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Abstract 

 

 Natural disturbance-based silviculture (NDBS) has been suggested as an approach 

for promoting late-successional forest characteristics and maintaining native biodiversity 

in managed forests.  Harvest gaps based on the natural disturbance patterns found in the 

upper Great Lakes (46 study gaps) were created throughout northern hardwood forests in 

northeastern Minnesota, USA, during the winters of 2002 and 2003.  Gaps were 

measured 6- and 7-years post-treatment and subsequent analysis of these measurements 

was used to evaluate the success of these treatments at meeting structural and 

compositional objectives. 

 Results indicated that these gaps have done little to increase tree diversity, 

including the recruitment of shade mid-tolerant species; however, the richness of 

herbaceous understory vegetation has responded positively to larger gap sizes.  

Herbaceous species increasing in harvest gaps included Actaea spp. L. (baneberry), 

Botrychium virginianum L. (rattlesnake fern), Mertensia paniculata Aiton (Northern 

bluebell), Rubus idaeus L. (red raspberry), Sanguinaria canadensis L. (bloodroot) and 

Cirsium arvense L. (Canada thistle).  Results also indicated that subtle patterns were 

found among species spatial establishment within gaps (e.g., gap edge and gap center) 

and species that expressed no preference between the intact forest and harvest gaps.  

Levels of downed coarse woody debris (CWD) differed among gap size and all gaps had 

lower levels of CWD compared to the surrounding intact forest. 

 Due to the historical importance of Betula alleghaniensis in these systems, the 

factors affecting the recruitment of this species were also investigated.  Based on these 
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investigations, it was found that B. alleghaniensis establishment was strongly related to 

highly decayed, large coniferous pieces of CWD with little recruitment occurring on the 

undisturbed forest floor.  As such, providing appropriate seedbed conditions for shade 

mid-tolerant species and utilizing natural canopy gap sizes would improve the success of 

maintaining this species on the landscape. 
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Chapter One: Introduction 

 This thesis examines vegetation responses to natural disturbance-based 

silviculture (NDBS) treatments in northern hardwood forests located in northeastern 

Minnesota, USA.  NDBS has been suggested as a possible approach to restoring and 

maintaining native biodiversity in managed systems.  These treatments were designed to 

emulate the historical range of variation in natural canopy gaps in northern hardwood 

forests.   

 The second chapter of this thesis presents the results and findings of an 

investigation of tree regeneration response 6- and 7-years post-harvest on lands owned by 

Lake County, Minnesota.  The project was conducted under the auspices of the Manitou 

Collaborative, a partnership comprised of local, state, federal, and private landowners 

with diverse missions and goals.  I assessed the effectiveness of NDBS harvest gaps at 

conserving and restoring native tree species in northern hardwood forests of the Manitou 

Forest landscape.  Results suggest that the NDBS systems implemented did not increase 

tree compositional diversity within the stand, but successfully promoted stand 

development by pushing the stand toward characteristics more analogous to old-growth 

forest conditions. 

 The third chapter of this thesis presents the results and findings of an investigation 

into understory herbaceous vegetation responses to the NDBS harvests.  I compared 

understory vegetation density and composition between the intact forest and harvest gap 

size classes (intact forest, >0-0.02, >0.02-0.04, and >0.04 ha).  Additionally, density and 

compositional data were evaluated between harvest gap edges and centers.  Results 
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indicate that the NDBS gaps had increased densities of understory vegetation, but 

compositional differences between the intact forest and harvest gaps were minimal aside 

from wetland species and invasive species infiltrating large gaps.  Furthermore, certain 

species were associated with different gap locations within harvest gaps. 

 The fourth and final chapter of this thesis presents general conclusions from this 

research.  Within this chapter, management implications are discussed in the context of 

the findings of this research.  As a closing, this chapter highlights areas that need further 

investigation as well as potential limitations of the study. 
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Chapter Two: Tree Regeneration and Forest Structural Responses to Natural 

Disturbance-based Silviculture Treatments 

1. Introduction 

 There is increasing global concern regarding the loss of native biodiversity from 

forest systems (Klenner et al. 2009), particularly within managed forests (Hunter 1999).  

In many cases, past management practices have led to a simplification of forest structure, 

resulting in a loss of habitat for a diversity of organisms (Gullion and Alm 1983, Latty et 

al. 2006, Vors et al. 2007).  One proposed management approach for restoring and 

maintaining native biodiversity and accelerating forest succession toward old-growth 

characteristics within managed forests is natural disturbance-based silviculture (NDBS) 

(Fries et al. 1997, Seymour et al. 2002).  This approach bases the intensity and patterns of 

harvest entries upon natural disturbances occurring throughout the landscape prior to 

European settlement (Perera et al. 2004).  Despite the endorsement of NDBS as a means 

to accomplish biodiversity-related goals in managed forest systems (Long 2009), there 

have been few formal tests of the response of forest systems to harvesting regimes 

patterned after natural disturbances relative to more traditional approaches. 

 Natural disturbances within northern hardwood systems are primarily driven by 

wind, insects, and disease (Frelich and Lorimer 1991, Zhang et al. 1999, Webb and 

Scanga 2001, Schulte and Mladenoff 2005).  These disturbances create canopy gaps, 

ranging from small to large in size (0.0004 – 0.1 ha; Seymour et al. 2002) and may close 

by border tree encroachment and understory tree ascension (Hibbs 1982, Runkle 1982).  

Generally, small canopy gaps maintain shade tolerant species, such as Acer saccharum 
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Marshall (sugar maple) (Canham 1988), whereas large canopy gaps allow for the 

recruitment of shade mid-tolerant species (hereafter “mid-tolerant”), including Betula 

alleghaniensis Britton (yellow birch) (McClure et al. 2000, Webster and Lorimer 2005), 

due to higher light availability within larger canopy gaps. 

Historically, a variety of gap sizes have been created by natural disturbances in 

the region.  In contrast, recent management of northern hardwood forests in the upper 

Great Lakes region has emphasized single-tree selection (Arbogast Jr 1957, Crow et al. 

2002, Angers et al. 2005).  The canopy openings that result favor the ascension of shade 

tolerant species, such as A. saccharum, to the canopy.  As a result, B. alleghaniensis and 

other mid-tolerant species have declined throughout the region while shade tolerant 

species are increasingly abundant (Jenkins and Parker 1998, Sendak 2002, Schuler 2004, 

Webster and Lorimer 2005).  Similar increases in shade tolerant species at the expense of 

more mid-tolerant components have been documented in other regions of the globe in 

which single-tree selection systems are employed (Yoshida et al. 2006).  The use of 

NDBS systems that create a diversity of gap sizes, including larger canopy gaps, may 

provide one potential means to restore this mid-tolerant component. 

