff layer. Two 15 m2 circular plots were placed in each site prep-
aration unit and randomly located greater than 20 m from the
edge of the unit (n = 108).

2.3. Environmental variables
Roberts and Gilliam (2014) defined disturbance severity as “the

amount of forest overstory removed and the amount of under-
story vegetation, forest floor, and soil destroyed.” Accordingly, to
quantify disturbance severity, we measured factors that may in-
dicate the degree of overstory and understory disturbances: can-
opy openness; average soil water content; intraseasonal variation
in soil water content; average leaf litter depth; and spatial varia-
tion of leaf litter depth. Canopy openness was measured at each
plot with hemispherical photography during the 2015 and 2018
field seasons using a Sigma 4.5 mm F2.8 EX HSM fisheye lens
(Sigma Corporation, Ronkonkoma, N.Y., USA) attached to a Nikon
D3200 digital camera (Nikon Inc., Melville, N.Y., USA) at 1 m height
pointed directly vertical. Photographs were taken once during the
growing season when canopy leaves were fully expanded, over-
cast conditions prevailed, exposure was uniform, and solar disc
was not visible. Though other pretreatment measurements were
taken one year following pretreatment photographs, canopy con-
ditions were relatively unchanged. Soil water content was re-
corded once per month during the second week of each growing
season month (June, July, August) in 2016 and 2018 with a
ThetaProbe Soil Moisture Sensor (Delta-T Devices Ltd., Cambridge,
U.K.) in each plot, calibrated for mineral soil. Measurements were
taken in two consecutive days and at least 36 h following a pre-
cipitation event. Seventeen measurements were taken in each
plot: one measurement at plot center and four along each cardinal
direction at intervals of 50 cm. Intraseasonal variation in soil
water content was measured by calculating the coefficient of
variation (CV; calculated as (standard deviation/mean) × 100 and
expressed as a percentage) of the three-month plot-level average.
Litter (Oi layer) depth was measured with a ruler at 10 randomly
chosen locations within each 15 m2 plot. Spatial variation in litter
depth was quantified using the within-plot litter depth CV, calcu-
lated with the 10 measurements per plot.

2.4. Plant community assessment
To assess plant community dynamics, all vascular plant species

less than 1.37 m in height were surveyed during 2016 and 2018 in
each 15 m2 plot using eight cover classes: 1%; 2%–5%; 6%–10%;
11%–25%; 26%–50%; 51%–75%; 76%–95%; and 96%–100%. Surveys
took place from mid-June to mid-September, and the majority of
plots were surveyed during July and August. Most plants were
identified to species level, but 14 of 111 taxa were identified to
genus or family level, owing to challenges in identifying to species
level given their phenology and the timing of sampling (Supple-
mentary Table S21). Due to the narrow survey window required to
accurately assess spring ephemerals, they were not included in
the present study. Cover classes were then converted to midpoints
of respective cover ranges prior to all analyses.

2.5. Diversity indices
For a comprehensive assessment of diversity responses, we cal-

culated taxonomic, trait, and phylogenetic �-diversity for 2016
and 2018. Taxonomic �-diversity was calculated using Shannon’s
diversity index. All taxa, including those not identified to species
level, were included in taxonomic and phylogenetic diversity in-
dices to avoid underestimating the influence of abundant taxa. As
such, our reported values do not represent true species diversity
but rather relative taxonomic diversity.

Trait �-diversity was assessed using several life history traits
post hoc to capture a range of above- and below-ground traits:
fruit type, growth form, mycorrhizae type, and coefficient of
conservatism (Supplementary Table S21). Growth forms were
compiled using the USDA PLANTS Database and the Kew Seed
Information Database (http://data.kew.org/sid/). Fruit types were
compiled using the USDA PLANTS Database, Gleason and Cronquist
(1991), and several online sources. Mycorrhizal type (e.g., arbus-
cular mycorrhizal, ectomycorrhizal, or nonmycorrhizal) was
compiled using Brundrett and Tedersoo (2019). Coefficient of
conservatism, a regionally specific measure of species affinity for
disturbance, was compiled using Chadde (2014). On a 0–10 scale, a
coefficient of zero corresponds to a high affinity for disturbance,
while a coefficient of 10 corresponds to a low affinity for distur-
bance. Introduced species were given a coefficient of zero. For
taxa not identified to species level, the coefficient was averaged
among all possible regionally identified species within the genus
that could naturally occur in the given conditions. Trait diversity
was quantified by calculating functional dispersion, which mea-
sures the distribution of traits in niche space based on the relative
abundance of each trait and is independent of species richness
(Laliberté et al. 2014). A high abundance of similar traits will de-
crease dispersion, while a moderate abundance of unique or sim-
ilar traits will increase dispersion (Mason et al. 2005). Analyses
were conducted using the dbFD function in the FD package of R
3.5.0 software (R Core Team 2018).

Phylogenetic �-diversity was quantified by first constructing a
phylogenetic tree of all recorded taxa using the phylo.maker func-
tion in the V.Phylomaker package of R (Jin and Qian 2019). The
total branch length of each taxon was measured to produce an
index of phylogenetic diversity, which is positively correlated
with species richness and therefore cannot be accurately com-
pared among samples of varying richness (Kembel et al. 2010). To
account for this, our reported value of phylogenetic diversity is a
standardized effect size, calculated by comparing observed phylo-
genetic diversity with a null model of random taxa from the total
pool. A negative value corresponds to more clustered phylogenies
when compared with the null model of phylogenetic diversity,
while a positive value corresponds to overdispersion. The stan-
dardized effect size was calculated using the ses.pd function in the
picante package of R 3.5.0 software, with taxa.labels specified as
the null model at 999 runs and 1000 iterations (Kembel et al. 2010).

