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Concern over global environmental change and associated uncertainty has given rise to greater emphasis
on fostering resilience through forest management. We examined the impact of standard silvicultural
systems (including clearcutting, shelterwood, and selection) compared with unharvested controls on tree
functional identity and functional diversity in three forest types distributed across the northeastern
United States. Sites included the Argonne, Bartlett, and Penobscot Experimental Forests located in
Wisconsin, New Hampshire, and Maine, respectively. We quantified functional trait means for leaf mass
per area, specific gravity, maximum height, height achieved at 20 years, seed mass, drought tolerance,
shade tolerance, and flood tolerance as well as standard functional diversity measures from standing bio-
mass reconstructed at the beginning and end of a 20-year study period using increment cores and historic
inventory data. As expected, functional identity differed between harvest methods with means for plant
traits associated with later stages of succession (e.g. shade tolerance) increasing in stands managed with
selection systems. Opposite trends occurred with greater canopy disturbance, and functional diversity
indices remained stable over time in the absence of disturbance. Estimates of functional diversity and
functional identity hold promise as important approaches for evaluating outcomes of forest management,
particularly as the connections among functional diversity, delivery of ecosystem services, and ecosystem
resilience are further developed.

� 2017 Published by Elsevier B.V.
1. Introduction

Interest in managing forests for climate adaptation and mitiga-
tion has added to the spectrum of objectives that policymakers,
landowners, and managers must strive to balance (Park et al.,
2014). Managing forests for different suites of species may factor
into adaptation approaches as the value of different forest species
increasingly lies not only in their ability to meet demands for forest
products and ecosystem services, but also in varying abilities to
endure environmental change such that provision of those prod-
ucts and services continues in a predictable way (Aubin et al.,
2016). Outcomes of management approaches have traditionally
been viewed through their impacts on the relative abundance of
various tree species and life forms (Toumey, 1925). However, con-
sideration of species traits may factor into the development of
adaptation approaches leading to a shift in emphasis to managing
for an array of functional attributes within a given community
(Aubin et al., 2016; Gavinet et al., 2016), assuming that a diversity
of functional traits translates to greater resilience (Elmqvist et al.,
2003; Brang et al., 2014; Gazol and Camarero, 2016). In order to
develop adaptive management approaches for temperate forests
that address global change, we must evaluate the extent to which
forest management practices influence the distribution and abun-
dance of functional traits in a community. Our ability to do so pre-
viously has been hampered by a dearth of long-term empirical
data.

A broad suite of factors is projected to profoundly influence the
structure and function of forest ecosystems over the next century
(Millar et al., 2007). For example, future successional processes
and stand development may differ from expectations as changing
disturbance regimes and climatic conditions differentially affect
the regeneration success of certain tree species and elevate levels
of tree mortality (Carnicer et al., 2011; Martinez-Vilalta and
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Lloret, 2016). Non-native, invasive species have altered the compo-
sition and function of many communities (Paillet, 2002) and are
expected to become an increasingly important component of
forested regions around the globe (Lovett et al., 2016). Even native
species with altered population dynamics can alter fundamental
ecosystem processes (Horsley et al., 2003; McKee and Aukema,
2015). Thus, it has become more important to understand how
management actions influence forest communities in terms of
the traits that determine species’ response to environmental
change (‘‘response traits”; Lavorel and Garnier, 2002; Suding
et al., 2008) in order to improve prediction of management out-
comes in light of new threats (Keddy and Shipley, 1989; Prach
and Walker, 2011).

Functional diversity also contributes directly to the provision of
ecosystem services (Isbell et al., 2011; Lavorel, 2013), largely
through ‘‘effect traits”, those traits that drive species’ influence
on ecosystem processes (Suding et al., 2008). Trade-offs exist in
traits within species that may be summarized by a fast-slow eco-
nomic spectrum in which faster-growing, less competition-
tolerant species dominate early successional stages and are gradu-
ally replaced by slower-growing species that tolerate shade and
competition to greater degrees (Reich, 2014; Woodall et al.,
2015; Kunstler et al., 2016). The implications of this trade-off
include balancing maximum short-term productivity with long-
term provision of ecosystem services such as carbon storage and
nitrogen retention (Grigulis et al., 2013). Evidence also suggests
trade-offs may exists between stress tolerances, with negative cor-
relations commonly observed between drought and shade toler-
ance and drought and flood tolerance across continents and most
woody taxa (Niinemets and Valladares, 2006).

