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Harvest-Created Canopy Gaps Increase Species
and Functional Trait Diversity of the Forest GroundLayer Community
Christel C. Kern, Rebecca A. Montgomery, Peter B. Reich, and Terry F. Strong
Biodiversity conservation within managed forests depends, in part, on management practices that restore or maintain plant community diversity and function. Because
many plant communities are adapted to natural disturbances, gap-based management has potential to meet this need by using the historical range of variation in canopy
disturbances to guide elements of harvest design. We tested this hypothesis with a well-replicated gap size experiment in a second-growth northern hardwood forest.
We evaluated plant communities within and among experimental gaps of differing size, 13 years after an initial harvest. We used a resampling approach to estimate
how conventional and gap-based management affect diversity partitioning and species and trait diversity of ground-layer plants. These diversity measures highlight
relevant scales and function of ground-layer plants among harvest gap sizes and scenarios. Results from our field experiment showed that, at the gap-level, increasing
gap size increased functional trait diversity of plants, while species diversity was higher in gaps than uncut references and maximized in medium-sized (20 –30 m
diameter) gaps. In harvest scenarios created by resampling our empirical data, we found that at the stand scale, increasing harvest intensity (larger gaps and greater
proportion of forest in gaps) increased species richness and variability in initial bloom times, tolerance to shade, and number of life-forms in the plant community. Based
on the measures of diversity and function used in our study, our results suggest that size of harvest-created gaps and proportion of forest in gaps can be manipulated
to attain biodiversity goals but evaluating the regional species pool and seed sources (e.g., presence of invasives, rare species) will be important to maintain or restore
conservation value.
Keywords: understory plants, species richness, gap size, forest scenario simulation, natural disturbance-based silviculture, additive partitioning of richness, resampling
estimation

L

osses of biodiversity can degrade some ecosystem functions
and, consequently, threaten the sustainability of ecosystem
goods and services (Isbell et al. 2011, Zhang et al. 2012).
Managing for biodiversity may be especially challenging in forest
ecosystems because forests are expected to provide a wide range
of goods and services, such as commodities and recreation, in
addition to biodiversity (Burger 2009). A recent report found that
27% of the total number of forest-associated species is at risk of
extinction in the United States, coincident with considerable losses
in regional-scale forest cover (USDA Forest Service 2011). Situations such as this have elevated pressure on managed forests to both
extract goods while sustaining services such as biodiversity. For example, the National Report on Sustainable Forests–2010 recommended that “flexible, adaptive management techniques that work
with natural processes” be continually developed to sustain the

many goods and services of US forests (USDA Forest Service 2011,
p. viii).
Emulating natural disturbance regimes is one approach to restore
or maintain biodiversity in managed forests (e.g., Franklin et al.
1997, Seymour and Hunter 1999, Seymour et al. 2002). This approach assumes that the patterns and processes characteristic of unmanaged forests support native flora and fauna; therefore, when
management practices mimic patterns of natural disturbances, native biodiversity is more likely to persist (Seymour and Hunter
1999, Mitchell et al. 2002). For example, in wind-disturbed forests,
native biodiversity could be maintained with a gap-based approach
(Coates and Burton 1997). Harvest patterns would emulate historic
frequency of gap sizes and densities, while allowing some timber
extraction. This approach is based on the idea that canopy gaps are
key influences on species assemblages, allowing species with
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contrasting life-history traits, such as shade tolerance, to coexist
(Leak and Filip 1977, Ricklefs 1977, Denslow 1980).
The association between canopy gaps and ground-layer species
diversity is dependent on individual gap size. Given the extreme
microclimate and high resource conditions of large gaps, they may
be dominated by a relatively small number of species. Similarly, the
moderate microclimate and low resource conditions of small gaps
may also be dominated by a few species, albeit functionally different
than those found in large gaps. However, medium gaps create resource conditions intermediate to small and large gaps, potentially
capable of supporting more species, including those also found in
small and large gaps (Connell 1978). Some authors have argued that
this concept is the most applicable ecological framework for forest
management and ground-layer plant diversity (Roberts and Gilliam
1995). Hence, gap size is a measure with potentially predictable
effects on plant diversity that can be emulated in managed forests
(Coates and Burton 1997).
Ideally, canopy gaps would play a role not only in plant diversity
but also in plant community function. For decades, species diversity
has been used as an index of biodiversity. More recently, biodiversity
has been assessed with functional trait diversity measures or the
actual value and range of species traits, rather than measures of the
identity of species, because species are not uniformly dissimilar in
trait values (Cadotte et al. 2011). Both types of diversity measures
can be used together to predict an ecosystem’s capacity to respond to
change. For either measure, high (species or trait) diversity may
provide “insurance” by increasing the odds that at least some species
will have traits that confer a capacity to respond to variable conditions (Diaz and Cabido 2001). For example, simultaneous loss of
species and trait variation in some modified sites was indicative of
declines in ecosystem functioning (Mayfield et al. 2010), and recent
reports suggest that such effects may be more important than previously expected (Isbell et al. 2011, Reich et al. 2012). Although
there is much debate on how to measure diversity, measures of trait
diversity represent a mechanistic link between the plant community
and ecosystem function and, as such, may be particularly useful in
managed ecosystems (Cadotte et al. 2011).
The relationship between harvest-created gaps and plant diversity has had little examination at gap and stand scales simultaneously, especially in terms of functional trait diversity. Studies of
forest management have shown that species that invade after harvest
have average trait characteristics described as ruderal, early seral, or
weedy (e.g., Crow et al. 2002, Fahey and Puettmann 2007, Shields
and Webster 2007), but few have considered functional trait diversity among management alternatives (Cadotte 2011). Linking species, traits, and ecosystem processes is critical to evaluating current
management approaches and managing for change.
Here, we test the applicability of gap-based management to restore or maintain diversity of ground-layer vascular plants in a second-growth northern hardwood forest. Our objective was to examine species and trait diversity at the scale of a harvest gap and a
managed forest. We use a robust field design that included circular,
harvest-created gaps that were cleared of trees and tall saplings,
differed in area by two orders of magnitude, and were replicated
randomly across a uniform site. In a previous study at this site (Kern
et al. 2013), we learned that quadrat-scale (1 m2) ground-layer plant
composition shifted away from uncut conditions as gap size, proximity to edge, and time increased. Species’ functional traits and
microenvironmental conditions were related to changes in groundlayer composition. Therefore, here, we asked whether these compo336
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sitional trends resulted in changes in species and trait diversity
among gap sizes or among alternative management scenarios. To
estimate gap-level plant diversity, we use the experimental gaps to
estimate species and trait diversity 13 years after harvest, or a time
frame focused on long-term responses and not short-term, transient
responses. We expected gaps intermediate in size to be more diverse
than small or large gaps. To estimate forest-level plant diversity, we
use a resampling approach to extrapolate our gap-level data to harvest scenarios that emulate various forests management approaches.
We expected species and trait diversity to increase more with harvests modeled after moderate-severity wind storms (a gap-based,
multicohort approach) than those modeled after conventional management practices.