To assess the heterogeneity of plant communities across spatial
scales, we calculated �-dispersion as a measure of �-diversity at
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the treatment level (i.e., turnover among plots within a treatment
combination) for each year. Lower �-dispersion corresponds to
less compositional turnover among plots. Taxonomic �-dispersion
was calculated with the betadisper function in the vegan package
of R 3.5.0 software, using the Bray–Curtis dissimilarity measure.
Phylogenetic �-dispersion was calculated by first using the phylo-
sor function in the picante package of R 3.5.0 software to create a
distance matrix of the fraction of branch length shared between
the constructed phylogenetic tree and a pruned phylogenetic tree.
We then calculated �-dispersion using the betadisper function in
the vegan package.

2.6. Data analysis
To test our first hypothesis comparing silvicultural treatment

effects on taxonomic plant community composition, the relation-
ships among continuous environmental variables and species
composition in 2016 and 2018 (n = 212) were assessed with permu-
tational multivariate analysis of variance (ANOVA) (PERMANOVA;
the adonis function in the vegan package of R 3.5.0; Oksanen et al.
2018) using Bray–Curtis distance matrices constrained within
blocks. Rare species were retained in the analysis, but four plots
with incomplete environmental data were removed. The effects
of silvicultural treatment on species composition were similarly
assessed with PERMANOVA; however, to account for repeated mea-
sures, we used the average change in cover (2018 minus 2016, n =
54) for each species in the community matrix and then calculated
Bray–Curtis distances constrained within blocks and included
harvest and site preparation treatments as predictor variables.
Models first included all treatment interactions and then were
simplified if no interaction effect was detected. Pairwise multiple
comparisons were conducted with the pairwise.perm.manova
function in the RVAideMemoire package (Hervé 2019) using
Holm’s multiple comparison adjustment. Changes in composi-
tion were visualized with nonmetric multidimensional scaling
(NMDS) ordination using Bray–Curtis distances. Ordinations were
constructed with the metaMDS function in the vegan package of
R 3.5.0, with 999 iterations. Rare species were included in the
matrix, and environmental variables were relativized by maxi-
mum value of each variable, along with all species. Average point
scores from the first two axes of each silvicultural treatment were
graphed, with environmental variables and species fitted as vec-
tors onto the community ordination using the envfit function.
Indicator species and traits were identified using the multi-patt
function in the indicspecies package of R 3.5.0 with 999 permuta-
tions (De Cáceres and Legendre 2009). To identify indicators of

silvicultural treatments, we only included posttreatment species
cover.

To test our second hypothesis, we tested the effect of silvicul-
tural treatment on plot-level environmental variables with mixed-
effects models. We then tested the effect of silvicultural treatment
on plot-level diversity indices, also with mixed-effects models. To
account for restricted randomization imposed by the experimen-
tal layout, we included a random effect of site preparation unit
nested within harvest unit and block. Response variables were
then Box–Cox transformed as necessary to meet assumptions.
Mixed-effects models were conducted using the lme function in
the nlme package in R 3.5.0 software (Pinheiro et al. 2018) and
fitted by the Satterthwaite test. Pairwise multiple comparisons
were conducted with the emmeans package (Lenth 2018) using
Tukey’s honestly significant difference (HSD) test.

To further quantify disturbance severity while accounting for
multicollinearity, we created a synthetic variable, “disturbance
severity”, using ordination scores from the first axis of a principal
component analysis of correlated variables, including canopy
openness, litter depth, within-plot litter depth variation, and in-
traseasonal soil water content variation (Supplementary Table S31

and Fig. S21). We then tested the relationship between diversity
indices and disturbance severity using simple linear regression
and second-order polynomial regression, but selected simple lin-
ear regressions based on the Akaike information criterion (AIC)
and adjusted R2 values. To confirm that mixed taxa resolution did
not skew diversity–disturbance relationships, we tested the rela-
tionship at the family and species levels. Family-level binning
allowed us to include all taxa. In contrast, testing at the species
level provided greater resolution but required us to remove lower-
resolution taxa, resulting in fewer taxa (97 species remaining out
of 111 taxa).

To test our third hypothesis, we compared pre- and post-
treatment �-dispersion among plots within each treatment com-
bination (n = 6 plots) using Tukey’s HSD test.

3. Results

3.1. Species composition
The largest gains in cover were in clearcut and irregular

shelterwood – high treatments, but these varied among site prep-
aration treatments (Supplementary Table S41). Sedges had the
highest gains in cover from pre- to post-treatment, along with
Galeopsis tetrahit, Veronica officinalis, Rubus idaeus, and grasses. In
contrast, the greatest losses in cover from pre- to post-treatment

Table 1. Permutational multivariate analysis of variance (PERMANOVA) effects of (a) environmental variables (n = 212)
and (b) silvicultural treatments (n = 54) on ground-layer plant species composition in 15 m2 plots in a managed
northern hardwood forest of Upper Michigan, USA.

df SS MS F value R2 p value

(a) Environmental variables
Canopy openness 1 2.806 2.806 17.135 0.072 0.001*
Litter depth 1 0.803 0.803 4.906 0.021 0.001*
Soil water content (SWC) 1 0.820 0.820 5.006 0.021 0.001*
SWC intraseasonal variation (CV) 1 0.470 0.470 2.872 0.012 0.003*
Litter depth within plot variation (CV) 1 0.283 0.283 1.729 0.007 0.029*
Residuals 206 33.730 0.164 0.867
Total 211 39.134 1.000
(b) Silvicultural treatments
Harvest 3 1.081 0.360 1.602 0.086 0.006*
Site preparation 2 0.729 0.365 1.621 0.058 0.023*
Residuals 48 10.797 0.225 0.856
Total 53 12.607 1.000

Note: df, degrees of freedom; SS, sum of squares; MS, mean squares; CV, coefficient of variation. Treatment effects were tested on
composition gain scores (absolute value of 2018 minus 2016 cover) to account for repeated measures, and permutations were con-
strained within blocks. No treatment interactions were detected and therefore they were removed from the final model. Asterisks
indicate statistical significance (p < 0.05).
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were from Dryopteris carthusiana, Lonicera canadensis, Maianthemum
canadense, and Hieracium spp. Decreases among these taxa were
generally equally distributed among harvest and site preparation
treatments, but M. canadense decreased most in clearcut and irreg-
ular shelterwood – high treatments.

