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Abstract: The understory layer encompasses the majority of plant species diversity in forested ecosystems and may be sen-
sitive to timber harvest disturbance. We hypothesize that (i) uneven-aged, low-intensity silvicultural systems can maintain
understory plant diversity and support late-successional species following harvest disturbance; (ii) retaining and enhancing
stand structural complexity can increase understory plant diversity in northern hardwood-conifer forests; and (iii) plant re-
sponses are influenced by interactions among canopy structure, soils, and climate processes. Experimental treatments in-
clude single-tree selection and group selection, both modified to increase structural retention, and a third technique
designed to promote late-successional forest structure and function, structural complexity enhancement. Four replications of
each treatment were applied to 2 ha units in Vermont and New York, USA. Understory vegetation was monitored 2 years
pre- and 4 years post-treatment. Results show that over time, understory responses were strongly affected by overstory
treatment and less influenced by soils and drought. All treatments succeeded at maintaining overall composition and diver-
sity. However, late-successional diversity increased significantly in structural complexity enhancement units compared with
group selection units. These results indicate that while conventional uneven-aged systems can maintain understory plant di-
versity, variations that retain or enhance structural complexity may be more effective at retaining late-successional species.

Résumé : La majeure partie de la diversité en espéces végétales des & tage de foréts mixtes composées de feuillus
tolérants et de coniféres et (iii) la réaction des plantes est influencée par des interactions entre la structure du couvert, le
sol et les processus climatiques. Les traitements expérimentaux incluent le jardinage par pied d’arbre et par groupe, tous
deux modifiés pour augmenter la rétention structurale, et une troisieme technique, appelée amélioration de la complexité
structurale, qui a été élaborée pour favoriser la structure et les fonctions des foréts de fin de succession. Quatre répétitions
de chaque traitement ont été appliquées dans des unités expérimentales de 2 ha situées dans les Etats du Vermont et de
New York, aux Etats-Unis. La végétation du sous-étage a été inventoriée 2 ans avant et 4 ans aprés I’application des
traitements. Les résultats montrent qu’avec le temps, la réaction de la végétation du sous-étage a été fortement affectée
par les traitements du couvert dominant et moins influencée par le sol et la sécheresse. Tous les traitements ont réussi a
maintenir I’ensemble de la composition et de la diversité. Cependant, la diversité des espéces de fin de succession a aug-
menté significativement dans les unités ou I’amélioration de la complexité structurale a été appliquée comparativement au
jardinage par groupe. Ces résultats indiquent que méme si les systémes conventionnels visant a conserver une structure in-
équienne peuvent maintenir la diversité végétale du sous-é



Spies 1995; Roberts 2002). There is considerable previous
research on understory responses to conventional even- and
uneven-aged silvicultural treatments in northern hardwood






Data collection

In the FEMDP study areas, five randomly placed 0.1 ha
permanent sampling plots were established within each 2 ha
treatment unit, buffered by a 15 m minimum distance from
the edge of the unit. We inventoried overstory structural
characteristics by permanently tagging all live and dead
trees (>5 cm dbh and >1.37 m tall) within the sampling



had an effect on trends in the understory response variables
over time. We used a linear mixed effects model in SAS
version 9.1 (SAS Institute Inc. 2003) to model diversity
response variables for all species and the habitat guilds.
Treatment, site, and year were modeled as fixed effects, and
plots and units were modeled as random effects. Plots were
nested within units, and units were nested within sites. The
model output includes parameter estimates for the fixed
effects (e.g., treatment*year interaction) and covariance esti-
mates for the random effects.

Analysis of variance (ANOVA) models were used to fur-
ther explore the effect of treatment on understory response
variables. The first hypothesis, that late-successional species
can persist through low-intensity treatments, was tested by
calculating unit-level means of the diversity and abundance
response variables for the late-successional guild and run-
ning ANOVAs on the percent change of each variable from



for treatment effects on canopy retention in this subanalysis.



1.00; GS: A = 0.028, p = 0.232; STS: A =0, p = 0.458;
SCE: A =-0.049, p = 0.855).

In total, 108 vascular understory species were recorded in
the pretreatment monitoring plots. Twenty of these were
absent from one or more units in the post-treatment surveys.
Of the 11 species that were absent from treatment units,
excluding controls, all were classified as late-successional
species and 10 had biotic (animal-mediated) modes of dis-
persal (Table 4). All treatment and control units experienced
some local species losses. Group selection units lost a
greater mean percentage of species (14.1%) than single-tree
selection (7.3%), SCE (4.8%), or control (4.5%) units; how-
ever, there were no significant differences in mean percent
species loss among treatments (p = 0.07).