Silviculture has long been used to intervene in succession and
manage forest composition and structure based on knowledge of
the autecology or silvics of tree species (Baker, 1934; Puettmann,
2011), but the impact of harvest decisions on functional identity
(mean value of functional traits in a community) and functional
diversity is rarely quantified (but see Baraloto et al., 2012; Neill
and Puettmann, 2013) despite the value of this knowledge for
understanding forest responses to future disturbance and stress
(Chmura et al., 2011). We used long-term data from three U.S.
Forest Service Experimental Forests in the northeastern U.S. to
assess the impacts of commonly used silvicultural methods
(clearcutting, shelterwood, selection, crop tree release) relative
to controls on functional identity and functional diversity in
northern hardwood and mixed conifer forests. Based on previous
studies in tropical and subtropical forest ecosystems (e.g. Böhnke
et al., 2014; Bu et al., 2014; Vicente-Silva et al., 2016) we
expected functional dispersion (a measure of functional diversity
that describes the distribution and spread of species in trait
space; Laliberte and Legendre, 2010) to remain stable over time
in mature, undisturbed forest. Theory predicts that disturbance
filters species by their traits and, resultingly, can reduce func-
tional dispersion (Diaz et al., 1998). While even-aged (e.g. shel-
terwood and clearcutting) and uneven-aged (e.g. selection)
silvicultural systems differ in the amount of canopy removed
at a given point of time, harvests for both constitute a distur-
bance in which resources are removed from the system (White
and Pickett, 1985). Thus, we expected treated stands to have
lower functional dispersion compared to undisturbed controls
and greater functional divergence (greater expression of more
extreme trait values), depending on treatment. Additionally, we
hypothesized stands managed with shelterwood and clearcutting
systems would exhibit functional identity representative of
early- to mid-successional communities (i.e., lower shade toler-
ance, higher drought tolerance, lower leaf mass per area;
Connell and Slatyer, 1977; Bazzaz, 1979; Horn, 1981) relative
to controls and stands managed with selection to assume
functional identities indicative of later-successional stages, more
similar to unharvested controls.
2. Methods

2.1. Study sites

The three study sites consist of U.S. Forest Service Experimental
Forests distributed across the northern forest region of the north-
eastern United States. The Argonne Experimental Forest (AEF),
located in north-central Wisconsin, is dominated by Acer
saccharum Marshall (sugar maple), Tilia americana L. (American
basswood), Fraxinus americana L. (white ash), and Betula
alleghaniensis Britton (yellow birch). Mean annual temperature is
5 �C, and mean annual precipitation is 81.3 cm (Adams et al.,
2008). The Bartlett Experimental Forest (BEF) in north-central
New Hampshire is dominated by A. saccharum, Tsuga canadensis
L. (eastern hemlock), Fagus grandifolia Ehrh. (American beech), B.
alleghaniensis, F. americana, and A. rubrum L. (red maple). Annual
temperature averages 6.2 �C (PRISM Climate Group, Oregon State
University, http://prism.oregonstate.edu, accessed 6 Dec 2016),
and mean annual precipitation is 127 cm (Adams et al., 2008).
The Penobscot Experimental Forest (PEF) in Maine is dominated
by T. canadensis, Abies balsamea L. (balsam fir), Picea rubens Sarg.
(red spruce), Pinus strobus L. (Eastern white pine), A. rubrum, and
Populus tremuloides Michx. (trembling aspen). The site has an
average annual temperature of 6.6 �C, and receives an average of
106 cm of precipitation annually (Adams et al., 2008). Structural
characteristics such as density of trees with DBH > 50 cm and basal
area in unharvested control stands (Appendix A) fell within the
range reported for old-growth forests of the same types in each
respective region (Tyrrell et al., 1988).