Environmental variables and silvicultural treatments predicted
species composition (Table 1). Species composition was related to
all measured environmental variables, but more related to canopy
openness (R2 = 0.072, p = 0.001; Table 1), which increased with
greater harvest disturbance (F = 51.71, p < 0.001; Supplementary
Table S51 and Fig. S31). Translating to treatment effects, the
change in species composition was similarly related to harvest
treatment (R2 = 0.086, p = 0.006; Table 1) and site preparation
treatment (R2 = 0.058, p = 0.023; Table 1), but there was no inter-
action among treatments.

NMDS ordination illustrated overall effects of silvicultural dis-
turbance treatments in driving species dissimilarity of plots
across years, mediated by changes in environmental variables
(Fig. 1). The ordination illustrates an overall shift in plot-level
composition along an opposing canopy openness – litter depth
gradient. Grouping plots by harvest treatment demonstrates the
increasing dissimilarity among treatments from pre- to post-
treatment, though considerable overlap remains. Grouping plots
by site preparation treatment also illustrates marginally increas-
ing dissimilarity among treatments, though considerable overlap
remains despite statistically significant differences in the change
in species composition among site preparation treatments.

Several species and traits were indicators of year or silvicultural
treatment. Ten species, three growth forms, four fruit types, and
two mycorrhizal types were 2018 indicators, likely due to the
overall disturbances (Supplementary Table S61). Nine species and
two fruit types were indicators of harvest treatment. For example,
Eplilobium leptophyllum, Hieracium spp., Onoclea sensibilis, Rubus
idaeus, drupelets, and pyxis were indicators of the highest severity
harvest treatment. In contrast, only three species and no fruit

types were indicators of site preparation treatment: Epilobium
ciliatum, Fallopia cilinodis, and Onoclea sensibilis.

3.2. Diversity indices
Diversity indices were better predicted by pretreatment diver-

sity values than by silvicultural treatments (Table 2; Fig. 2). Taxo-
nomic diversity and phylogenetic diversity were marginally
related to site preparation treatment, but taxonomic diversity
tended to increase while phylogenetic diversity tended to decline
(Supplementary Table S71; Fig. 2). Trait diversity, however, was
most related to a harvest × site preparation × pretreatment diver-
sity interaction effect (F = 2.77, p = 0.023; Table 2; Fig. 2), suggesting
that treatment effects depended on existing phylogenetic diver-
sity and interactions with each other. For example, phylogenetic
diversity tended to increase in single-tree selection and irregular
shelterwood – high treatments with no site preparation treat-
ment, but decrease in all other treatment combinations (Fig. 2).

All three diversity indices were correlated with disturbance se-
verity and best explained by simple linear regression (Table 3;
Fig. 3; Supplementary Fig. S41). Increasing disturbance severity
was positively correlated with taxonomic diversity (r2 = 0.04, p =
0.003; Table 3; Fig. 3) and trait diversity (r2 = 0.03, p = 0.008;
Table 3; Fig. 3), while negatively correlated with phylogenetic
diversity (r2 = 0.03, p = 0.004; Table 3; Fig. 3), demonstrating that
increasing taxonomic and trait diversities was mirrored by a con-
current decline in phylogenetic diversity in our study. Trends
among diversity indices and disturbance severity persisted at both
the family and species levels (Supplementary Table S81 and
Fig. S51).

Taxonomic and phylogenetic �-diversities within each treat-
ment combination remained unchanged from 2016 to 2018
(Table 4; Supplementary Table S91).

4. Discussion
This study revealed a short-term decline in ground-layer plant

phylogenetic diversity, despite an increase in taxonomic diver-

Fig. 1. Nonmetric multidimensional scaling (NMDS) ordination comparing pretreatment (2016) and posttreatment (2018) plot-level ground-
layer plant species composition (n = 212) among (a) harvest treatments and (b) site preparation treatments. Each point represents average plant
community composition (±SD) using the first two ordination axes. Distance between points represents the similarity of average treatment
composition. The direction and length of each vector indicate the relative influence of environmental variables on composition. Lowercase
letters denote significant differences in compositional change from 2016 to 2018 among harvest treatments or site preparation treatments
with Holm’s adjustment (� = 0.05). STS, single-tree selection; ISH, irregular shelterwood – high residual; ISL, irregular shelterwood – low
residual; CC, clearcut. SWC, soil water content; SWC CV, intraseasonal SWC variation; litter CV, within-plot litter depth variation.
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sity, along a silvicultural disturbance gradient. Many studies have
also documented increasing taxonomic diversity immediately fol-
lowing disturbances owing to an influx of generalist species, but
we further discovered that resulting ground-layer plant commu-
nities are more phylogenetically simple. Moreover, previous stud-

ies have measured phylogenetic diversity but were primarily
limited to woody plants. Hence, this is a particularly new and
informative contribution to plant community ecology in silvicul-
tural systems and has important implications for plant commu-
nity conservation in managed forests. While these responses are
notable, they capture the short term and may not necessarily
persist; longer term assessments will be necessary to fully under-
stand the community response to disturbance. Regardless, in-
formed management decisions should consider the underlying
value of preserving each type of diversity (i.e., taxonomic vs. trait
vs. phylogenetic) if they do not respond similarly to silvicultural
treatments.