 Beyond gap size, another important factor influencing the recruitment of a given 

species is suitable microhabitat conditions (Grubb 1977, Gray and Spies 1998).  Within 

northern hardwood systems, several genera primarily establish on coarse woody debris 

(CWD) relative to the undisturbed forest floor (e.g., Betula, Picea, and Thuja) (Cornett et 

al. 2001, Caspersen and Saprunoff 2005, Marx and Walters 2008).  These species 

generally have small wind-dispersed seeds with low nutrient reserves for germination and 
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establishment (McGee and Birmingham 1997).  Large-diameter CWD offers 

microhabitats with relatively stable moisture environments and less competition for early  

establishment (Harmon et al. 1986, Franklin et al. 1987). 

 Numerous studies have demonstrated that the abundance of CWD is lower in 

managed northern hardwood forests relative to old-growth systems (Goodburn and 

Lorimer 1998, Hura and Crow 2004, Vanderwel et al. 2008).  Lower levels of CWD in 

managed forest systems result primarily from the removal of larger trees for timber 

products that otherwise would have served as inputs of CWD (Hansen et al. 1991, 

Fridman and Walheim 2000, Siitonen et al. 2000, Lorimer et al. 2001).  As a result, there 

is often a lower availability of suitable microhabitats for species, such as B. 

alleghaniensis, within managed northern hardwood forests compared to pre-European 

settlement conditions. 

 This study investigated the influence of harvest techniques that emulate natural 

canopy gap openings on tree composition and stand structure 6- and 7- years post-harvest 

within second-growth northern hardwood systems in the upper Great Lakes.  The 

objective for this work was to develop an understanding of how effectively NDBS 

maintained and restored tree species diversity within northern hardwood systems in the 

region.  To achieve this objective, I examined the response of tree regeneration and forest 

structure (i.e., CWD) to a range of gap sizes patterned after natural disturbances for the 

region.  I hypothesized that (i) large harvest gaps will enhance seedling diversity, 

including the presence of mid-tolerant species, relative to smaller canopy gaps; (ii) 
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advance regeneration will dominate gap succession; and (iii) B. alleghaniensis 

establishment will be strongly correlated to the availability of CWD substrates. 

 

2. Methods 

2.1 Study Sites 

 Study sites were located along the northern shore of Lake Superior in northeastern 

Minnesota, USA (47.415° N, 91.249° W) (Figure 1).  Elevations within this area range 

from 381 to 472 m and soils are loams derived from glacial tills (Hobbs and Goebel 

1982).  Mean annual precipitation is 739 mm and mean annual temperatures range from   

-8.5°C in January to 18.7°C in July.  Forests within the study area are dominated by Acer 

saccharum, with lesser amounts of Betula alleghaniensis, Fraxinus nigra Marshall (black 

ash), Betula papyrifera Marshall (paper birch), and Thuja occidentalis L. (northern white 

cedar). 
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Figure 1: Map and location of study blocks in northeastern Minnesota, USA. Study 

blocks are represented by diamonds and labeled accordingly (Big Pine (BP), Birch Cut 

(BC), Power Line (PL), and Schoolhouse (SH)). 
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Table 1. Physiographic and compositional characteristics of the study sites throughout the study area in northeastern Minnesota, USA. 

†Canopy composition based upon surrounding intact forest data gathered by basal area swings with a 10 factor prism. 

Site Lat/Long 
Harvest 

year 

Elevation    

(m) 
Aspect Slope Soils 

Canopy Composition†                

(% basal area) 

Number 

of gaps 

Gap size 

range (ha) 

Big Pine       

(BP) 

(47.47, -

91.1496) 
2003 487 162° 8% Loam 

Acer saccharum: 84%              

Betula alleghaniensis: 3%        

Betula papyrifera: 3%            

Thuja occidentalis: 9% 

10 (0.024-0.066) 

Birch Cut 

(BC) 

(47.45, -

91.1885) 
2002 455 119° 6% Loam 

Acer saccharum: 89%              

Betula alleghaniensis: 3%        

Acer rubrum: 3%                   

Picea glauca: 3%                  

Thuja occidentalis: 3% 

10 (0.021-0.071) 

Power Line       

(PL) 

(47.34, -

91.2037) 
2003 385 142° 10% 

Fine 

loam 

Acer saccharum: 74%      

Fraxinus nigra: 24%                   

Populus grandidentata: 2% 

10 (0.011-0.069) 

Schoolhouse     

(SH) 

(47.46, -

91.1977)  
2002 478 327° 2% Loam 

Acer saccharum: 63%            

Betula alleghaniensis: 15%     

Picea glauca: 15%                

Thuja occidentalis: 7% 

16 (0.008-0.050) 
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2.2 Study Design 

 Table 1 shows a total of 46 gaps ranging from 0.008-0.07 ha were created within 

each site and replicated across four blocks (Big Pine (BP), Birch Cut (BC), Power Line 

(PL), and Schoolhouse (SH)) in a completely randomized block design.  Gaps were 

designed to emulate the historical range of canopy gap sizes occurring within old-growth 

northern hardwood forests of the upper Great Lakes region (Frelich and Lorimer 1991).  

Gaps were created by cut-to-length harvesting systems during the winters of 2002 and 

2003. 

 

2.3 Field Procedures 

 Harvest gaps were measured in the summer of 2009 to assess the 6- and 7-year 

vegetation responses of these communities to harvesting treatments.  To ensure adequate 

representation of gap environments, transects were laid across each gap oriented in 

subcardinal directions (NE, NW, SE, and SW) and extended to the gap edge (Figure 2).  

Along each transect, 1-m
2
 plots were systematically located and used for measuring tree 

regeneration and understory plant communities.  Spacing between plots along each 

transect was adjusted according to gap size to provide an even distribution across 

transects.  To ensure consistent sampling intensities, each transect contained enough plots 

to represent a sampling of 5% of each gap area (e.g., eight, 1-m
2
 sampling plots for a 

0.016 ha gap).  The density and species of tree seedlings were recorded for each meter 

square census and categorized into two height classes (short: (≤0.5 m) and tall: (>0.5 and 
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≤1.34 m).  Additionally, saplings (>1.34 m in height) were tallied by species for the 

entire gap area. 

  

 

Figure 2: Study gap measurement design (0.016 ha): gray circle is gap, black squares are 

seedling sample plots, dashed lines are transects for direction of vegetation 1-m
2
 plots, 

and solid lines are transects laid for measurement of downed coarse woody debris. 

 

The abundance of downed coarse woody debris (CWD) was measured within 

gaps using the line intersect method (van Wagner 1968).  Volume (V) was calculated 

with the following formula: 

(a) V = (π
2
Σ d

2
/8L) × 10,000 m

2
/ha 
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where d is the diameter of the log where the transect intersects the log and L is the total 

length of the transect.  Decay class, species, and diameter were recorded for all CWD 

(≥10 cm) encountered.  Additionally, all CWD intercepted was surveyed for the presence 

of tree seedlings.  If seedlings were found, a paired plot equal in surface area to the log 

and located one meter away on the forest floor was surveyed for tree seedlings following 

the methods outlined in Marx and Walters (2008).  Surface area (SA) was calculated for 

each piece of CWD and was based on log decay class and type (i.e., stump or log).  Boles 

and stumps were calculated as half-cylinders (b) and flat areas (c), respectively, using the 

following formulas: 

(b) SA = (2(πr
2
) + (2πr) × L)/2 

(c) SA = L × W 

where r is the radius of a log, L is the length and W is the diameter of the stump or log.  