2.2. Dataset

Sampling plots for this study were superimposed on or placed
adjacent to existing permanent plots associated with ongoing silvi-
cultural studies that varied the type of harvest treatment in each
experimental forest (Appendix A). Each treatment was replicated
at least three times, but the studydesign differed slightly at each site
and is described in greaterdetail inAppendixA. The control stands at
eachsite areuneven-agedwith some treeshaving recruited tobreast
height by the mid-1800s (or as early as the 1700s in the case of the
BEF, Appendix A). In 2010, structural characteristics, including
diameter at breast height (DBH, 1.4 m), were recorded on each plot
for all trees with DBH greater than 10 cm. A single increment core
was collected at breast height for each tree resulting in 326–547
cored trees per site. Cores were cross-dated visually (Yamaguchi,
1991). Ring-widths were then measured using a Velmexmeasuring
stage to a precision of 0.01 mm, and dating was confirmed with the
statistical programCOFECHA (Holmes, 1983). The beginning of each
silvicultural study variedwith treatment implementation and initial
sampling occurring in the 1950s or earlier in most cases (Appendix
A).We limited our analyses to the 20-year period 1989–2009, a time
frame that includes harvests in stands managed with selection sys-
tems (dates provided in Appendix A). By examining responses dur-
ing this period only, we ensured that canopy closure had occurred
across all stands included in the study, limited the influence of nat-
urally occurring mortality on analysis, and kept a consistent time
frame across sites.

2.3. Forest structure reconstruction

In order to quantify forest structure in each plot as it existed in
1989, tree diameters were reconstructed based on annual growth
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rings moving backwards in time, starting with diameter measure-
ments from 2010. Annual growth rings record growth changes
inside the bark, so this process required using species-specific bark
ratios to estimate the diameter outside bark for each year (Dixon
and Keyser, 2015). Above-ground woody biomass was then esti-
mated using species-specific allometric equations (Appendix B)
for each tree in each year. We calculated biomass increment as
the difference between estimates in tree biomass for consecutive
years.

Because only those trees surviving to the sampling dates in
2010 were cored, reconstructing historic stand composition and
structure required inventory data collected prior to and immedi-
ately following harvest treatments occurring 1989–2009. Such
inventories were available for plots located at the Argonne and
Penobscot EF. At the Bartlet EF, only control plots are presented
for analyses of change over time as limited historical inventory
data precluded harvest reconstructions. With observations from
cored trees, we built site-specific multilevel models that predicted
observed growth for each species in each year in order to impute
missing annual growth increments for the trees harvested between
1989 and 2009 (Appendix C). We then predicted diameter growth
increments for harvested trees (identified from historic invento-
ries) from the fixed effect of tree size (DBH), allowing the slope
for DBH to vary as a random effect by year. We also allowed the
intercept to vary as a random effect by year and species. An
auto-regressive error structure was included to account for tempo-
ral autocorrelation. Once the DBH for each harvested tree had been
reconstructed for each year, biomass increment was estimated as
described above. Natural mortality was not included in analyses
given the difficulty in assigning specific years to dead trees
recorded in the periodic inventories.
2.4. Plant traits

Our estimates of functional identity included eight plant traits
divided into two groups, effect and response traits, based on
whether they related more closely to effects on ecosystem pro-
cesses or response to environmental factors (Lavorel and Garnier,
2002; Cornelissen et al., 2003; Lavorel et al., 2007; Suding et al.,
2008). Effect traits included wood specific gravity, height at matu-
rity, maximum height at 20 years (a proxy for growth rate), leaf
mass per area, and seed mass. Drought tolerance, shade tolerance,
and flood tolerance were included as response traits. While many
aspects of forest ecosystem function are important to understand
and maintain, our selection of traits was informed by current
knowledge of influences on tree growth (e.g., Violle et al., 2007),
as growth closely relates to provision of forest products and carbon
sequestration, two concerns dominating many forest management
decisions. Species-wide trait means were collected from the litera-
ture (Appendix D). Trait values were standardized to the standard
deviate (z-score) across all species within each site to equalize trait
weighting and to meet statistical assumptions for analyses
(Villéger et al., 2008). The functional identity for each site consists
of the individual community-weighted means (CWM) for each of
the effect and response traits defined as