4.1. Treatment effects on species composition
In contrast to our hypothesis that taxonomic composition

would be more sensitive to site preparation treatments than to
harvest treatments, we found that composition was similarly sen-
sitive to both. Ordinations illustrated that increasing canopy

Table 2. Mixed-effects models of harvest treatment, site preparation treatment, and year on taxonomic, phylogenetic, and trait �-diversity in a
managed northern hardwood forest of Upper Michigan, USA.

Predictor

Taxonomic diversity (n = 108) Phylogenetic diversity (n = 108) Trait diversity (n = 108)

RM
2 (0.138) RC

2 (0.216) RM
2 (0.101) RC

2 (0.252) RM
2 (0.326) RC

2 (0.440)

dfnum dfden F value p value dfnum dfden F value p value dfnum dfden F value p value

Intercept 1 53 3048.554 <0.001* 1 53 49.535 <0.001* 1 42 1333301.09 <0.001*
Harvest 3 12 1.241 0.338 3 12 0.981 0.434 3 12 0.37 0.777
Site preparation 2 34 2.759 0.078 2 34 2.546 0.093 2 28 1.95 0.160
Pretreatment diversity 1 53 5.923 0.018* 1 53 3.009 0.089 1 42 7.75 0.008*
Harvest × site preparation disturbance — — — — — — — — 6 28 0.82 0.561
Harvest × pretreatment diversity — — — — — — — — 3 42 1.02 0.393
Site preparation × pretreatment diversity — — — — — — — — 2 42 2.62 0.085
Harvest × site preparation ×

pretreatment diversity
— — — — — — — — 6 42 2.77 0.023*

Note: RM
2 , marginal R2 (fixed effects only); RC

2, conditional R2 (fixed and random effects); df, degrees of freedom. Models first included all treatment interactions and
were simplified if no interaction effect was detected. Asterisks denote statistical significance (p < 0.05). Italicized values denote marginal significance (0.05 < p < 0.10).

Fig. 2. Taxonomic, trait, and phylogenetic diversities among harvest and site preparation treatments in 15 m2 plots of a northern hardwood
forest in Upper Michigan, USA. Values reported for phylogenetic diversity are standardized effect sizes. Note index-specific y-axes ranges.
STS, single-tree selection; ISH, irregular shelterwood – high residual; ISL, irregular shelterwood – low residual; CC, clearcut.

Table 3. Linear model relationships between disturbance severity and
�-diversity indices (n = 212 plots).

Disturbance severity

Response Estimate SE df t value p value rAdj
2

Taxonomic diversity 0.053 0.018 210 2.968 0.003 0.036
Trait diversity 0.001 <0.001 210 2.698 0.008 0.030
Phylogenetic diversity –0.098 0.034 210 –2.877 0.004 0.033

Note: SE, standard error; df, degrees of freedom; rAdj
2 , adjusted r2. Disturbance

severity denotes ordination scores from the first axis of a principle components
analysis of canopy openness, litter depth, within-plot litter depth variation, and
intraseasonal soil water content variation.
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openness and declining litter depth were associated with, and
likely driving, plot dissimilarity over time by favoring species
with suitable life history traits. For example, fruit type reflects
dispersal strategy and is also associated with disturbance adapta-
tions (Lavorel and Garnier 2002). Low-mass fruit types (e.g.,
achenes, schizocarps, and capsules) are typically wind-dispersed
and more readily colonize a recently disturbed site when com-
pared with high-mass fruit types (e.g., berries, drupes, and
pomes), which tend to rely on animals for dispersal (Westoby et al.
1996). Moreover, species with low-mass fruits may have consis-
tently low population abundances in undisturbed forests but can
quickly colonize recently disturbed sites via high propagule pres-
sure of wind-dispersed seeds and ultimately dominate the site

(Williamson 1996). In our study, Epilobium leptophyllum, Hieracium spp.,
Onoclea sensibilis, and Rubus idaeus were indicators of the highest
severity harvest treatment, while increasing canopy openness
also favored Cyperaceae, Viola spp., Solidago spp., and the intro-
duced herb Galeopsis tetrahit. Excluding R. idaeus, these species are
characterized by small fruit types such as capsules, cypselae, and
schizocarps, which allow them to disperse and quickly colonize
recently disturbed sites (Kern et al. 2017). Though drupelets pro-
duced by R. idaeus are larger and fleshy, they contain seeds that
can remain viable for up to 60 years when buried and are com-
monly dispersed by birds and mammals (Donoso and Nyland
2006), traits that may allow rapid colonization of recently dis-
turbed sites (Kern et al. 2017).

Site preparation treatment effects on species composition were
less pronounced and driven by the most severe treatment, scari-
fication. The forbs Epilobium ciliatum and Fallopia cilinodis were
indicators of scarification likely because their low-mass, wind-
dispersed fruit led to rapid colonization of exposed soil. The rhi-
zomatous growth strategy of another indicator of scarification,
Onoclea sensibilis, may benefit from the removal of nonrhizoma-
tous herbaceous plants during scarification. In contrast, the shrub
Lonicera canadensis was an indicator for reference and pit–mound
treatments, suggesting little tolerance for soil disturbance, and
has been previously reported as a disturbance-sensitive species
(Smith et al. 2008). Though the effects of site preparation treat-
ments on species composition were less pronounced than those of
harvest treatments, non-native earthworms have already substan-
tially modified seedbed conditions and soil properties in the re-
gion (Bal et al. 2017). Consequently, further disturbances in this
forest could be dampened when compared with uninvaded forests
(Holdsworth et al. 2007).