Methods
Study Site

The study ecosystem is a 136 ha second-growth, northern hardwood forest located in the Chequamegon–Nicolet National Forest
in northern Wisconsin (T40°N R12°E). Similar to many forests in
the region, the study ecosystem regenerated after exploitive timber
harvesting during the early 20th century. Before study installation in
1994, the forest had had no recent management and was estimated
to be 60 years old. Sugar maple (Acer saccharum) dominated the site.
Average tree basal area among the blocks ranged from 25.3 to 30.6
m2 ha⫺1 and tree density ranged from 59 to 92 trees ha⫺1. The
forest canopy was closed with an occasional small canopy gap created by recent single-tree blowdown. The topography is a hummocky kame-kettle complex with some cradles and knolls created
from tip-up mounds (resulting from past canopy tree blowdowns).
Soils are Stambaugh silt loam loess, overlying stratified sand and
gravel. The habitat type is considered nutrient rich, mesic, and well
suited for sugar maple growth and classified as Acer-Tsuga/Dryopteris
(ATD) by Kotar et al. (2002). In 1994, approximately 70 species
were identified in the ground-layer vascular plant community (including trees ⬍ 0.5 m tall). Of these, two species (Juglans cinerea and
Panax quinquefolius) were of special concern and two (Hieracium
aurantiacum and Stellaria media) were of introduced origin.
Regionally, the natural disturbance regimes of northern hardwood forests are primarily characterized by canopy gap disturbances. Low intensity disturbance events (10 –19% canopy removed) that create small canopy gaps (mean gap areas of 12–121
m2; mean upper limit ⬍ 250 m2) tend to affect ⬍ 10% of typical
stands per decade (Tyrrell and Crow 1994, Dahir and Lorimer
1996) and are pathways for canopy recruitment for ⬎ 60% of trees
(Frelich and Lorimer 1991). More moderate disturbances
(30 – 60% canopy removal) are estimated to occur once during the
lifetime of a tree cohort (300 –390 years) (Frelich and Lorimer
1991) and result in gap area distributions with maxima at ⬇ 5,000
m2 and distribution tails with ⬇ 50% ⬍40 m2 and ⬇ 9% ⬎500 m2
(Hanson and Lorimer 2007).
Field Experiment

Four of six relatively uniform areas were randomly selected
within the study site as blocks (16 –24 ha) for a randomized complete block experiment. Blocks were subdivided into 0.4-ha sections
of which 18 were randomly assigned to one of six gap diameters (0
[reference area], 6, 10, 20, 30, and 46 m gaps) thrice (three replicates
gap size⫺1 block⫺1). Experimental gaps were created by dormantseason timber harvesting (trees ⱖ 2.5 cm dbh) in 1994 (two blocks)

and 1995 (two blocks). The resulting design consisted of 12 reference areas (0.4 ha square, uncut patches) and 56 experimental gaps
(four marked gaps were not cut). Gap openings were measured in
1997 and 2008 from gap center to dripline in cardinal and subcardinal directions (eight total radii). In 1997, gap area ranged from
9.9 m2 to 1,986 m2 (gap diameter to canopy height ratio [D:H]
range from 0.1 to 2.2). By 2008, most small gaps were closed and
similar to the forest matrix conditions, while large gaps remained
open.
In addition to gap creation, the four blocks were also thinned
(except for the reference areas) in 1994 –1995 following first harvest
entry guidelines in Erdmann (1986), a Lake States management
publication for converting even-aged northern hardwood forests to
uneven-aged stand conditions. To improve residual stand vigor, this
first thinning entry (an “improvement cut”) removed trees anticipated to die from self-thinning, disease, damage, or those that had
minimal potential to gain economic value before the next harvest
entry. The thinning reduced the forest matrix density by 26%. The
mean basal area of forest matrix was 23 m2 ha⫺1 (⫾1.8 SE), while
reference areas remained uncut at 31.1 m2 ha⫺1 (⫾0.3).
Deer exclosures were installed on a subset of the experimental
units (one reference area, 20 m gap and 46 m gap per block; 12 total
exclosures) in 1997 and were maintained for four years. The responses analyzed in this study showed no relationship with deer
exclosures; consequently, the data were combined into the larger
data set.