CWMaj ¼ Rðsij � tiÞ ð1Þ

where CWMaj = mean for trait a in plot j, sij = relative abundance of
species i in plot j, and ti = trait value for species i (Lavorel et al.,
2008). Relative abundance was defined based on above-ground,
standing biomass for trees recruited into the forest canopy
(DBH > 10 cm) at time of sampling. We tested correlations between
each trait pair for each individual site using Kendall’s s. A
Bonferroni-adjustment was applied to protect against inflated Type
1 error with multiple testing, but actual p-values are also reported.
We further assessed the influence of community functional
diversity on growth by calculating two standard functional diver-
sity indices, functional divergence (FDiv) and functional dispersion
(FDis), separately for effect traits and response traits. FDiv quanti-
fies the representation of extreme versus moderate trait values in a
community. Higher FDiv indicates greater abundance-weighted
expression of extreme (high or low) trait values (Mason et al.,
2005; Villéger et al., 2008). FDis simultaneously describes the vol-
ume of trait space occupied by a community and the spread of spe-
cies within that space (Laliberte and Legendre, 2010; Mouillot
et al., 2013). Indices were calculated using the FD package
(Laliberte and Shipley, 2011) in R (R Core Team, 2013, v 3.0.2).

2.5. Hypothesis testing

We tested the effect of silvicultural treatment on two measures
of diversity and eight individual traits by analyzing means
observed at the end of the study in 2009 as well as the rate of
change (D) observed for each variable 1989–2009. Each response
variable was assessed with multilevel (mixed-effect) ANOVA using
the SAS MIXED procedure (SAS Institute, Cary, NC, US). At the AEF,
each treatment was replicated nine times across the site with
blocking. Here, a random effect was included that allowed the
intercept to vary by block. At the other sites, treatments were repli-
cated three times, but blocking was not included in the original
study design. Sites were analyzed individually given the unique
ecological and silvicultural context of each location. Residuals were
examined visually to ensure homogeneity of variance, and some
response variables required an ln-transformation to meet ANOVA
assumptions.
3. Results

3.1. Site characteristics and relationships between traits

Across treatments at a site, raw functional identity, quantified
without standardizing trait values, was more similar between the
AEF and BEF than to the PEF as expected given the dominance of
hardwood species in the former two sites. This similarity is partic-
ularly evident with leaf mass per area, seed mass, and specific
gravity (Appendix E).

Even though sites shared many species in common (Appendix
B), correlations between community-weighted trait means and
multi-trait functional diversity indices differed (Tables F.1 and
F.2). At the AEF, most traits and functional diversity indices corre-
lated with each other with only three pairs, flood tolerance with
maximum height, flood tolerance with LMA, and FDiv (response)
with FDis (effect) showing no evidence of significant relationships
at this site. The negative correlations (e.g. between shade tolerance
and FDis (effect), FDis (response), drought tolerance, and flood tol-
erance) suggest the existence of trade-offs at the stand scale
(Tables F.1 and F.2). At the BEF, maximum height and shade toler-
ance (positively correlated with each other) both correlated nega-
tively with growth rate (Table F.1). At the PEF the only significant
relationship was a negative correlation between growth rate and
shade tolerance, a trend observed consistently across all three sites
(Table F.1).

3.2. Change in functional diversity and functional identity over time

None of the functional diversity indices observed in unhar-
vested control stands showed significant change over the course
of the study at any site (Fig. 1, panels A, C, and E). At the AEF, mean
shade tolerance and specific gravity decreased while mean maxi-
mum growth rate increased, and at the BEF, shade tolerance
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increased over time in control stands (Fig. 1). Similar to diversity
measures, individual response and effect traits remained stable
over this period at the PEF.