Treatments also favored certain mycorrhizal types. Species with
typically nonmycorrhizal roots, along with ectomycorrhizal spe-
cies, were indicators of posttreatment communities and generally
had only neutral or positive gains in cover from before treatment
to after treatment. For example, sedges are typically nonmycor-
rhizal (Brundrett and Tedersoo 2019), a flexibility that could allow
sedges to allocate photosynthates toward rapid growth, rather
than mycorrhizal symbionts, in recently disturbed sites with high
nutrient availability.

The observed compositional shifts in response to silvicultural
treatments are consistent with other studies in northern hard-
woods (e.g., Burton et al. 2014). Harvesting and site preparation
may favor the life history traits of generalists such as graminoids
and introduced species (Kern et al. 2013), which often respond
positively to canopy and soil disturbances and may subsequently
drive compositional shifts (Kraft et al. 2004). In our study, gener-
alists and introduced species had the greatest gains in cover from
pre- to post-treatment, while forbs indicative of mature Great
Lakes northern hardwood forests (Kotar et al. 2002), including
Dryopteris carthusiana and Maianthemum canadense, had the greatest
losses in cover from before treatment to after treatment. On the
other hand, Smith et al. (2008) found no difference in understory
composition four years after silvicultural treatments in a New
England northern hardwood forest, and Kern et al. (2006) simi-
larly found no ground-layer compositional differences in a long-
term silvicultural study.

4.2. Contrasting insights from diversity indices
Our second hypothesis was partially supported: though we

found no difference among treatments, disturbance severity had
a positive relationship with taxonomic diversity and trait diver-
sity and a negative relationship with phylogenetic diversity. Con-
verging phylogenies along the disturbance severity gradient were
comprised of increasingly diverse traits and taxonomies, ulti-
mately providing more support for competitive processes rather
than for environmental filtering processes in structuring plant
communities under high disturbance severity (Liu et al. 2018).

Fig. 3. Relationship between taxonomic (TD), trait (TrD), and
phylogenetic (PD) diversity and disturbance severity (n = 212 plots).
Diversity indices are standardized to range from 0 to 1. Disturbance
severity denotes ordination scores from the first axis of a principle
components analysis of canopy openness, litter depth, within-plot
litter depth variation, and intraseasonal soil water content
variation.

Table 4. Pairwise comparisons of �-diversity within each treatment
combination between 2016 and 2018 using Tukey’s HSD correction
test.

Harvest
treatment

Site preparation
treatment

Taxonomic
�-diversity
p value

Phylogenetic
�-diversity
p value

STS Reference 0.153 0.365
Pit–mound 0.433 0.979
Scarification 0.583 0.811

ISH Reference 0.777 0.437
Pit–mound 0.581 0.815
Scarification 0.715 0.601

ISL Reference 0.679 0.873
Pit–mound 0.421 0.541
Scarification 0.095 0.407

CC Reference 0.749 0.489
Pit–mound 0.781 0.943
Scarification 0.645 0.379

Note: Italicized values denote marginal significance (0.05 < p < 0.10). STS,
single-tree selection; ISH, irregular shelterwood–high residual; ISL, irregular
shelterwood–low residual; CC, clearcut.
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While this result may seem contradictory, phylogenetically sim-
ple communities can still have diverse trait assemblages owing to
divergent evolution (Liu et al. 2018). We recognize, however, that
the use of categorical traits and mixed taxonomic resolution may
not yield similar outcomes in other forest types due to different
species pools. Though our suite of traits ultimately does not cap-
ture all dimensions of trait diversity, for the range of included
traits, our comparisons are striking. Our four life history traits
(life form, fruit type, mycorrhizal type, and coefficient of conser-
vatism) capture a range of growth, reproductive, and resource
acquisition strategies. Other studies have used as few as four to
seven traits, ranging from exclusively categorical traits to exclu-
sively measurable traits (e.g., Mazel et al. 2018), and a 2014 study
found that the exclusive use of life history traits provides more
reliable results than incomplete sampling of measurable traits
(Pakeman 2014). We recognize, however, that making broader
inferences to other forests and ecosystems might require the use
of more measurable traits such as leaf area, leaf nitrogen, and
specific root length. Finally, because we found nearly identical
trends at the family and species levels, our use of mixed taxo-
nomic resolution did not appear to skew our results.

The findings of this study have important implications for for-
est management. Without examining phylogenetic diversity, we
could conclude that silvicultural treatments caused a short-term
increase in diversity; however, the response of phylogenetic diver-
sity in our study suggests the opposite: taxa following higher
severity disturbances were more phylogenetically simple when
compared with those under lower severity disturbances. Phyloge-
netic diversity is often positively correlated with ecosystem prop-
erties such as productivity, nutrient cycling, and resilience, and a
decline in phylogenetic diversity may jeopardize community re-
silience to future disturbances (Tucker et al. 2019) or invasion by
introduced species (Gerhold et al. 2011). Introduced species, how-
ever, partially contributed toward declining phylogenetic diver-
sity in our study. For example, increases in both introduced and
native generalist species such as Cyperaceae species, Galeopsis
tetrahit, Veronica officinalis, and Rubus idaeus suggest that both intro-
duced and native species contributed toward increasing taxo-
nomic but declining phylogenetic diversity. Many studies have
examined disturbance–diversity relationships in northern hard-
woods (e.g., Bell et al. 2014) and have shown that an influx of
generalist species following silvicultural disturbances temporar-
ily increases plant taxonomic diversity (e.g., Smith et al. 2008).
However, this is the first study, to our knowledge, to quantify the
consequences of generalist species colonization on the phyloge-
netic relatedness of resulting ground-layer plant communities in
northern hardwoods.

Previous studies in other forest types have found similar re-
sponses of plant phylogenetic diversity to disturbance severity
but are primarily limited to woody plants. In dry tropical for-
ests, for example, Shivaprakash et al. (2018) found that tree
phylogenetic diversity declined with increasing disturbance se-
verity. Arroyo-Rodríguez et al. (2012) and Mo et al. (2013) also
found declining stand-level tree phylogenetic diversity with in-
creasing disturbance severity in neotropical and tropical forests,
respectively. Our study supports this general trend that stand-
level phylogenetic diversity often declines with increasing distur-
bance severity, and further, our inclusion of ground-layer vascular
plants suggests that the trend is not limited to woody plants.