In cases in which large (>0.5 m in height) B. alleghaniensis seedlings were encountered 

on a log they were harvested for aging. 

 A pool of saplings within gaps most likely to recruit into the canopy (i.e., 

“potential gap winners” (PGW)) were identified and harvested to examine the age 

structure of gap winning saplings and evaluate the relative importance of advance 

regeneration versus gap-origin recruitment within these systems.  PGWs are saplings 

within a gap that are assumed to have a high probability of ascending into the canopy 

layer based on two criteria: height and gap position (personal communication Lee 

Frelich).  In particular, saplings with greater heights and located within the center of the 

gap and not directly under bordering tree crowns were assumed to have a greater 
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likelihood of ascending into the canopy layer.  The number of PGW destructively 

sampled was proportional to gap size with greater numbers being removed from larger 

gaps (four, six, eight, or ten saplings within >0-0.02, >0.02-0.04, >0.04 ha).  Stem cross 

sections were taken from each sapling as close to the forest floor as possible to determine 

date of establishment. 

 Light availability within each gap was measured using an LAI-2000 Plant Canopy 

Analyzer (Li-Cor 2000).  Three readings were taken at breast height (1.34 m) along a 

180° azimuth at the center of the gap and averaged per gap.  Measurements were taken 

during cloudy conditions with a reference measurement in an open area > 1,000 m
2
.  The 

outer rings of the LAI-2000 were removed from analysis to remove the influence of the 

nearby saplings and shrub species close to the sensor.   

 In addition, an herbivory index was calculated for each gap by assessing the first 

ten A. saccharum saplings or seedlings intercepted along sampling transects within each 

gap for deer browse and assigning an index value based on the proportion of browsed 

individuals encountered (cf. Frelich and Lorimer 1985). 

 To assess the importance of proximity to seed source for the establishment of B. 

alleghaniensis, an index was calculated based on the density of gap border trees that were 

of this species.  For intact forest plots (see below), the percentage of B. alleghaniensis 

canopy trees within the plot was used as a surrogate for this measurement. 

 A series of control plots were placed in unharvested, intact forest portions of each 

site to approximate pre-harvest vegetation conditions.  For all control plots (n=14) all 

measurements were performed in the same manner as study gaps.  With the exception of 
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PL, each site contained three plots that were randomly located within unharvested 

portions of each stand.  Due to a greater degree of variation in canopy composition at the 

PL site, an additional two plots were included within the intact forest portions of this site 

for a total of five control plots.  Half of the total length of CWD transects laid in gaps 

were measured throughout the intact forest portions of each site for adequate comparisons 

of CWD abundance. 

 

2.4 Statistical Analysis 

 Data on tree regeneration was used from all four sites; however, the PL site was 

not included in analyses of B. alleghaniensis establishment due to the absence of this 

species from this site.   

 Analysis of variance (ANOVA) was used to compare substrate affinity between 

B. alleghaniensis and A. saccharum seedlings.  ANOVAs tested the effect of substrate 

(CWD or forest floor) on the density of B. alleghaniensis and A. saccharum.  For tree 

species demographics throughout gaps, sapling tallies per hectare and seedling abundance 

per hectare were averaged and assessed across gap size classes.  ANOVAs were 

conducted examining the effect of gap size class on densities of seedlings and saplings.  

Tukey-Kramer multiple comparisons were used in cases in which a significant gap size 

effect was detected.  ANOVA was also used to examine the effect of nurse log surface 

area, decay class, and wood type (hardwood or conifer) on the density of B. 

alleghaniensis established on CWD.  Additionally, Kolomogrov-Smirnov tests were 
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conducted to compare the distribution of CWD among decay classes across harvest gap 

size classes and the intact forest. 

 The factors affecting B. alleghaniensis establishment on CWD were investigated 

using mixed-effect logistic regression in which study block was treated as a random 

effect.  Based on our understanding of the factors potentially influencing B. 

alleghaniensis establishment on nurse logs, a set of plausible models was constructed and 

evaluated using Akaike Information Criterion (AIC), which ranks all plausible models.  

Models with smaller AIC values have the highest level of support for being the best 

approximating models.  Based on these analyses, the null model was found to be most 

appropriate for predicting B. alleghaniensis establishment, suggesting there was too much 

variation in the data to build a reliable model.  Nonetheless, to explore potential factors 

possibly affecting the establishment of B. alleghaniensis, we ran Pearson’s correlation 

analyses between the density of this species and measured variables likely related to 

establishment.  All statistical analyses were done with SAS statistical software (SAS 

Institute 2008). 

 

3. Results 

3.1 Tree Response 

 A total of nine tree species were encountered in both regeneration layers across 

the study sites (Table 2).  Of these species, eight were found in both the seedling and 

sapling layers.  A. saccharum dominated seedling and sapling layers, with the highest 

relative density among the combined stem densities across all sites (37% and 82%, 
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respectively).  Densities generally increased as gap size increased (Figure 3, 4).  In 

particular, density of seedlings and saplings was greater in large gaps (>0.02 ha) 

compared to small gaps and the intact forest (Figures 3, 4).  For seedlings (Figure 3), 

large gaps had more than twice as many as small gaps and four times as many as the 

intact forest (p < 0.05).  Medium (not large) gaps had more than twice as many saplings 

as in small gaps and over four times as many saplings as the intact forest (p < 0.05; 

Figure 4). 

 

Figure 3.   Seedling density by harvest gap size.  Seedling densities are averaged for all 

meter square sampling points throughout harvest gaps and intact forest plots.  Error bars 

represent one standard error.  Statistically significant differences (P ≤ 0.05; Tukey-

Kramer test) between gap size classes and intact forest are denoted with different letters. 
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Table 2.  Average seedling (#/m
2
) and sapling (#/ha) densities in harvest gaps and intact forest with associated ranges of densities (in 

parentheses). 

Species 

Seedlings/m
2
 Saplings/ha 

Intact  

Forest 
>0–0.02 >0.02–0.04 >0.04 

Intact  

Forest 
>0–0.02 >0.02–0.04 >0.04 

Abies balsamea - 4 (0 - 31) 1 (0 - 5) 1 (0 - 2) 2 (0 - 8) 31 (0 - 74) 25 (0 - 263) 1 (0 - 15) 

Acer rubrum - - 1 (0 - 2) - - 8 (0 - 64) - - 

Acer saccharum 6 (0 - 11) 3 (0 - 13) 13 (2 - 23) 13 (2 - 20) 68 (46 - 105) 256 (25 - 641) 825 (9 - 2510) 660 (80 - 1431) 

Acer spicatum 1 (0 - 4) 3 (0 - 17) 5 (0 - 32) 8 (0 - 22) 2 (0 - 6) - 6 (0 - 73) 21 (0 - 107) 

Betula alleghaniensis - - 1 (0 - 8) 1 (0 - 3) 1 (0 - 1) - 2 (0 - 19) - 

Betula papyrifera - - - - 1 (0 - 1) - - - 

Fraxinus nigra - 1 (0 - 9) 2 (0 - 20) 3 (0 - 18) - - 2 (0 - 35) 1 (0 - 11) 

Picea glauca - - 1 (0 - 10) - 1 (0 - 1) 3 (0 - 25) 5 (0 - 77) 1 (0 - 10) 

Prunus virginiana 1 (0 - 5) 1 (0 - 4) 9 (0 - 53) 6 (0 - 26) 1 (0 - 3) 7 (0 - 45) 21 (0 - 132) 15 (0 - 167) 
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Figure 4.  Sapling densities by harvest gap size (ha).  Sapling densities are averaged on a 

per hectare basis for all harvest gaps and intact forest plots.   Error bars represent one 

standard error.  Statistically significant differences (P ≤ 0.05; Tukey-Kramer test) 

between gap size classes and intact forest are denoted with different letters.   