Effect of overstory structure and soil properties

The effects of treatment and soil properties on overall
trends in diversity responses over time were assessed with
the linear mixed effects model. The interaction of treatment
x time had a strong effect on understory response variables
for all species, early-successional species, and late-succes-
sional species, while the effects of the soil covariates were
not significant (Table 2). Conversely, for the intermediate
species guild, the treatment x time interaction was not sig-
nificant for any of the diversity or abundance response vari-
ables, while percent OM and total percent N did show
significant effects (OM: Ny, p = 0.001; N,, p = 0.002; N:
No, p = 0.004; N4, p = 0.001; N,, p = 0.036).

The correlation matrices did not reveal any consistent
relationships between preharvest to postharvest percent
change in soil properties and understory response variables.
At the plot level, soil variables were generally not associated
with diversity and abundance responses, with a few excep-
tions. Change in percent OM was positively correlated with
intermediate species richness (r2 = 0.174, p = 0.008) and
early-successional N, diversity (r2 = 0.205, p = 0.014), and
negatively correlated with early-successional N, diversity
(r2 = 0.510, p = 0.009). Negative correlations were found

between change in total percent N and early-successional
species richness (r2 = 0.180, p = 0.022), and between change
in Ca and late-successional N, diversity (r2 = 0.097, p =
0.022). In contrast, overstory structure, represented by
change in relative density, was negatively correlated with
changes in all response variables at the plot level, excluding
late successional species richness (r2 = 0.000, p = 0.976). At
the unit level, no preharvest to postharvest changes in soil
nutrients were associated with the response variables.
Change in relative density was also not correlated with
response variables, with the exception of a negative associa-
tion with changes in species diversity for all species (Ni:
r2 = 0.209, p = 0.043; Ny: r2 = 0.252, p = 0.024).
Kendall rank correlation coefficients (



treated with group selection (p = 0.012, r2 = 0.747), single-
tree selection (p = 0.018, r2 = 0.703), and SCE (p = 0.024,
r2 = 0.602).

Discussion

Understory plant responses to experimental treatments

General responses

The results of this study support our hypothesis that, in
northern hardwood-conifer forests, understory plant species
diversity can be maintained through uneven-aged forestry
practices that retain or enhance stand structural complexity.
Experimental units treated with group selection, single-tree
selection, and structural complexity enhancement (SCE) all
showed increases in diversity measures during the 4 years
following harvest disturbance (Fig. 1). We observed a sig-
nificant increase in diversity response variables in the SCE
units from 1 year preharvest to 3 years postharvest, suggest-
ing that enhancement of stand structural complexity may
increase overall species diversity, at least during the initial
postdisturbance recovery period. The lack of significant dif-
ferences in postharvest species composition among treat-

ments and from preharvest to postharvest within treatments
indicates that all three treatments were generally capable of
preserving the integrity of the understory layer. In evalu-
ating short-term responses, it can be difficult to discern the
immediate effects of disturbance from the direct and indirect
effects of residual overstory structure, which may become
increasingly important over time (Halpern et al. 2005).
Nevertheless, initial responses, such as the ability of certain
species or guilds to persist through the disturbance, may be
indicative of the intensity of silvicultural systems and could
have important implications for biodiversity conservation.

Response of habitat guilds

Previous studies of postharvest forest understories have
documented diversity increases immediately following silvi-
cultural disturbance (Gilliam et al. 1995; Halpern and Spies
1995). These increases are often attributed to an influx of
early-successional species as a result of changes in light and
resource availability on the forest floor. Dominance of early-
successional species is generally short-lived, but with peri-
odic disturbance their presence may impact recovery of the
understory (Scheller and Mladenoff 2002). We detected an
increase in early-successional species diversity and abun-



dance in all three treatments; however, only the conven-
tional treatments increased significantly. This may be due to
increased light availability in the conventional treatment
units, which retained significantly less overstory structure
(e.g., canopy closure and leaf area index) than SCE treat-
ment units (Keeton 2006). There was no difference in soil



range (GS, STS: 64%-70% retained; SCE: 81% retained;
see Keeton 2006). The greater mean percentage of species
lost from conventional units (GS, 14.1%; STS, 7.3%) than
SCE or control units (4.8% and 4.5%, respectively) indicates
that the level of retention may influence the persistence of
understory species. Reader (1987) also found that percent of
understory species lost increased with cutting intensity in
hardwood forests of southern Ontario. However, in contrast
with our study, Reader (1987) demonstrated that size of the
silvicultural openings did not influence loss of understory
species. Based on our findings, the differences between
group selection and single-tree selection units, while not
significant, suggest that the spatial pattern of retention may
also be important.