Our third hypothesis was unsupported. Taxonomic and phylo-
genetic �-diversities remained unaltered from before treatment
to after treatment within treatment combinations. These findings
suggest that plot-level composition was retained at larger spatial
scales and silvicultural treatments had no detectable effect on
compositional turnover within a treatment combination. Previ-
ous work in other forest types have found that within-disturbance
�-diversity is often lower than among-disturbance �-diversity
(Gómez-Díaz et al. 2017). Continued measurement will be neces-

sary to determine if environmental and competitive filtering pro-
cesses increase site-level �-diversity as time progresses from the
initial experimental disturbance in this study framework.

5. Conclusions
In one of the first studies to concomitantly measure taxonomic,

trait, and phylogenetic diversities of the ground-layer plant com-
munity along a silvicultural disturbance gradient, we found that
positive correlations among taxonomic diversity, trait diversity,
and disturbance severity were mirrored by a negative relationship
with phylogenetic diversity. We also found that the shift in taxo-
nomic composition was relatively similar among harvest and site
preparation treatments, as implemented in this study. Though
increasing trait diversity suggests competitive rather than envi-
ronmental processes in structuring plant community assembly,
declining phylogenetic diversity points toward greater evolution-
ary relatedness within posttreatment plant communities, which
could jeopardize community resilience to future disturbances.
While many studies have shown an increase in generalist species
immediately following silvicultural disturbances, to our knowl-
edge, this is the first study to quantitatively demonstrate that
ground-layer plant communities in northern hardwoods become
more phylogenetically simple despite gains in taxonomic diver-
sity. Our findings highlight that informed management decisions
should consider the underlying value of each diversity measure,
as taxonomic diversity alone may not be the best metric for as-
sessing plant community assembly following silvicultural distur-
bances.
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Galland, T., Adeux, G., Dvořáková, H., E-Vojtkó, A., Orbán, I., Lussu, M., et al.
2019. Colonization resistance and establishment success along gradients of
functional and phylogenetic diversity in experimental plant communities.
J. Ecol. 107: 2090–2104. doi:10.1111/1365-2745.13246.

Gerhold, P., Pa, M., Tackenberg, O., Hennekens, S.M., Bartish, I., Schamine, J.H.J.,
et al. 2011. Phylogenetically poor plant communities receive more alien spe-
cies, which more easily coexist with natives. Am. Nat. 177(5): 668–680. doi:
10.1086/659059. PMID:21508612.

Gilliam, F.S. 2014. The herbaceous layer in forests of eastern North America.
Oxford University Press, New York. doi:10.1093/acprof:osobl/9780199837656.
001.0001.

Gleason, H.A., and Cronquist, A. 1991. Manual of vascular plants of northeastern
United States and adjacent Canada. 2nd ed. The New York Botanical Garden,
The Bronx, New York.

Gómez-Díaz, J.A., Krömer, T., Kreft, H., Gerold, G., Carvajal-Hernández, C.I., and
Heitkamp, F. 2017. Diversity and composition of herbaceous angiosperms
along gradients of elevation and forest-use intensity. PLoS ONE, 12(8): 1–17.
doi:10.1371/journal.pone.0182893.

Grime, J.P. 1973. Competitive exclusion in herbaceous vegetation. Nature, 242(1):
344–347. doi:10.1038/242344a0.

Hervé, M. 2019. RVAideMemoire: testing and plotting procedures for biostatis-
tics. R package version 0.9-73. Available from https://cran.r-project.org/
package=RVAideMemoire.

Holdsworth, A.R., Frelich, L.E., and Reich, P.B. 2007. Effects of earthworm inva-
sion on plant species richness in northern hardwood forests. Conserv. Biol.
21(4): 997–1008. doi:10.1111/j.1523-1739.2007.00740.x. PMID:17650250.

Jin, Y., and Qian, H. 2019. V.PhyloMaker: an R package that can generate very
large phylogenies for vascular plants. Ecography, 42(8): 1353–1359. doi:10.1111/
ecog.04434.

Kembel, S.W., Cown, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D.,
and Blomberg, C.O. 2010. Picante: R tools for integrating phylogenies and
ecology. Bioinformatics, 26: 1463–1464. doi:10.1093/bioinformatics/btq166.
PMID:20395285.

Kern, C.C., Palik, B.J., and Strong, T.F. 2006. Ground-layer plant community
responses to even-age and uneven-age silvicultural treatments in Wisconsin
northern hardwood forests. For. Ecol. Manage. 230: 162–170. doi:10.1016/j.
foreco.2006.03.034.

Kern, C.C., Montgomery, R.A., Reich, P.B., and Strong, T.F. 2013. Canopy gap size
influences niche partitioning of the ground-layer plant community in a
northern temperate forest. J. Plant Ecol. 6(1): 101–112. doi:10.1093/jpe/rts016.

Kern, C.C., Montgomery, R.A., Reich, P.B., and Strong, T.F. 2014. Harvest-created
canopy gaps increase species and functional trait diversity of the forest
ground-layer community. For. Sci. 60(2): 335–344. doi:10.5849/forsci.13-015.

Kern, C.C., Burton, J.I., Raymond, P., D’Amato, A.W., Keeton, W.S., Royo, A.A.,
et al. 2017. Challenges facing gap-based silviculture and possible solutions for
mesic northern forests in North America. Forestry, 90(1): 4–17. doi:10.1093/
forestry/cpw024.