Figure 1. Diagram of ground-layer vascular plant ␣-, ␤-, and
␥-diversity within a canopy gap size field experiment in a northern
hardwood forest on the Chequamegon–Nicolet National Forest,
Wisconsin. Estimates of species diversity were partitioned additively among levels of the study design, such that diversity at
cumulative gap size (␣3) equaled the sum of diversity within sample
plot (␣1), among sample plots (␤1), and among gap replicates (␤2).
Spatial extent of each level is noted in parentheses. The spatial
extent of diversity within gap size (␣3) was ⬃136 ha, which
represented diversity of gap sizes in aggregate across the study
site. Because the study’s inference was gap level, we did not
directly analyze diversity among gap sizes (␤3). However, the
variation in species among gap sizes (␤3) plus the diversity within
gap sizes (␣3) equaled the total observed species richness (␥) in our
field experiment. (Adapted from Chandy et al. (2006).).

Field Sample Plots

Sample plots (1.0 m2) were arrayed in four transects radiating in
cardinal directions from gap centers into the adjacent forest matrix
(5–10 m). In reference areas and 30 and 46 m gaps, sample plots
were spaced 5.5 m apart along transects, and, in 6, 10, and 20 m
gaps, they were spaced 3.7 m apart. In each sample plot, we assessed
vascular plant species (including trees less than 0.5 m tall) for abundance by cover class: 0; one or two individuals and ⬍ 1% cover;
3–20 individuals and ⬍ 1% cover; ⬎20 individuals and/or 1–5%;
5–25%; 26 –50%; 51–75%; 76 –100%. Individuals were identified
to species except the following six genera: Botrychium, Carex, Galium, Viola, Equisetum, and Fragaria. Nomenclature follows the
PLANTS Database (USDA Natural Resources Conservation Service (NRCS) 2009). Field data were collected during midsummer
(late June– early August) over four survey periods: preharvest (1994
[two blocks]–1995 [two blocks]) and postharvest in 1997, 2000
(two blocks)–2001 (two blocks), and 2008. We were interested in
longer term responses and not shorter term, transient responses.
Thus, only the 2008 data or the ⬃13th year after harvest, were
analyzed in this study.
Plant Traits

We compiled widely available traits by species. Traits included
life-form, potential maximum height, leaf and seed length, an index
of shade tolerance, and potential first month of bloom. We also
compiled the origin (native or introduced to western Great Lakes
region) and an index or coefficient of conservatism (Swink and
Wilhelm 1994, Wisconsin State Herbarium 2011) for each species.
The coefficients (0 –10) describe species’ affinity for disturbance.
We categorized species with low coefficients (0 –3) as those with
strong affinity to highly disturbed habitats and species with high
coefficients (7–10) as those with strong affinity to undisturbed conditions (sensu Wolf et al. 2008). Species were also cross-referenced

with regional endangered and noxious (Wisconsin State Herbarium
2011) species lists.
Gap Size Analysis