Within sites, the most severe treatments (e.g., heavy selection
at AEF and shelterwood at PEF), led to changes in functional diver-
sity that exceeded changes observed for less severe treatments
(Fig. 1). At the AEF, heavy selection resulted in lower DFDis for
effect traits and greater Dseed mass and Dspecific gravity than
the other treatments. While significant change over 20 years
(D– 0) was observed for flood tolerance, growth rate, leaf mass,
and shade tolerance in response to some harvest treatments at this
site, means did not differ significantly among treatments (Fig. 1).
At BEF, shade tolerance in the control stand increased over the
course of the study, and at the PEF, FDis and FDiv significantly
increased for both effect and response traits in the shelterwood
treatments. Change in drought tolerance was greater, and changes
in flood and shade tolerance were significantly lower, for the shel-
terwood treatment relative to controls and selection at PEF.
3.3. Management effects on functional identity and functional
diversity after 20 years

Although differences in the rate of change for multiple traits
and indices were observed at the AEF as reported above, no differ-
ences between treatments persisted by the conclusion of the study
period in 2009 (Fig. 2). However, differences among treatments
were apparent at both the BEF and PEF. At both sites, stands man-
aged with selection systems had lower drought tolerance than
Fig. 1. Change (D) 1989–2009 in functional diversity indices (left) and in community-we
A–B), Bartlett Experimental Forest (panels C–D) and Penobscot Experimental Forest (
divergence, FDiv; leaf mass per area, LMA; specific gravity, SG. Lowercase letters indic
adjusted pairwise comparisons (p � 0.05), and error bars give standard error. Asterisks in
tests, as appropriate; p � 0.05).
stands managed with systems involving greater canopy removal
at a single point in time (clearcut and shelterwood, Fig. 2). At the
BEF selection increased maximum height relative to clearcutting
as expected, and at the PEF selection reduced maximum height rel-
ative to the control. Selection also increased shade tolerance and
reduced early growth rate relative to other treatments at the PEF
with similar, but insignificant trends suggested by means at the
BEF (Fig. 2).
4. Discussion

Knowledge of tree functional traits has been used to guide the
development of silvicultural systems for centuries, particularly
with regard to the use of response traits, such as shade tolerance,
to anticipate regeneration and growth responses to various harvest
severities (Dean, 2012). The challenges and uncertainties associ-
ated with managing within the context of changing environmental
conditions and disturbance regimes has increased the relevance of
viewing forest management outcomes from a functional trait-
based perspective, particularly as trade-offs among different objec-
tives need to be assessed. Despite relatively low power of the
experiments examined, this work demonstrated the ability of silvi-
cultural treatments to affect the expression of traits in a commu-
nity with resultant impacts on functional identity and diversity
over time. This predictability in response suggests that measures
of functional identity and diversity may be readily integrated into
management outcomes evaluated in north temperate forests and
potentially influence components of resilience.
ighted trait means (right) over 20 years at the Argonne Experimental Forest (panels
panels E–F). Abbreviations are as follows: functional dispersion, FDis; functional
ate significant differences between treatments determined using post hoc Tukey-
dicate a change in index value different from zero (t-tests or Wilcoxon signed-rank



Fig. 2. Functional diversity (left) and functional identity (right) as they varied among treatments at the end of the study period in 2009 at the Argonne Experimental Forest
(A–B), Bartlett Experimental Forest (C–D), and Penobscot Experimental Forest (E–F). Error bars indicate standard error and lower-case letters indicate differences between
treatments within each site as determined with post hoc Tukey-adjusted pairwise comparisons (p � 0.05).
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Patterns in functional identity and diversity largely reflected the
influence of overstory disturbance on the stress tolerance, growth
strategies, and leaf morphology of regenerating species. There
was a lack of change over time in functional diversity measures
in unharvested control stands, which corroborates studies from
tropical and subtropical forests reporting stability in functional
diversity in later stages of succession (Böhnke et al., 2014; Bu
et al., 2014; Vicente-Silva et al., 2016) and extends their applicabil-
ity to temperate forests. In contrast, selection diminished the FDis
of effect traits at the BEF. Reductions in FDis (and other responses)
may have occurred with selection treatments at the AEF and PEF,
as suggested by trends in means based on 2009 standing biomass
(Fig. 2); however, we were unable to detect them given the low
power of our experiments. The significant negative trajectory of
functional dispersion in response to heavy selection at the AEF
(Fig. 1) suggests that clearer differences in management
approaches may emerge in the future with both selection treat-
ments reducing functional dispersion. These changes will likely
continue to reflect strong Acer saccharum dominance of the regen-
eration layer despite the presence of a diversity of other tree spe-
cies in the overstory at the AEF (cf. Kern et al., 2012). These
trends also may have been stronger at the BEF if the thinning
applied to clearcut stands in 2003 had not focused on removal of
early-successional species (Appendix A). Future work building off
this framework with greater replication may be able to further
elucidate the long-term functional outcomes of different silvicul-
tural treatments in these and other systems.