 

 Age distributions based on harvested potential gap winner (PGW) saplings 

indicated that most of these individuals were present as advance regeneration prior to gap 

creation (Figure 5).  In particular, PGW ages ranged from 7 to 57 years and the average 

age was 7 years greater than the date of gap creation (14 ±0.49 years).  Most PGWs were 

A. saccharum.  A few other species were present, including shade tolerant conifers (Abies 

balsamea and Picea glauca) and one Fraxinus nigra stump sprout.  Although not 

statistically significant, the average heights of PGWs were generally greater in large gaps 
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(>0.02 ha; Figure 6) with an average height one meter taller in large gaps compared to 

small gaps (Table 3). 

 

Figure 5.  Age distribution of potential gap winners harvested from study gaps across all 

sites (n=46).  Potential gap winners are defined as saplings most likely to ascend into the 

canopy based on height and location within gap.  Arrow indicates year of harvest (6- or 

7-years before sampling) 

 

Table 3.  Mean ages and associated standard errors of potential gap winning saplings by 

harvest gap size class. 

Category 
Gap Size Class 

> 0 – 0.02 > 0.02 – 0.04 > 0.04 

Age at 

harvest 
8 (±1) 14 (± 1) 13 (± 1) 
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Figure 6.  Mean heights and associated standard error (error bars represent one standard 

error) for potential gap winning saplings by harvest gap size class (ha).  There were no 

significant differences between gap size classes (P > 0.05).   
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Table 4. Average coarse woody debris (CWD) volume and standard errors (in parentheses for gap size class) across harvest gap size 

and intact forest by wood type (hardwood or conifer) and decay class. Gap size classes with different symbols have significantly 

different distributions († and ‡; P <0.05) 

Gap size class 
Total volume 

(m
3
/ha)  

Wood type 
Volume of CWD (m

3
/ha) by decay class 

1 2 3 4 5 

Intact Forest†
 

77.75 (35.45) 
Hardwood - 14.25 15.55 23.33 3.89 

Conifer - 2.59 3.89 5.18 6.48 

> 0 - 0.02 ha‡ 4.86 (0.82) 
Hardwood - - - 0.81 0.41 

Conifer - - - 1.62 2.03 

> 0.02 - 0.04 ha‡ 8.44 (2.68) 
Hardwood - - 4.33 2.74 0.46 

Conifer - - 0.46 - 0.46 

> 0.04 ha†‡ 19.15 (8.07) 
Hardwood - - 5.47 3.65 1.82 

Conifer - - - 1.82 6.38 
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3.2 Coarse Woody Debris 

 The average abundance of downed coarse woody debris (CWD) across study sites 

was 60.5 ±14.5 m
3
/ha.  Overall, the abundance of CWD was greater in the intact forest 

than within gaps (Table 4).  CWD volume distributions across harvested gap size classes 

differed significantly.  In particular, small and medium size gaps (<0.04 ha) had lower 

amounts of CWD within decay classes 1 and 2 compared to the intact forest (Table 4). 

 

3.3 Seedling establishment on coarse woody debris 

 A total of 116 wood pieces were intercepted across the three sites examined for 

Betula alleghaniensis nurse log recruitment (BC, BP, and SH).  Of those 116 wood 

pieces, 68 contained tree seedlings and were used for paired plot forest floor surveys (see 

Methods).  No B. alleghaniensis seedlings occurred on the forest floor throughout the 

sampled area.  The age range (4 – 22 years) and median age (6 years) of B. alleghaniensis 

harvested from CWD (n = 64) is presented in Figure 8.  Although A. saccharum occurred 

in low densities on CWD across all study blocks, densities of A. saccharum seedlings on 

the forest floor were nearly three times greater (Figure 7). 
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Figure 7.  Betula alleghaniensis and Acer saccharum densities on downed coarse woody 

debris (nurse log) and the forest floor.  Error bars represent one standard error and values 

within a species with different letters are significantly different (P < 0.05) 
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Figure 8.  Age distribution for B. alleghaniensis located on nurse logs, including samples 

from harvest gaps and intact forest. Arrow indicates year of harvest (6- or 7-years).   

 

 Overall, the highest proportion of B. alleghaniensis seedlings was found on larger 

pieces of highly decayed (decay class 4 & 5) conifer CWD (Figure 9).  Correspondingly, 

the site with the greatest abundance of B. alleghaniensis seedlings (SH) also had the 

greatest volume of highly decayed conifer CWD (decay class 4 & 5; Table 4).  In 

addition, this site also had the highest levels of B. alleghaniensis in the canopy. 
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Figure 9.  Proportion of Betula alleghaniensis and Acer saccharum established on nurse 

logs across all encountered decay classes and surface area size classes. 
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 Measured factors significantly related to B. alleghaniensis establishment on CWD 

were wood type, decay class, surface area, and available light (Table 5).  In particular, 

establishment rates were greater on large, highly decayed coniferous logs (Table 5).  In 

addition, the positive correlation with higher leaf area suggested that more B. 

alleghaniensis seedlings occurred on wood pieces within the intact forest or small gaps 

compared to larger gaps.  Marginally significant factors related to B. alleghaniensis 

establishment were gap size and yellow birch index (a proxy for seed source availability; 

Table 5). 

 

Table 5.  Pearson’s correlations between Betula alleghaniensis occurrence on nurse logs 

and coarse woody debris (CWD) characteristics and environmental factors.  Significant 

correlations are bolded (P <0.05; Bonferroni-protected). 

CWD 

Characteristic 

R-statistic 

Wood type -0.3887 

Surface area 0.3533 

Leaf area index 0.3168 

Decay class 0.2933 

Gap size -0.2647 

Yellow birch index 0.1619 

 

4. Discussion 

4.1 Tree response to natural disturbance-based silviculture 

 The findings of this work suggest that solely applying harvest gaps approximating 

the natural range of gap sizes documented for the upper Great Lakes region may not be 

sufficient for increasing the diversity of tree species within second-growth stands.  In the 
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present study, structural complexity increased following silvicultural treatments through 

the release of existing advance regeneration.  However, few changes in diversity of tree 

species were detected within the regeneration layer.  Despite larger gaps (>0.02 ha) 

having higher densities of seedlings and saplings, regeneration densities consisted mainly 

of Acer saccharum.  