For analysis, we reclassified the gap-level diameter classes into
four broader categories (closed, small, medium, and large gaps) to
minimize differences in sampling effort and increase sample sizes.
“Closed” gaps were the uncut reference areas (only 0 m sample
plots). “Small” gaps represented edge (in forest but ⱕ 5 m from gap
dripline) and gap plots of 6 and 10 m gap diameters because groundlayer composition was similar among these locations and gap sizes
(Kern et al. 2013). “Medium” gaps included gap plots from the 20
and 30 m gap diameters, while the gap plots of 46 m gap diameters
were categorized as “large” gaps. The medium and large gap categories encompassed similar ranges in gap area and diameter to height
ratios (unpubl. data, Kern). The closed, small, medium, and large
gap size categories yielded 300, 246, 199, and 189 sample plots,
respectively, from the field experiment.
Additive Diversity Partitioning
We evaluated the effect of gap size on species diversity using
additive diversity partitioning. Additive diversity partitioning
breaks total species richness into additive components comparable
at multiples scales in the same units (e.g., number of species) as
outlined by Lande (1996) and Veech et al. (2002). We partitioned
diversity at three scales following the experimental design (Figure 1):
sample plot (␣1), gap or closed patch replicate (␣2), and gap size
(␣3)in aggregate across the site.
We partitioned three species diversity indices (equations in
Lande 1996): richness (Sobs), Shannon diversity (Hobs), and Simpson diversity (obs). Rare species influence these diversity measures
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high to low, respectively. Thus, we interpreted these indices to represent the diversity of all, dominant, and very dominant species,
respectively. We used PARTITION 3.0 software (Veech and Crist
2009) to partition the diversity measures, specifying our unequal
sampling efforts and equal sample plot weight. Significance tests
were computed with 1,000 replications of individual-based randomization on richness. For Shannon and Simpson diversities, we
used sample-based randomization because our abundance data were
based on cover, not individuals. To facilitate interpretation of Shannon and Simpson indices, we present results as “effective number of
species” by exp(Hobs)and 1/obs transformations, respectively,
which convert indices into units comparable to richness (Jost et al.
2010).
Validation of Gap Size Effects
To determine if sample size influenced our field experimental
results, we compared results of analyses based on the complete,
unequal sampling efforts (additive diversity partitioning) to analyses
based on equal sampling efforts. To do this, we used a nonparametric approach, where we resampled the field experiment observations
to generate multiple, random “subsets” of data for each gap size (N⫽
1,000). Subsets were created through random selection without
replacement. The random selection of plots was also stratified by
replicate to capture the heterogeneity among replicates and maintain inference at the study site scale. One hundred and seventy-five
plots were selected for each subset with the SURVEYSELECT procedure in SAS 9.2 (SAS Institute, Inc. 2008). Then, for each subset,
we calculated species richness (␣3* [* indicates estimation from resampling field observations]) of all species and of native species
only with jackknife procedures using 1,000 permutations in
BiodiversityR (Kindt and Coe 2005), an R software (R Development Core Team 2005) package built primarily on vegan (Oksanen
et al. 2011) and Rcmdr (Fox et al. 2011) packages.
Trait Calculations
For each subset, we also used the standard deviation (SD) of
abundance-weighted, log-transformed trait values for continuous
(height, seed length, and leaf length) and ordinal (shade tolerance
and first month of bloom) traits. The variation in the nominal trait,
life-form, was expressed with a Shannon index. We used SD and
Shannon diversity to represent trait variability to compare our results to other studies of diversity in managed ecosystems (e.g., Biswas and Mallik 2010, Mayfield et al. 2010). We also calculated the
relative proportion of community cover among native or introduced
origins and among coefficient of conservatism categories (0 –3, 4 – 6,
or 7–10). The distributions of richness, origin, coefficients, and trait
estimates were compared with means plus one SD or seven-number
summaries because confidence intervals were very narrow.
Harvest Scenario Analysis

To evaluate the effects of gap size on diversity at a forest scale, five
management practices were depicted in harvest scenarios. Four of
the harvest practices are common in northern hardwood forests and,
thus, test the utility of conventional practices in maintaining native
plant diversity. The fifth harvest practice is an alternative, ecological
forestry approach to forest management.
These conventional alternatives were “no cutting,” “thinning,”
or age-class conversion through “modified single-tree” or “group
338
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selection” cutting. In practice, the goal of thinning is to maintain an
even-aged condition and accelerate the growth and development of
dominant trees with the greatest potential to increase in value over
time. Thinning removes dominant competitors in a spatially dispersed manner, while maintaining 80% canopy cover (Erdmann
1986, Wisconsin Department of Natural Resources 2008). We emulated the canopy patterns of thinning as forest canopies by selecting
20% of the sample plots from small gaps and 80% from closed
forest. In age-class conversion though selection cutting, the goal is to
develop new age classes over time with harvest-created gaps and to
convert the even-aged forest structure to a relatively uneven-aged
condition manageable within the selection system. The initial entry
in the conversion process thins by removing lower quality trees and
maintaining 80% canopy cover. In modified single-tree selection,
10% of the residual stand’s canopy openness is allocated to dispersed, single-tree removals, while the other 10% of canopy openness is aggregated into larger openings created by harvesting groups
of trees. In group selection, all of the residual stand’s canopy openness is aggregated into larger openings (Erdmann 1986, Wisconsin
Department of Natural Resources 2008). We emulated the canopy
patterns of age-class conversion by selecting 80% of the plots from
closed forest and then emulated gaps by selection method. We emulated modified single-tree selection with 10% of the sample plots
from small gaps and 10% from medium gaps and group selection
with 20% of the sample plots from medium gaps.
The fifth practice, “multicohort,” emulated gap size distributions
of moderate severity disturbances in northern hardwood forests
(Hanson and Lorimer 2007, and see Methods/Study Site section),
testing an alternative approach to maintaining native plant diversity
(Coates and Burton 1997). We emulated the canopy openness patterns of multicohort with 20, 10, and 10% of the sample plots from
small, medium, and large gaps, respectively. The five harvest scenarios, no cutting, thinning, modified (mod.) single-tree selection,
group selection, and multicohort, represented an increasing range of
canopy openness and harvesting intensity, respectively.
For each harvest scenario, we created mock ground-layer plant
communities using a nonparametric resampling approach. Broadly,
this approach was similar to the resampling approach used to validate gap size diversity and created replicates of plot data following
specified gap size and proportion of forest in gaps for each scenario
(Table 1). Specifically, we resampled the field experiment observations to generate multiple, random “subsets” of data (N ⫽ 1,000).
Subsets had common sampling efforts of 175 plots that were selected with stratified (by replicate), random sampling without replacement. Each scenario was achieved by uniquely allocating the
175 plots among gap sizes and proportion of forest in gaps established for each scenario (Table 1). Because harvest-created gaps create edge conditions, we further allocated plots between gap openings
and gap edges within each gap size (Table 1). Gap plots were located
within the dripline of a gap and edge plots were located within the
forest and ⱕ 5.0 m from the dripline of a gap.
Species and trait diversity were again measured with SD and
Shannon index. In addition, we calculated the species diversity of
dominant and very dominant species expressed as “effective number
of species” using exp(Hobs)and 1/obs transformations, respectively.
In addition, we calculated mean compositional similarity among the
harvest scenarios using the Bray–Curtis index and default settings in
EstimateS 8.2 software (Colwell 2006).