Kern, C.C., Schwarzmann, J., Kabrick, J., Gerndt, K., Boyden, S., and
Stanovick, J.S. 2019. Mounds facilitate regeneration of light-seeded and
browse-sensitive tree species after moderate-severity wind disturbance. For.
Ecol. Manage. 437: 139–147. doi:10.1016/j.foreco.2018.12.040.

Kotar, J., Kovach, J.A., and Burger, T.L. 2002. A Guide to forest communities and
habitat types of northern Wisconsin. University of Wisconsin. Madison,
Wisc.

Kraft, L.S., Crow, T.R., Buckley, D.D., Nauertz, E.A., and Zasada, J.C. 2004. Effects
of harvesting and deer browsing on attributes of understory plants in north-
ern hardwood forests, Upper Michigan, USA. For. Ecol. Manage. 199: 219–230.
doi:10.1016/j.foreco.2004.05.044.

Laliberté, E., Legendre, P., and Shipley, B. 2014. FD: measuring functional diver-
sity from multiple traits, and other tools for functional ecology. R package

version 1.0-12. Available from https://cran.r-project.org/web/packages/FD/
FD.pdf.

Landhäusser, S.M. 2009. Impact of slash removal, drag scarification, and mound-
ing on lodgepole pine cone distribution and seedling regeneration after cut-
to-length harvesting on high elevation sites. For. Ecol. Manage. 258: 43–49.
doi:10.1016/j.foreco.2009.03.045.

Lavorel, S., and Garnier, E. 2002. Predicting changes in community composition
and ecosystem functioning from plant traits: revisiting the Holy Grail. Funct.
Ecol. 16(5): 545–556. doi:10.1046/j.1365-2435.2002.00664.x.

Lenth, R. 2018. emmeans: Estimated Marginal Means, aka Least-Squares Means.
R package version 1.3.1. Available from https://cran.r-project.org/web/
packages/emmeans/emmeans.pdf.

Liu, B., Chen, H.Y.H., and Yang, J. 2018. Understory community assembly follow-
ing wildfire in boreal forests: shift from stochasticity to competitive exclu-
sion and environmental filtering. Front. Plant Sci. 9: 1854. doi:10.3389/fpls.
2018.01854. PMID:30631332.

Mason, N.W.H., Mouillot, D., Lee, W.G., and Wilson, J.B. 2005. Functional rich-
ness, functional evenness and functional divergence: the primary compo-
nents of functional diversity. Oikos, 111(1): 112–118. doi:10.1111/j.0030-1299.
2005.13886.x.

Mazel, F., Pennell, M.W., Cadotte, M.W., Diaz, S., Dalla, Riva, G.V., Grenyer, R.,
et al. 2018. Prioritizing phylogenetic diversity captures functional diversity
unreliably. Nat. Commun. 9(1): 2888. doi:10.1038/s41467-018-05126-3. PMID:
30038259.

Mo, X.X., Shi, L.L., Zhang, Y.J., Zhu, H., and Slik, J.W.F. 2013. Change in phyloge-
netic community structure during succession of traditionally managed trop-
ical rainforest in southwest China. PLoS ONE, 8(7): 1–9. doi:10.1371/journal.
pone.0071464. PMID:23936268.

National Oceanic and Atmospheric Administration (NOAA). 2016. Alberta, Mich-
igan, U.S.A., weather station; data reported through 2010. Available from
www.ncdc.noaa.gov/cdo-web/search [accessed 24 March 2016].

Nyland, R.D., Kenefic, L.S., Bohn, K.K., and Stout, S.L. 2016. Silviculture: concepts
and applications. 3rd ed. Waveland Press, Inc., Long Grove, Ill.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D.J.,
et al. 2018. vegan: community ecology package. R package version 2.5-1. Avail-
able from https://cran.r-project.org/web/packages/vegan/vegan.pdf.

Pakeman, R.J. 2014. Functional trait metrics are sensitive to the completeness of
the species’ trait data? Methods Ecol. Evol. 5(1): 9–15. doi:10.1111/2041-210X.
12136.

Pec, G.J., Scott, N.M., Hupperts, S.F., Hankin, S.L., Landhäusser, S.M., and Karst, J.
2019. Restoration of belowground fungal communities in reclaimed land-
scapes of the Canadian boreal forest. Restor. Ecol. 27: 1369–1380. doi:10.1111/
rec.12990.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and R Core Team. 2018. nlme: linear
and nonlinear mixed effects models. R package version 3.1-137. Available
from https://cran.r-project.org/web/packages/nlme/nlme.pdf.

Pond, N.C., Froese, R.E., and Nagel, L.M. 2014. Sustainability of the selection
system in northern hardwood forests. For. Sci. 60(2): 374–381. doi:10.5849/
forsci.12-113.

R Core Team. 2018. R: a language and environment for statistical computing.
Version 3.5.0. R Foundation for Statistical Computing, Vienna, Austria. Avail-
able from www.R-project.org.

Roberts, M.R., and Gilliam, F.S. 2014. Response of the herbaceous layer to distur-
bance in eastern North America. In The herbaceous layer in forests of eastern
North America. Edited by F.S. Gilliam. Oxford University Press, New York.
pp. 320–229.

Shivaprakash, K.N., Ramesh, B.R., Umashaanker, R., and Dayanandan, S. 2018.
Functional trait and community phylogenetic analyses reveal environmental
filtering as the major determinant of assembly of tropical forest tree com-
munities in the Western Ghats biodiversity hotspot in India. For. Ecosyst.
5(1): 25. doi:10.1186/s40663-018-0144-0.

Smith, K.J., Keeton, W.S., Twery, M.J., and Tobi, D.R. 2008. Understory plant re-
sponses to uneven-aged forestry alternatives in northern hardwood–conifer for-
ests. Can. J. For. Res. 38(6): 1303–1318. doi:10.1139/X07-236.