 Regardless of gap treatment the regeneration of mid-tolerant Betula 

alleghaniensis occurred exclusively on coarse woody debris (CWD) that existed in the 

stand prior to gap creation.  Collectively, these findings suggest that mimicking natural 

canopy openings alone will not ensure the restoration of native tree biodiversity to these 

areas. 

 Gap size is recognized as an important control over the density of tree seedlings 

and saplings within forest systems (Brokaw and Busing 2000).  Consistent with other 

work examining northern hardwood systems, larger gaps (>0.02 ha) in the present study 

had higher densities of seedlings and saplings compared to small gaps and intact forest 

(Prevost et al. 2010).  Although tree seedling and sapling abundance increased with gap 

size, compositional diversity was minimally impacted by gap size.  For example, A. 

saccharum can live in the understory for many years until released (Canham 1985, 1988) 

and the created canopy gaps served to release existing A. saccharum excluding other 

species from the seedling and sapling layer.   

 By mimicking only canopy openness and not the natural disturbance intensity to 

the forest floor, the experimental harvest released advance regeneration and may have 

accelerated stand development pushing the future canopy toward increasing A. 
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saccharum dominance (McClure et al. 2000, Webster and Lorimer 2002).  In contrast, 

natural canopy gaps generated by wind disturbances often contain exposed mineral soil 

seedbeds in the form of tip-up mounds, which have been shown to be important for the 

establishment of certain species, including B. alleghaniensis (Beatty 1984, Peterson et al. 

1990). 

 

4.2 Coarse-woody debris 

 The abundance of CWD within forest systems is dependent upon the severity and 

frequency of disturbance (Franklin et al. 1987).  Managed systems generally have less 

CWD compared to old-growth systems (Goodburn and Lorimer 1998, Siitonen et al. 

2000), but tremendous variation may also exist within a given forest due to differences in 

disturbance or management history (D'Amato et al. 2008).  In particular, there were vast 

differences among gap size classes in terms of the amount of CWD on the forest floor 

with smaller gaps containing lower amounts of downed CWD than larger gaps and the 

intact forest containing higher volumes than all gaps.  The differences between intact 

forest areas and gaps may be due to the mechanical breakage of CWD through logging 

disturbance, which may have reduced the amount of CWD within the  harvest (Freedman 

et al. 1996).  The higher volumes of CWD in larger gaps may have been due to the 

availability of smaller diameter trees located within the harvest area that were not 

merchantable.  In particular, these trees may have been felled and left on the forest floor, 

whereas the likelihood of encountering a high number of non-merchantable trees within a 

small gap area would be much less.  
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Recent work in Ontario has suggested that CWD levels following group selection 

harvests may approach levels in unmanaged old-growth systems (Vanderwel et al. 2010); 

however, volumes of CWD within my study gaps were considerably lower than those 

documented for old-growth northern hardwood forests (Goodburn and Lorimer 1998, 

Vanderwel et al. 2008).  The difference between the findings of this work and Vanderwel 

et al. (2010) is possibly related to the amount of decay class one and two CWD inputs 

within the Ontario northern hardwood forest.  Within my study, little to no CWD within 

decay classes one and two were found 6- and 7- years post-harvest.  In contrast, these 

decay classes made up the greatest proportion of CWD in the stands examined by 

Vanderwel et al. (2010).  The difference in decay class one and two CWD volumes 

between my work the work done in Ontario may be explained by a lower amount of tops, 

limbs, and nonmerchantable boles left in the gaps I examined. 

 

4.3 Betula alleghaniensis regeneration 

 The importance of CWD as a substrate for tree establishment is widely recognized 

(Harmon et al. 1986, McGee and Birmingham 1997, Marx and Walters 2008).  Within 

the systems I examined, CWD was critical to B. alleghaniensis establishment, as all B. 

alleghaniensis encountered occurred on CWD.  This finding is consistent with other work 

examining the establishment of this species within the upper Great Lakes region (Marx 

and Walters 2008).  Specifically, Marx and Walters (2008) found that the establishment 

of B. alleghaniensis was dependent on Tsuga canadensis (L.) (eastern hemlock) logs and 

I found a similar affinity to conifer wood with B. alleghaniensis establishing primarily on 
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Thuja occidentalis logs within our study.  This dependence on T. occidentalis CWD 

creates a challenge in relation to the maintenance of B. alleghaniensis on the landscape 

due to the declining presence of T. occidentalis across the upper Great Lakes region; a 

decline linked to over-browsing of T. occidentalis by herbivores, mainly Odocoileus 

virginianus (white-tailed deer) (Nelson 1951, Cornett et al. 2000).  Concomitantly, this 

decline reduces the future availability of suitable seedbeds for B. alleghaniensis 

establishment. 

 The importance of mineral soil as a substrate for B. alleghaniensis has been 

documented across eastern North America (Leak and Wilson Jr 1958, Marquis and 

Bjorkbom 1960, Marquis 1966).  Since harvests were conducted during the winter 

months, in accordance with best management practices (BMPs), and no site preparation 

was prescribed, little mineral soil was exposed during harvesting.  Scarification of the 

forest floor may have enhanced the probability of B. alleghaniensis establishment within 

study gaps.  In particular, recent work examining B. alleghaniensis recruitment in Quebec 

has indicated that patch scarification treatments increased the probability of establishment 

of this species (Prevost et al. 2010). 

 The age distribution of B. alleghaniensis established on CWD are older than in 

northern hardwood forests of New Hampshire (McClure et al. 2000).  Although seedlings 

at my study site established in low light environments, a release harvest could provide 

sufficient light for recruitment as demonstrated by B. alleghaniensis trees in northern 

Michigan (Webster and Jensen 2007).  Harvest gaps targeted at B. alleghaniensis advance 

regeneration may provide similar gap conditions to those found by Webster and Jensen 
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(2007) (i.e., loss of several competitors, gap expansion, or complete release from high 

shade) which led to the release of B. alleghaniensis trees that are now within the canopy 

of northern hardwood forests in upper Michigan.  