Table 1. Harvest scenario description by overstory condition and compositional similarity of mock ground-layer plant communities 13
years after harvest based on resampling a canopy gap field experiment in a northern hardwood forest on the Chequamegon–Nicolet
National Forest, Wisconsin.
Scenario
Variable

Description

Overstory condition

Gap size (edge:gap plots)
Closed (n/a)
Small (4:1)
Medium (1:1)
Large (3:7)
Scenario
Thinning
Mod. Single-tree
Group
Multicohort

Ground-layer plant
composition

No cutting

Thinning

Mod. single-tree

Group

Multicohort

..........................................................Percent of forest canopy ..........................................................
100
80
80
80
60
20
10
20
10
20
10
10
.................................Relative similarity (0 ⫽ very dissimilar; 1 ⫽ very similar) .................................
0.83
0.73
0.90
0.79
0.82
0.94
0.70
0.86
0.96
0.90

Gap plots were located within the dripline of a gap and edge plots were located within the forest and ⱕ 5.0 m from the dripline of a gap.

Table 2. Gap size and characteristics of ground-layer plants 13 years after harvest within a canopy gap field experiment in a
northern hardwood forest on the Chequamegon–Nicolet National Forest, Wisconsin.
Gap size
Variable
Coefficient of
conservatism

Origin

Trait variation

Description
Affinity for unaltered habitat
High (⬎6)
Intermediate (4–6)
Low (⬍4)
Status in northern Wisconsin
Native
Introduced
Life history
Height
Leaf size
Seed size
Shade tolerance
First month of bloom
Lifeform*

Closed

Small

Medium

Large

...........................................Relative proportion of community cover ...........................................
0.23 (0.02)
0.20 (0.01)
0.17 (⬍0.01)
0.08 (⬍0.01)
0.50 (0.03)
0.48 (⬍0.01)
0.29 (⬍0.01)
0.26 (⬍0.01)
0.27 (0.01)
0.32 (⬍0.01)
0.54 (⬍0.01)
0.65 (⬍0.01)
...........................................Relative proportion of community cover ...........................................
1.00 (⬍0.01)
0.99 (⬍0.01)
0.95 (⬍0.01)
0.97 (⬍0.01)
⬍0.01 (⬍0.01)
0.01 (⬍0.01)
0.05 (⬍0.01)
0.03 (⬍0.01)
...........................................Standard deviation (*Shannon diversity) ...........................................
0.44 (0.01)
0.41 (0.02)
0.37 (⬍0.01)
0.35 (⬍0.01)
0.27 (0.01)
0.27 (⬍0.01)
0.26 (⬍0.01)
0.31 (⬍0.31)
0.22 (⬍0.01)
0.24 (⬍0.01)
0.19 (⬍0.01)
0.20 (⬍0.01)
0.56 (0.01)
0.64 (0.02)
0.65 (0.02)
0.65 (⬍0.01)
0.38 (0.02)
0.41 (0.02)
0.41 (⬍0.01)
0.43 (⬍0.01)
0.80 (0.01)
0.90 (0.01)
1.10 (⬍0.01)
0.99 (⬍0.01)

Values are means (standard deviation) of resampling (N ⫽ 1,000) the gap sizes randomly to a common sampling effort (175 plots).
* The variation in life-form is expressed as a Shannon index (Hobs).

Results
Species and Trait Diversity Among Gap Sizes

General Floristic Condition
At 13 years after harvest, the ground-layer plant communities of
the experimental gaps were composed primarily of common and
abundant native species (Table 2). One species of special concern
observed prior to harvest remained on site (with only one observation, however). Ten introduced species were present after harvest
but were minor in total abundance.
Species affinities for unaltered habitat varied among gap sizes.
About half of the ground-layer plant communities in closed forest
patches were characterized by species highly adapted to either disturbed or undisturbed conditions (Table 2). In harvest gaps, species
adapted to disturbed conditions grew increasingly dominant as gap
size increased, while the opposite was true for species adapted to
undisturbed conditions.
Species Diversity
Medium-sized gaps had the highest aggregate species richness
(␣3) (Figure 2A). Small and large gaps were slightly lower in species
richness, with closed forest the lowest. These patterns among gap
sizes were consistent regardless of whether species richness estimates
were based on unequal (full data set) or equal (resampled) sampling