Tucker, C.M., Aze, T., Cadotte, M.W., Cantalapiedra, J.L., Chisholm, C., Díaz, S.,
et al. 2019. Assessing the utility of conserving evolutionary history. Biol. Rev.
94: 1740–1760. doi:10.1111/brv.12526. PMID:31149769.

Webster, C.R., Dickinson, Y.L., Burton, J.I., Frelich, L.E., Jenkins, M.A., Kern, C.C.,
et al. 2018. Promoting and maintaining diversity in contemporary hardwood
forests: Confronting contemporary drivers of change and the loss of ecolog-
ical memory. For. Ecol. Manage. 421: 98–108. doi:10.1016/j.foreco.2018.01.010.

Westoby, M., Leishman, M., and Lord, J. 1996. Comparative ecology of seed size
and dispersal. Philos. Trans. R. Soc. B Biol. Sci. 351: 1309–1318. doi:10.1098/
rstb.1996.0114.

Williamson, M. 1996. Biological Invasions. Chapman and Hall, London, U.K.
Willis, J.L., Walters, M.B., and Gottschalk, K.W. 2015. Scarification and gap size

have interacting effects on northern temperate seedling establishment. For.
Ecol. Manage. 347: 237–247. doi:10.1016/j.foreco.2015.02.026.

Hupperts et al. 1267

Published by NRC Research Press

http://dx.doi.org/10.1111/j.1461-0248.2009.01314.x
http://www.ncbi.nlm.nih.gov/pubmed/19473217
http://dx.doi.org/10.1890/08-1823.1
http://dx.doi.org/10.1890/08-1823.1
http://www.ncbi.nlm.nih.gov/pubmed/20120823
http://dx.doi.org/10.1093/njaf/23.4.288
http://dx.doi.org/10.1093/njaf/7.4.153
http://dx.doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1016/j.tree.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22981468
http://dx.doi.org/10.1111/1365-2745.13246
http://dx.doi.org/10.1086/659059
http://www.ncbi.nlm.nih.gov/pubmed/21508612
http://dx.doi.org/10.1093/acprof%3Aosobl/9780199837656.001.0001
http://dx.doi.org/10.1093/acprof%3Aosobl/9780199837656.001.0001
http://dx.doi.org/10.1371/journal.pone.0182893
http://dx.doi.org/10.1038/242344a0
https://cran.r-project.org/package=RVAideMemoire
https://cran.r-project.org/package=RVAideMemoire
http://dx.doi.org/10.1111/j.1523-1739.2007.00740.x
http://www.ncbi.nlm.nih.gov/pubmed/17650250
http://dx.doi.org/10.1111/ecog.04434
http://dx.doi.org/10.1111/ecog.04434
http://dx.doi.org/10.1093/bioinformatics/btq166
http://www.ncbi.nlm.nih.gov/pubmed/20395285
http://dx.doi.org/10.1016/j.foreco.2006.03.034
http://dx.doi.org/10.1016/j.foreco.2006.03.034
http://dx.doi.org/10.1093/jpe/rts016
http://dx.doi.org/10.5849/forsci.13-015
http://dx.doi.org/10.1093/forestry/cpw024
http://dx.doi.org/10.1093/forestry/cpw024
http://dx.doi.org/10.1016/j.foreco.2018.12.040
http://dx.doi.org/10.1016/j.foreco.2004.05.044
https://cran.r-project.org/web/packages/FD/FD.pdf
https://cran.r-project.org/web/packages/FD/FD.pdf
http://dx.doi.org/10.1016/j.foreco.2009.03.045
http://dx.doi.org/10.1046/j.1365-2435.2002.00664.x
https://cran.r-project.org/web/packages/emmeans/emmeans.pdf
https://cran.r-project.org/web/packages/emmeans/emmeans.pdf
http://dx.doi.org/10.3389/fpls.2018.01854
http://dx.doi.org/10.3389/fpls.2018.01854
http://www.ncbi.nlm.nih.gov/pubmed/30631332
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://dx.doi.org/10.1038/s41467-018-05126-3
http://www.ncbi.nlm.nih.gov/pubmed/30038259
http://dx.doi.org/10.1371/journal.pone.0071464
http://dx.doi.org/10.1371/journal.pone.0071464
http://www.ncbi.nlm.nih.gov/pubmed/23936268
http://www.ncdc.noaa.gov/cdo-web/search
https://cran.r-project.org/web/packages/vegan/vegan.pdf
http://dx.doi.org/10.1111/2041-210X.12136
http://dx.doi.org/10.1111/2041-210X.12136
http://dx.doi.org/10.1111/rec.12990
http://dx.doi.org/10.1111/rec.12990
https://cran.r-project.org/web/packages/nlme/nlme.pdf
http://dx.doi.org/10.5849/forsci.12-113
http://dx.doi.org/10.5849/forsci.12-113
http://www.R-project.org
http://dx.doi.org/10.1186/s40663-018-0144-0
http://dx.doi.org/10.1139/X07-236
http://dx.doi.org/10.1111/brv.12526
http://www.ncbi.nlm.nih.gov/pubmed/31149769
http://dx.doi.org/10.1016/j.foreco.2018.01.010
http://dx.doi.org/10.1098/rstb.1996.0114
http://dx.doi.org/10.1098/rstb.1996.0114
http://dx.doi.org/10.1016/j.foreco.2015.02.026

	Article
	1. Introduction
	2. Materials and methods
	2.1. Site description
	2.2. Experimental design
	2.3. Environmental variables
	2.4. Plant community assessment
	2.5. Diversity indices
	2.6. Data analysis

	3. Results
	3.1. Species composition
	3.2. Diversity indices

	4. Discussion
	4.1. Treatment effects on species composition
	4.2. Contrasting insights from diversity indices

	5. Conclusions

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