 

4.4 Implications for management 

 B. alleghaniensis had few “safe sites” for germination and establishment within 

the study area.  Seeds raining into gaps could not establish among the abundance of A. 

saccharum advance regeneration present within harvest gaps.  To increase the 

opportunity for natural seeding within harvest gaps, site scarification coupled with 

mechanical removal of A. saccharum saplings may be an option that would provide 

suitable substrate for B. alleghaniensis and other wind dispersed seeds.  It is not enough 

to only replicate the canopy openness of natural disturbances; the legacies of the 

disturbance (e.g., tip-up mounds and downed logs) must be replicated as well for 

adequate representation of natural disturbance regimes.  Enhancing coniferous CWD 

volumes within forest systems will increase available substrate for B. alleghaniensis and 

other wind dispersed seeds.  By placing gaps deliberately above B. alleghaniensis that is 

established on logs, my results suggest these seedlings would be released by the harvest 

and flourish within the gap.  Although B. alleghaniensis was not able to establish and 

persist in the seedling layers of the gap floor, by emulating natural canopy openness, 

other tree species, including Fraxinus nigra, were able to establish or regenerate through 

sprouting. 
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 Forest management goals increasingly incorporate biodiversity objectives in 

response to global concerns regarding the ecological sustainability of traditional forest 

management regimes.  Approaches like NDBS provide significant opportunities to 

harvest wood products, while also achieving biodiversity-related goals.  Nevertheless, 

these approaches are currently in their experimental phases and the findings of this work 

underscore the importance of fully understanding how NDBS systems enhance and/or 

hinder the development of old-growth structural conditions and the restoration of 

underrepresented species in northern hardwood forests.  While promoting stand 

development and promoting certain conditions beneficial for shade tolerant species (e.g., 

A. saccharum) as well as conditions beneficial for species adapted to stump sprouting 

(e.g., F. nigra) these harvests did not provide opportunities for species requiring exposed 

mineral soil.  Further investigation into how site preparation influences tree regeneration 

within the gap sizes presented in this study would advance an understanding of how 

NDBS systems influence northern hardwood forests. 

 



 

32 

 

 

Chapter Three: Understory Vegetation Responses to Natural Disturbance-based 

Harvest Gaps 

1. Introduction 

 The forest understory layer contains the majority of species richness within forest 

ecosystems around the globe (Whigham 2004).  Correspondingly, conservation of 

understory plant species is an important aspect of sustainable forest management 

(Roberts and Gilliam 1995), particularly in light of growing concerns regarding the loss 

of native biodiversity from managed systems (Hunter 1999).  Given the role natural 

disturbances play in the maintenance of biodiversity through effects on resource and 

propagule availability and microhabitat conditions (Sousa 1984, White and Pickett 1985, 

Goldberg and Gross 1988), the use of silvicultural systems patterned after the severity 

and frequency of natural disturbances may serve as a management approach for restoring 

and maintaining native biodiversity within managed forests (Fries et al. 1997, Seymour et 

al. 2002).  Nonetheless, evaluations of the response of understory vegetation communities 

to these management regimes are largely lacking for most forest ecosystems (Schumann 

et al. 2003, Falk et al. 2008, Smith et al. 2008) hampering our ability to develop systems 

for maintaining natural patterns of species richness and abundance within the understory 

layer. 

Forest disturbance dynamics within northern hardwood forests are dominated by 

infrequent, low intensity tree fall gaps caused by wind, disease, and insects (Frelich and 

Lorimer 1991, Zhang et al. 1999, Webb and Scanga 2001, Schulte and Mladenoff 2005).  

In many cases, these gaps provide opportunities for understory vegetation regeneration 
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not afforded by intact forest conditions due to the variety of resource conditions 

occurring across the gap environment (Bazzaz 1979, Sipe and Bazzaz 1995, Busing and 

White 1997) and the diversity of microhabitat conditions created by disturbance 

processes (Beatty 1984, Peterson et al. 1990, Zenner et al. 2006).  The response of 

understory vegetation to natural and harvest gaps of varying sizes has been well-studied 

(Goldblum 1997, Anderson and Leopold 2002, Naaf and Wulf 2007, Royo et al. 2010); 

however, the findings from this work are inconsistent.  For example, several studies have 

documented differences in species abundance and composition across varying gaps sizes, 

whereas, other work has found no difference in understory plant communities between 

gaps and intact forest (Metzger and Schultz 1984, Schoonmaker and McKee 1988, 

Shields and Webster 2007).  Reasons for these differences may include the varying gap 

sizes studied, the intensity of forest disturbance, and the condition of the forests studied 

(i.e., old-growth versus managed second-growth forests). 

 Inconsistencies between studies regarding the response of understory vegetation 

to canopy gaps has also been documented within a given forest type.  For example, 

understory vegetation density differed between gaps and intact forest within northern 

hardwood forests of northeastern U.S.A. (Goldblum 1997); however, investigations 

within the same forest type in the upper Great Lakes region detected no compositional 

differences between small gap and intact forest conditions (Shields and Webster 2007).  

Nonetheless, Shields and Webster (2007) concluded that gaps provide opportunities for 

the regeneration of species absent from intact forest, particularly Sanguinaria canadensis 

L. (bloodroot), Impatiens capensis Meerb. (jewelweed), and Rubus idaeus Michx. (red 



 

34 

 

 

raspberry).  As such, the use of harvest gaps patterned after natural canopy gaps may 

provide an opportunity to enhance and restore understory plant richness in managed 

northern hardwood forest systems. 

 In many managed forests, management practices are geared toward creating 

relatively uniform, homogeneous systems with little diversity in the canopy, sapling, 

shrub, seedling, and herbaceous vegetation layers.   Within the context of changing global 

conditions, these homogenous systems may have low resilience to future environmental 

changes (Holling 1973).  Correspondingly, enhancing stand resilience in managed forest 

systems has become an emerging management objective (Bauhus et al. 2009).  In 

particular, management regimes that result in an increase in species richness may 

improve a given forest’s ability to adapt to environmental change (Holling 1973).  For 

example, by creating canopy openings within the system, spatial heterogeneity may arise 

that allows for novel understory vegetation patterns on the landscape (Moore and Vankat 

1986, Roberts and Gilliam 1995). 

 The present study examined the effects of harvest techniques that emulate natural 

gap openings on understory vegetation 6- or 7- years post-harvest within second-growth 

northern hardwood systems in the upper Great Lakes.  The objective for this work was to 

develop an understanding of how understory vegetation responded to harvest gaps 

compared to the intact forest and the spatial distribution of understory vegetation within 

harvest gaps (i.e., gap edge and gap center).  To achieve this objective, I examined the 

response of understory vegetation (herbaceous plant species and a singular shrub species 

(Rubus idaeus)) to a range of gap sizes patterned after natural disturbances for the region 
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(cf. Frelich and Lorimer 1991).  I hypothesized that (i) large harvest gaps will enhance 

understory vegetation diversity and abundance relative to smaller canopy gaps and the 

intact forest; and (ii) establishment patterns of understory vegetation will differ between 

gap edge and gap center of harvest gaps. 

 

2. Methods 

2.1 Study Sites 

 Study sites were located along the northern shore of Lake Superior in northeastern 

Minnesota, USA (47.415° N, 91.249° W) (Figure 1).  Elevations within this area range 

from 381 to 472 m and soils are loams derived from glacial tills (Hobbs and Goebel 

1982).  Mean annual precipitation is 739 mm and annual temperatures range from -8.5°C 

in January to 18.7°C in July.  Forests within the study area are dominated by northern 

hardwoods and scattered Thuja occidentalis L. (northern white cedar).  Understory 

vegetation within the study area includes Clintonia borealis Aiton (bluebead lily), 

Streptopus lanceolatus Aiton (twisted rosy-stalk), Polygonatum pubescens Willd. 