efforts (Figures 2A and 3A). However, when comparing diversity of
dominant and very dominant species, the effects of gap size on
species richness were less distinct (Figure 2B and C).
Additive Partitioning of Species Diversity
Within gap size, partitions of species richness (␣3) were different
(P ⬍ 0.001). Partitions of species richness within plots composed
the smallest portion of the aggregate richness found in a given
gap size, while the heterogeneity of species richness among gap
replicates composed the largest portion (Figure 2A). Furthermore,
partitions of Shannon and Simpson indices showed that within gap
composition was largely composed of a similar suite of dominant
species.
The overall drop in species richness (␣3) from all to dominant
and very dominant species (Figure 2A–C, respectively) suggests that
uncommon species comprise a large portion of the observed diversity within all gap sizes. Several of these uncommon species represented species of introduced origin. Although the estimated abundance of introduced species was quite low (Table 2), their influence
on estimated species richness was notable (Figure 3). Excluding
introduced species, estimates of native species richness were more
similar between small and medium gap sizes, although large gaps
and closed forest still lagged behind in native species numbers.
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also increased, suggesting that larger gaps accommodated a greater
range of values in these traits. On the other hand, estimated height
variation decreased with gap size.
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Figure 2. Ground-layer vascular plant diversity by canopy gap
size in a northern hardwood forest on the Chequamegon–Nicolet
National Forest, Wisconsin, 13 years after harvest. Stacked bars
represent additive partitioning of (A) species richness, Sobs, (B)
Shannon diversity, transformed to exp(Hobs), and (C) Simpson
diversity, transformed to 1/obs, where bars are shaded solid
black, hatched gray, and solid white to represent diversity within
sample plot (␣1), among plots (␤1), and among gap replicates (␤2),
respectively, of aggregate gap sizes (␣3). Additive partitioning
included complete sampling efforts of 300, 246, 199, and 189
sample plots in closed, small, medium, and large gap sizes,
respectively.
110

Number of species
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A All species

B Native species
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Figure 3. Estimated species richness of all (A) and native only (B)
ground-layer plants 13 years after harvest based a canopy gap
field experiment in a northern hardwood forest on the Chequamegon–Nicolet National Forest, Wisconsin. Values are jackknife
estimates of gap size species richness (␣3*) at equal sampling effort
(175 sample plots stratified by replicate and randomly-selected
without replacement; N ⴝ 1,000). The richness distributions are
denoted with box and whiskers indicating the 10th percentile,
lower quartile, median, upper quartile, and 90th percentile and
with individual points indicating the outliers.

Trait Diversity
Using a resampling approach, we found that harvest gap size
affects trait diversity in unique ways at the gap level. Estimated trait
diversity was usually greater in gap openings than closed forest
patches (Table 1). For example, as gap size increased, variation in
estimated first month of bloom, tolerance to shade, and life-form
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General Floristic Condition
Composition among the harvest scenarios was more similar than
dissimilar and was dominated by native species in all cases (Table 1).
Single-tree selection, group selection, and multicohort were most
similar to each other and thinning was most similar to no cutting.
Further, mock ground-layer plant communities exhibited a greater
diversity of dominant species and greater proportion of species with
high affinity for disturbance as harvest scenario intensity increased
(Table 3).
Species Diversity
Harvest scenarios increased estimated species richness relative to
the no cutting scenario (Figure 4). In the thinning scenario, most
estimates of species richness were greater than no cutting but less
than scenarios with gap creation. In contrast, the two conversion
practices of modified single-tree and group selection were similar in
estimated richness distribution and largely did not overlap with the
no cutting richness estimates. Further, the species richness estimates
in the multicohort scenario were varied, differing as much as 40
species, but the overall distribution was higher in species richness
compared to other scenarios.
Trait Diversity
Relationships between trait and species diversity varied among
harvest scenarios (Figure 5). Some traits such as height, leaf, and
seed traits had no relationship to species diversity, indicating that
the additional species found in more intense harvest scenarios had
similar height, leaf, and seed trait values to those in less intense
scenarios. However, variation of bloom time, shade tolerance, and
life-form had a positive association with species diversity as harvest
scenario intensity increased (Figure 5). This relationship suggests
that the additional species in more intense harvest scenarios possessed different traits than those in less intense harvest scenarios.

Discussion
Designing stand-level forestry practices that maintain or restore
native plant communities is important to sustaining forest diversity.
Here, we tested this idea by examining the influence of harvest gap
size on the ground-layer vascular plant community of a northern
hardwood forest. Our novel approach used both observed gap-level
data and estimated forest-level simulations. One key finding was
that harvest-created gaps increased ground-layer plant diversity
compared to closed forest patches and that diversity increased most
in medium-sized gaps. Diversity differences among gap sizes was
largely attributed to compositional heterogeneity among gap replicates, which captured uncommon species, and suggested that stochastic processes may be important to structuring gap diversity.
Another key finding was that, at the forest-level, changing gap size
increased richness. We found that harvest scenarios with larger gaps
that emulated natural disturbance increased species and trait diversity from uncut forest conditions. Our findings also suggest that the
effect of harvest-created gaps on ground-layer plant diversity were
not transient, as the gap size effects presented here are the effects in

Table 3. Harvest scenario and characteristics of ground-layer plants 13 years after harvest based a canopy gap field experiment
in a northern hardwood forest on the Chequamegon–Nicolet National Forest, Wisconsin.
Scenario
Variable

Description

Coefficient of conservatism

Affinity for unaltered habitat
High (⬎6)
Intermediate (4–6)
Low (⬍4)
Status in northern Wisconsin
Native
Introduced
Species group–transformed index
Dominant (1/Hobs)
Very dominant (1/obs)