The majority of species locally extirpated from one or
more experimental treatment units following harvest disturb-
ance were late-successional, perennial herbs or shrubs with
biotic modes of dispersal (Table 4). Three of these species,
Lonicera canadensis, Oxalis acetosella, and Trientalis bore-
alis, have been previously identified as sensitive to disturb-
ance (Ruben et al. 1999; Wiegmann and Waller 2006).
Many similar studies (e.g., Halpern and Spies 1995) have
proposed that investigations of diversity responses alone

can obscure important compositional changes. Our study
supports this viewpoint by demonstrating that although
low-intensity, uneven-aged treatments can support late-
successional understory plant diversity, populations of
sensitive species may still be adversely impacted, even by
timber harvests that retain very high levels of postharvest
stand structure.

We recognize several uncertainties related to the observed
loss of species from treatment units. The loss of species
from control units suggests that irrespective of treatment,
there are fluctuations in the presence and abundance of



climate changes, and increased competition with ruderal
species (Meier et al. 1995; Halpern et al. 2005). Finally, as
recolonization from clonal expansion and seed dispersal
proceeds at the sites, continued monitoring may indicate
that local extirpations are short-term in nature.

Influence of overstory structure and soil properties
Composition and diversity of forest understories are
known to be related to local environmental and edaphic
factors and can vary at different spatial scales (Brosofske et
al. 2001). For instance, soil nutrient availability has been
shown to influence patterns of understory vegetation (Kolb
and Diekmann 2004; Fraterrigo et al. 2006). Plant distribu-
tions are affected by soil cation concentrations, particularly
Ca (Gilliam and Turrill 1993; Graves et al. 2006). The soil
characteristics evaluated in this study appeared to have some
influence on understory responses, yet the relationships we
detected were highly variable and did not reveal consistent
trends. A negative relationship between Ca and late-
successional diversity (N,) was detected at a fine spatial

scale (0.1 ha or plot-level); however, there were no correla-
tions between Ca and other response variables at the fine
scale, or between Ca and response variables at a coarser
spatial scale (2 ha or unit-level).

Total percent N and percent OM were also related to
certain diversity responses for intermediate and early-
successional species at the fine scale; however, the direc-
tionality of these associations was inconsistent, and they
were not observed at the coarser scale. Previous studies
have also documented negative relationships between nutri-
ent availability and plant species diversity at fine scales
(Brosofske et al. 2001; Gilliam 2002). Tilman (1993) hypo-
thesized that increased productivity as a result of greater



all species, early-successional, and late-successional species
were strongly affected by treatment and less influenced by
soil properties (Table 2). Model results also suggest that the
influence of overstory structure is less important to inter-
mediate species, which can occupy both open and closed
canopy forests; for these species, soil covariates may be
more important. The ordination indicates that both overstory
and soil characteristics are useful in explaining some of the
variation in species composition, although much of the var-
iation is left unexplained. As in similar studies (e.g., Mac-
donald and Fenniak 2007), it is likely that plant species
composition was also influenced by unmeasured factors,
such as elevation and microtopography, as well as historical
patterns of disturbance and recovery.

Effect of drought stress

Moisture availability is often cited as a significant factor
influencing vegetation dynamics in forest understories
(Hutchinson et al. 1999; Kolb and Diekmann 2004). In this
study, periods of moderate to severe drought occurred dur-



complexity (Keeton 2006) may expose understory plant
communities to less postharvest moisture stress and associ-
ated changes in plant community composition.

Recovery from preharvest drought conditions is one possi-
ble explanation for the large postharvest increases in diver-
sity and abundance in the SCE treatment units. However, to
return to predrought levels, species richness would need to
increase by 18.5%, and diversity would need to increase by
15.7% (N;) and 10.2% (N,). The increases we observed,
44.9% for richness, 42.6% for N; diversity, and 47.5% for
N, diversity, were two to four times this level. This suggests
that, while recovery from drought may have been partially
responsible for the increases in understory response varia-
bles, the majority of the changes can be attributed to treat-
ment effects. This conclusion is supported by the absence



was influenced by both overstory and soil characteristics and
did not differ significantly among treatments 3 years after
disturbance. Our results suggest that while conventional, un-
even-aged treatments are capable of maintaining understory
plant diversity, variations that retain or enhance structural
complexity may be more effective in preserving late-suc-
cessional species. Over time, increased microsite heteroge-
neity as a result of these techniques may also increase
understory plant diversity.

This analysis reflects understory response over 4 years
postharvest, and interpretations are therefore limited in
scope to the initial recovery period. Continued monitoring
of understory vegetation, particularly sensitive species, will
help differentiate initial disturbance effects from the effects
of residual structure, contributing to a more complete under-
standing of understory vegetation dynamics following modi-
fied uneven-aged forestry practices in northern hardwood-
conifer forests.
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