(Solomon’s seal), Claytonia caroliniana Michx. (springbeauty), and Thelypteris 

phegopteris L. (beech fern).  For a detailed description on forest condition see Burton et 

al. (2009). 
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Figure 1: Map and location of study blocks in northeastern Minnesota, USA. Study 

blocks are represented by diamonds and labeled accordingly (Big Pine (BP), Birch Cut 

(BC), Power Line (PL), and Schoolhouse (SH)). 
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Table 1. Physiographic and compositional characteristics of the study sites throughout the study area in northeastern Minnesota, USA. 

†Canopy composition based upon surrounding intact forest data gathered by basal area swings with a 10 factor prism. 

Site Lat/Long 
Harvest 

year 

Elevation    

(m) 
Aspect Slope Soils 

Canopy Composition†                

(% basal area) 

Number 

of gaps 

Gap size range 

(ha) 

Big Pine       

(BP) 

(47.47, -

91.1496) 
2003 487 162° 8% Loam 

Acer saccharum: 84%              

Betula alleghaniensis: 3%        

Betula papyrifera: 3%            

Thuja occidentalis: 9% 

10 (0.024-0.066) 

Birch Cut 

(BC) 

(47.45, -

91.1885) 
2002 455 119° 6% Loam 

Acer saccharum: 89%              

Betula alleghaniensis: 3%        

Acer rubrum: 3%                   

Picea glauca: 3%                  

Thuja occidentalis: 3% 

10 (0.021-0.071) 

Power Line       

(PL) 

(47.34, -

91.2037) 
2003 385 142° 10% 

Fine 

loam 

Acer saccharum: 74%      

Fraxinus nigra: 24%                   

Populus grandidentata: 2% 

10 (0.011-0.069) 

Schoolhouse     

(SH) 

(47.46, -

91.1977)  
2002 478 327° 2% Loam 

Acer saccharum: 63%            

Betula alleghaniensis: 15%     

Picea glauca: 15%                

Thuja occidentalis: 7% 

16 (0.008-0.050) 
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2.2 Study Design 

 Harvest gaps were created within each site and replicated across four blocks in a 

completely randomized block design.  Harvests took place during the winters of 2002 and 

2003.  For more details on gap sizes and study design see Chapter 2. 

 

2.3 Field Procedures 

 Harvest gaps and intact forest conditions were measured in the summer of 2009 to 

assess the 6- and 7-year post-harvest vegetation responses of these communities to 

harvesting treatments.  To ensure adequate representation of gap environments, transects 

were laid across each gap oriented in subcardinal directions (NE, NW, SE, and SW) and 

extended to the gap edge (Chapter 2, Figure 2).  Along each transect, 1-m
2
 plots were 

systematically located and used for measuring tree regeneration and understory plant 

communities.  Spacing between plots along each transect was adjusted according to gap 

size in order to provide an even distribution across each transect.  To ensure consistent 

sampling intensities, each transect contained enough plots to represent 5% of each gap 

area (e.g., 8 1-m
2
 plots for a 0.016 ha gap). 

 The location of each 1-m
2
 plot within the gap (gap edge or gap center) was noted 

in the field to allow for analysis of the impact of spatial location on understory plant 

community composition.  To position plots within each gap, transect length was divided 

into thirds.  Plots falling within outer thirds were categorized as gap edge and plots 

located in the inner third were categorized as gap center.  The density (stems and 
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clumps/m
2
) and species of herbaceous understory plants, including herbs, ferns, fern-

allies, graminoids, and R. idaeus, were recorded within each 1-m
2 

plot. 

 A series of control plots were placed in unharvested, intact portions of the forest 

at least 50 m from created gaps to serve as an approximation of pre-harvest vegetation 

conditions.  For all control plots (n=14) all measurements were performed in the same 

manner as study gaps.  With the exception of PL, each site contained three intact forest 

plots that were randomly located within unharvested portions of each stand.  Due to a 

greater degree of variation in canopy composition at the PL site, an additional two plots 

were included within the intact forest portions of this site totaling to five control plots at 

this site. 

 

2.4 Statistical Analyses 

 Understory vegetation densities were averaged for harvest gaps and the intact 

forest.  Analysis of variance (ANOVA) was used to examine the impact of gap size on 

species richness and densities of understory vegetation (SAS Institute 2008).  ANOVAs 

were followed by Tukey-Kramer tests in cases in which significant gap size effects were 

detected.  In addition, multivariate tests were conducted to assess understory vegetation 

compositional differences among gap size classes and spatial location using blocked 

multi-response permutation procedures (MRBP) (PC-ORD version 5; McCune and 

Mefford 1999).  Indicator species analysis was used to identify plant species most likely 

to be found within gap size classes and different gap locations (gap center, gap edge, or 

intact forest).  Non-metric multidimensional scaling (NMS; McCune and Grace 2002) 
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was used to examine patterns in understory community composition within and among 

gap size classes.  Due to differences in site conditions between blocks, NMS was run 

separately for each study site to allow for an evaluation of the effects of gap conditions 

on understory communities.  Sørensen distances were used for MRBP and NMS to 

calculate a distance matrix for the harvest gaps and intact forest plots.  To reduce noise in 

the data set, species with fewer than three occurrences were removed from the data 

matrices and the “slow-and-thorough” autopilot mode of NMS was used in PC-ORD to 

generate solutions (McCune and Grace 2002).  Ordinations were run until a configuration 

of lowest stress was found, which for all four study blocks was a three axis solution.  The 

two axes that explained the most variability in the data are presented in the results 

section.  The relationship between understory community composition and environmental 

and forest structural characteristics (gap size, CWD volume, herbivory index, and 

available light) were explored by using the bi-plot function overlaying a secondary matrix 

of these variables in PC-ORD (McCune and Mefford 1999).  Ordinations were rotated to 

place the environmental or forest structural variable with the highest correlation to 

understory community composition on the first axis.  Relationships between species 

density and NMS axis scores were explored using Kendall’s tau statistic in SAS (SAS 

Institute 2008). 

 

3. Results 

3.1 Density and diversity of understory vegetation 
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 Forty-two understory plant species or groups (e.g., Carex spp.) occurred across all 

study blocks.  Thirty-three of those occurred across all harvest gap sizes and the intact 

forest (APPENDIX A, Table A.1). Understory vegetation was much denser in harvested 

gaps compared to intact forest (Figure 2), whereas richness was lower in small gaps 

compared to intact forest and was slightly higher in larger gaps (Figure 3).  Certain 

understory species only occurred in gaps: Actaea spp. L. (baneberry), Botrychium 

virginianum L. (rattlesnake fern), Mertensia paniculata Aiton (northern bluebell), Rubus 

idaeus L. (red raspberry), Sanguinaria canadensis L. (bloodroot) and Cirsium arvense L. 

(Canada thistle).  All other species occurred in both the intact forest and at least one 

harvest gap. 

 

Figure 2.  Understory vegetation density by harvest gap size (ha).  Understory vegetation 

densities are averaged for all meter square sampling points throughout harvest gaps and 
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intact forest plots.  Error bars represent one standard error and values with different 

letters are statistically different (P ≤ 0.05; Tukey-Kramer test). 