Origin

Diversity

No cutting

Thinning

Mod. single-tree

Group

Multicohort

...........................................(Relative proportion of community cover) ...........................................
0.23 (0.02)
0.22 (0.01)
0.22 (0.01)
0.21 (0.02)
0.19 (0.01)
0.50 (0.03)
0.49 (0.02)
0.47 (0.02)
0.45 (0.02)
0.44 (0.02)
0.27 (0.01)
0.28 (0.01)
0.32 (0.02)
0.34 (0.02)
0.37 (0.02)
...........................................(Relative proportion of community cover) ...........................................
1.00 (⬍0.01)
1.00 (⬍0.01)
0.99 (⬍0.01)
0.99 (⬍0.01)
0.99 (⬍0.01)
⬍0.01 (⬍0.01)
⬍0.01 (⬍0.01)
⬍0.01 (⬍0.01)
⬍0.01 (⬍0.01)
⬍0.01 (⬍0.01)
............................................................(Number of species) ............................................................
12.6 (0.6)
14.4 (1.1)
15.8 (1.0)
16.4 (1.1)
16.7 (1.0)
7.3 (0.4)
8.5 (0.6)
9.3 (0.6)
9.8 (0.6)
10.4 (0.5)

Values are means (standard deviation) of resampling (N ⫽ 1,000) the gap sizes randomly to a common sampling effort (175 plots) according to the overstory conditions
specifications (see Table 1).

0.45
No cutting
Thinning
Single-tree
Group
Multicohort

0.40
0.35

Figure 4. Harvest scenario and estimated species richness of
ground-layer plants 13 years after harvest based a canopy gap
field experiment in a northern hardwood forest on the Chequamegon–Nicolet National Forest, Wisconsin. Jackknife procedures
estimated forest species richness (␥*, ⬃136 ha) at equal sampling
effort (175 sample plots stratified by replicate and randomly selected without replacement; N ⴝ 1,000) according to the overstory
conditions (noted in Table 1). The richness distributions are denoted
with box and whiskers indicating the 10th percentile, lower quartile, median, upper quartile, and 90th percentile and with individual points indicating the outliers.

the 13th year post initial harvest. We further discuss these findings
in the following subsections.
Species and Trait Diversity Among Gap Sizes

Our field experiment clearly showed nonlinear effects of gap size
on species diversity. Overall, gaps increased species richness from
closed forest or reference conditions, but the degree of increase
depended on gap size. Other studies have found that gaps increase
the number of species by providing space and resources unavailable
under closed forest canopy (Schumann et al. 2003, Galhidy et al.
2006, Naaf and Wulf 2007). In some contexts, gap size was important to species diversity; for example, diversity increased with gap
size in European beech forests (Naaf and Wulf 2007) and Florida
scrubland communities (Menges et al. 2008). However, the effect of
gap size on species richness has been negligible in other contexts due
to resilience of preexisting vegetation (Collins and Pickett 1988),
gap treatments convoluted in shape (Schumann et al. 2003), or
examination of a narrow range of gap sizes (Moore and Vankat
1986). Our study did not have these confounding factors: Our study
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Figure 5. Estimated species richness and SD (or Shannon diversity) of trait values of ground-layer plants 13 years after harvest by
harvest scenario based on a canopy gap field experiment in a
northern hardwood forest on the Chequamegon–Nicolet National
Forest, Wisconsin. (A) Potential maximum height. (B) Potential initial bloom. (C) Potential maximum leaf length. (D) Potential maximum leaf length. (E) Shade tolerance index (Humbert et al. 2007).
(F) Number of life-forms. Symbols represent the mean (SD) of
resampling (N ⴝ 1,000) the gap sizes randomly to a common
sampling effort (175 plots) according to the overstory conditions
(noted in Table 1).

gaps were clear felled (to ⬎ 2.54 dbh), circular, and ranged widely in
gap size. In contrast to past studies, we found that medium gap sizes
were most species rich; as gap size increased, species diversity increased from small to medium gaps and decreased from medium to
large gaps. The difference in species diversity between medium
and large gaps was likely due to the fewer number of dominant
species in large gaps; a few species increased abundance at the cost of
other species presence, thereby decreasing species diversity.
Species diversity displayed a unimodal pattern that increased
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then decreased with increasing gap size. In our study site, larger gaps
tended to have high Rubus idaeus abundance (Kern et al. 2013). This
shrub regenerates from persistent seed banks and grows at high
densities that limit persistence of competing species (Donoso and
Nyland 2006), thus, has the potential characteristics to decrease
diversity (Strong et al. 1998, Decocq et al. 2004). Furthermore,
microclimate was extremely variable in large gaps (Strong et al.
1997) and potentially lethal to some preexisting vegetation. As a
result, species colonization was likely limited to those species with
wind or animal seed dispersal, ability to reproduce from belowground plant parts, or persistent seed banks (Naaf and Wulf 2007)
(e.g., Rubus).
Trait diversity showed some linear patterns as gap size increased.
At one extreme, we found that closed forest patches had narrower
ranges of initial bloom, shade tolerance, life-forms, and leaf size and
greater range of heights. At the other extreme, large gaps had the
opposite effect: Ground-layer plants were characterized by wider
range of initial bloom, shade tolerance, life-forms, and leaf size and
narrow range of heights.
Our additive partitioning results highlight that gap diversity was
partly structured by stochastic processes. Gap diversity was composed, in part, of uncommon species, regardless of gap size (Figures
1 and 2), which were likely to be present as the result of dispersal or
recruitment limitations. This finding supports the idea of species
neutrality and randomness structuring species assemblages (Hubbell
et al. 1999, Hubbell 2001). Gap studies in unmanaged forests have
also detected the importance of uncommon species but with little
support for niche-related processes (Grau 2002, Obiri and Lawes
2004). Therefore, our research highlights that gap diversity is not
completely a result of deterministic or stochastic processes, rather
our study supports multiple, concurrent mechanisms structuring
ground-layer plant diversity in canopy gaps as found in other studies
(Fahey and Puettmann 2007, Burton et al. 2011).
Species and Trait Diversity Among Harvest Scenarios