Selection systems involve less severe canopy disturbance than
other silviculture systems such as clearcutting and shelterwood,
and they are often considered favorably in terms ofminimizing har-
vest impacts, relative to even-aged approaches. Given the lower
level of disturbance, it might be expected that functional diversity
would be greater in forests managed with selection than with other
methods. Our results suggest otherwise and affirm other studies
that have demonstrated that single-tree selection can decrease
other measures of biodiversity such as species richness
(Neuendorff et al., 2007) and simplify forest structure (Angers
et al., 2005; Kenefic and Nyland, 2007). For example, single-tree
selection has led to greater Acer saccharum dominance in northern
hardwood forests of the Lake States region (Neuendorff et al.,
2007; Bolton and D’Amato, 2011) and has interacted with impacts
from the introduced beech bark disease (Cryptococcus fagisuga Lind.
and Nectria spp.) in northeastern North America to encourage
increased regeneration of Fagus grandifolia (Leak, 2005; Nyland
et al., 2006). Harvestmethods that encourage regeneration of highly
shade tolerant species may lead to a stand-scale trade-off in func-
tional dispersion of both effect and response traits as well as in
growth rate (approximated with height at 20 years), drought toler-
ance, and flood tolerance (Appendix E), at least in northern hard-
wood stands located in the Lake States region. While growth rate
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and shade tolerance correlated negativelywith each other at the BEF
and PEF as well, other relationships are not consistent across sites.

Observations at the BEF and PEF supported hypotheses that
individual traits generally believed to influence successional status
(Bazzaz, 1979) would respond accordingly to harvest treatments.
Mean growth rate was lower and shade tolerance higher in stands
managed with selection relative to other treatments. Also, drought
tolerance was higher in stands managed with silvicultural systems
that promote early to mid-successional stages (clearcutting and
shelterwood; Bazzaz, 1979). Although specific gravity positively
correlates with some aspects of drought tolerance within species
(Hacke et al., 2001; Chave et al., 2009), and has been shown to cor-
relate positively with stand development in tropical forests
(Whitfeld et al., 2014; Vicente-Silva et al., 2016), the same trends
did not occur here at the stand scale. The relationship between this
particular trait and function varies (Chave et al., 2009; Hoffmann
et al., 2011), for example between angiosperms and gymnosperms
in relation to freeze/thaw and drought-induced cavitation (Hacke
et al., 2001; Hacke and Sperry, 2001), and illustrates the need for
continued research that refines understanding of the relationships
between management and traits with particular attention to
underlying mechanisms (Aubin et al., 2016). Nonetheless, this
research yielded predictable responses for some commonly mea-
sured traits and indices and demonstrates that functional identity
and functional diversity may inform management aimed at
increasing adaptive capacity in these forests.

5. Conclusions

Our results support other findings that suggest functional diver-
sity remains stable over time in the absence of major disturbance,
extending the applicability of those studies to northern forests of
the northeastern United States. We also demonstrate that silvicul-
tural prescriptions can be used to manage the functional identity of
forest ecosystems, and that outcomes are largely consistent with
expectations based on our understanding of disturbance impacts
to forest community composition. Lastly, our results suggest
managing with selection systems may reduce functional dispersion
and involve trade-offs between stress tolerances and diversity.

As natural resource managers seek tools for addressing the
effects of global environmental change, assessments of functional
diversity and functional identity provide another lens through
which to view management outcomes. This study confirms the
utility of a trait-based approach and, by quantifying responses that
have occurred across forest types given conditions in the recent
past, provides a baseline for future comparisons. Ongoing research
will expand on how functional identity and diversity directly influ-
ence adaptive capacity in these forests.
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