Our study also highlighted that the relationship between species
and trait diversity varied with scale. Gap-level effects on trait diversity were evident at the forest scale. More intense harvest scenarios,
which included larger gaps and a greater proportion of forest in gaps,
had similar effects as increasing gap size on trait variability, except
for height. Height variability was similar among the scenarios, likely
because trees were the predominant life-form among all scenarios.
In terms of species diversity, our harvest scenario results are similar
to results from other stand-level applications of selection, where
ground-layer species diversity did not differ between single-tree or
group selection (Jenkins and Parker 1999, Falk et al. 2008, Smith et
al. 2008). However, studies of stand-level silvicultural systems have
suggested that treatments intermediate in intensity result in high
diversity (Battles et al. 2001, Haeussler et al. 2002, Wang and Chen
2010), while others have detected a threshold effect (Pawson et al.
2006, Zenner et al. 2006). Across our gradient of harvest scenario
intensity, species diversity increased. The gap-based, multicohort
approach had the widest range of gap sizes and greatest proportion
of forest in gap, likely providing a wide range of conditions for many
species to exist. This supports the coarse filter approach to ecosystem
management, where managing for heterogeneous conditions will
create a range of niches and support a greater number of species than
managing for homogeneous conditions that creates few niches supporting few species (Seymour and Hunter 1999).
One novel aspect of our study was that we examined both species
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and trait diversity among forest management alternatives. As the
intensity of harvest scenario increased from no cutting, thinning
(small gap creation) to multicohort (thinning ⫹ gap creation [small
to large gap creation]), we observed not only increased species diversity but also increased trait variation for initial bloom time and
shade tolerance and to a lesser degree for seed size and life-form.
Thus, harvesting removed dominant, overstory trees and created
more available niche space allowing colonization from the regional
species pool of species that span a greater range of trait values (Tilman et al. 1997, Mayfield et al. 2010). On the other hand, increasing species diversity with increasing harvest scenario did not further
diversify the trait values of height and leaf size already found in the
plant community, supporting the idea of functional redundancy.
Redundant traits in a community increase reliability of an ecosystem
to respond to change (Diaz and Cabido 2001). The relationships
between species and trait diversity suggest that several ecosystem
functions such as productivity should persist under some degree of
change. This supports the “resistance strategy” to managing for
change; abundant, diverse range of trait values in a native plant
community enhance the capacity of ecosystems to withstand or
absorb increasing effects without irreversible changes in important
processes and functionality (Millar et al. 2007).
Implications and Limitations of Study

Although these species and trait diversity results highlight patterns that support ecological concepts within this particular managed forest setting, the floristic quality of these plant communities
must be noted for context. More intense harvest scenarios had a
greater number of introduced species and a higher abundance of
species with strong affinity for disturbed habitats than less intense
scenarios. The influx of ruderal and exotic species after harvest has
been noted in some studies (e.g., Wolf et al. 2008, Burnham and Lee
2010), but not others (e.g., McDonald et al. 2008). Although the
abundance of introduced species was low among the harvest scenarios, their establishment could lead to expansion with future harvest
entries (Buckley et al. 2003) and decrease ecosystem function (Peltzer et al. 2010). This illustrates the importance of additional precautions to evaluate species pool and seed sources prior to harvest,
which will be important to maintain or restore the many functions
of ground-layer plant communities of managed forests.
Our study also depicted harvest-created gaps 13 years after a
single entry into a closed forest composed primarily of native species. Stands managed with multiple entries, which result in gaps of
different age, have at some sites homogenized the plant community
to species that thrive on regular disturbance (Scheller and Mladenoff
2002, Decocq et al. 2004). We were not able to test the effects of
multiple harvests. However, maintaining undisturbed forest patches
through multiple entries may maintain many elements of biodiversity (Battles et al. 2001, Smith et al. 2008). Reserve patches ⬃1 ha in
size were important to preserving late successional species and those
slow to colonize in structural retention harvests of Pseudotsuga menziesii forests (Nelson and Halpern 2005). Nonetheless, our results
illustrate that the effects of canopy gaps are not transient and influence ground-layer species diversity for at least 13 years after an initial
harvest.
Lastly, we examined only a few values (diversity, trait variation,
origin, etc.) of plant communities among a range of experimental
gap sizes. In practice, managers would likely consider numerous
factors in addition to gap size and proportion of forest in gaps such
as spatial location and arrangement of gaps in relation to site features

(e.g., topography) and residual tree vigor, stem quality, and crown
development. In addition, other values besides ground-layer plant
diversity may require additional tools and attributes to design management practices. For instance, recent work on selection system
modifications for a range of goods and services include retention of
gap seed trees (Shields and Webster 2007) and various sources of
large woody debris (Smith et al. 2008). Our results provide an
ecological context to common forest management practices that can
be used to meet a wide range of objectives related to delivery of
diverse goods and services from forest ecosystems.
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