 

Figure 3.  Understory vegetation richness by harvest gap size (ha).  All identified 

individual species encountered within all meter square sample plots were used to 

calculate richness.  Error bars represent standard error.  There were no significant 

differences between gap size classes (P > 0.05). 

 

3.2 Patterns in understory plant composition across gap conditions 

 Understory plant composition differed among gap sizes (MRBP; A-

statistic=0.017, P=0.0002), as well as among different gap locations (MRBP; A-

statistic=0.005, P=0.02).  Species composition differed as gap size increased with the 

introduction of disturbance dependent species, weedy plants, and non-native invasive 
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plants.  In particular, abundances of Botrychium virginianum, Cirsium arvense, Mertensia 

paniculata, and Rubus ideaus increased as gap size increased.  There were also 

significant differences in plant responses between intact forest and gap edge conditions 

edge and intact forest and gap center conditions.  In contrast, there was no difference 

between understory plant communities within gap center and gap edge conditions.  A 

significant indicator species (P< 0.05) for the intact forest was Maianthemum canadense 

Desf. (Canada mayflower), whereas Polygonatum pubescens was indicative of gap edge 

conditions, and Impatiens capensis Meerb. (jewelweed) and Rubus idaeus were indicative 

of gap center conditions.  Three of the study blocks (BP, BC, and PL) had similar 

patterns of variation in understory plant composition based on NMS ordination analyses.  

In particular, there was a relative separation of intact forest, gap edge, and gap center 

plots within these study sites.  In contrast, there was a large degree of overlap in the 

understory plant communities found across gap conditions at the SH study area.  All 

ordinations had a final stress less than 15.5.  The following sections describe the patterns 

in variation of understory plants within each study site. 

 

3.2.1 Big Pine 

 The majority of variation (58%) in the understory vegetation at the BP site was 

explained by the two axes depicted in Figure 4.  Most of this variation was related to Axis 

1 (34.6%), which represented a gradient of harvest gap sizes ranging from the intact 

forest conditions in the negative portions of Axis 1 to larger gap sizes in the positive 

portion.  Correlations of species with this axis indicated that there was a greater 
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abundance of Polygonum cilinode Michx. (fringed bindweed) within the intact forest and 

Athyrium filix-femina L. (lady-fern) and Osmorhiza claytonii Michx. (sweet cicely) 

within large gaps (APPENDIX A, Table A.2). 

 

Figure 4.  Non-metric multidimensional scaling of BP study gaps.  Understory vegetation 

plots are separated into intact forest plots (black triangles), gap edge (hollow squares), 

and gap center (gray circles). 

 

3.2.2 Birch Cut 

 The majority of the variation (50%) in the understory vegetation at the BC site 

was explained by the two axes depicted in Figure 5.  Most of this variation was related to 

Axis 1 (29.7%), which also corresponded to a gradient in gap sizes.  Correlations of 

species with this axis indicated that there was a greater abundance of Maianthemum 
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canadense and Asarum canadense L. (wild ginger) within the intact forest and Osmorhiza 

claytonii and Claytonia caroliniana within larger gaps (APPENDIX A, Table A.3).  The 

distribution of intact forest and harvest gaps along Axis 2 (20% of the variation) did not 

have a significant relationship with any measured stand characteristic; however, Rubus 

idaeus and Athyrium filix-femina had significant positive correlations to this axis. 

 

 

Figure 5.  Non-metric multidimensional scaling of BC study gaps.  Understory 

vegetation plots are separated into intact forest plots (black triangles), gap edge (hollow 

squares), and gap center (gray circles). 

 

3.2.3 Power Line 
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 The majority of the variation (50%) in the understory vegetation data at the PL 

site was explained by the two axes depicted in Figure 6.  Most of this variation was 

related to Axis 1 (28%).  This axis was also a gradient of harvest gap sizes ranging from 

the intact forest (negative) to larger gaps (positive).  Correlations of species with this axis 

indicated that there was a greater abundance of Dryopteris carthusiana Vill. (toothed 

woodfern) within the intact forest and Impatiens capensis within large gaps (APPENDIX 

A, Table A.4).  The distribution of intact forest and harvest gaps along Axis 2 (22.5% of 

the variation) was slightly associated with the intensity of browse.  Generally, as browse 

severity decreased the abundance of Rubus idaeus and Osmorhiza claytonia increased.  

 

Figure 6.  Non-metric multidimensional scaling of PL study gaps.  Understory vegetation 

plots are separated into intact forest plots (black triangles), gap edge (hollow squares), 

and gap center (gray circles). 
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3.2.4 Schoolhouse 

 The majority of the variation (55%) in the understory vegetation data at the SH 

site was explained by the two axes depicted in Figure 7.  Most of this variation was 

related to Axis 1 (28.2%).  This axis was also a gradient of harvest gap sizes ranging 

from the intact forest (negative) to larger gaps (positive) as well as increasing CWD 

volume.  Correlations of species with this axis indicated that there was a greater 

abundance of Athyrium filix-femina within the intact forest (Appendix A, Table A.5) and 

high levels of CWD within positive portions of Axis 1.  In contrast, Calamagrostis 

canadensis Michx. (bluejoint) was correlated with large harvest gaps and lower levels of 

CWD.  The distribution of intact forest and harvest gaps along Axis 2 (26.7% of the 

variation) was not associated with any measured stand characteristic.  Generally, 

abundance of Asarum canadense increased along this axis. 
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Figure 7.  Non-metric multidimensional scaling of SH study gaps.  Understory 

vegetation plots are separated into intact forest plots (black triangles), gap edge (hollow 

squares), and gap center (gray circles). 

 

4. Discussion 

4.1 Understory vegetation responses 

 Natural disturbances, including forest canopy gap formation, play an important 

role in structuring understory plant communities (Collins and Pickett 1988, Anderson and 

Leopold 2002).  Correspondingly, the use of natural disturbance-based silvicultural 

(NDBS) regimes has been proposed as a means to restore native biodiversity to managed 

landscapes (Seymour et al. 2002).  This study found that harvests patterned after natural 
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canopy gaps increased understory vegetation richness within the northern hardwood 

systems examined.  In larger gaps (>0.02 ha), the occurrence of native species such as 

Sanguinaria canadensis increased.  In addition, these gaps served to restore an element of 

spatial variability in the abundance of understory vegetation across these stands; a stand 

structural characteristic often lacking from second-growth northern hardwood stands (cf. 

Crow et al. 2002). 

 Compositional changes between the intact forest and harvest gaps were largely 

due to the presence of disturbance-dependent species, wetland species, and non-native 

invasive species within harvest gaps.  This finding is consistent with other studies 

following compositional changes post-harvest that have found harvesting introduced 

weedy and non-native species resulting in increased species richness (Metzger and 

Schultz 1984, Scheller and Mladenoff 2002).  The primary disturbance-dependent species 

found within the stands examined was Rubus idaeus, which was found in greatest 

abundance within larger canopy gaps.  This finding is consistent with other studies 

examining patterns of understory plant species in northern hardwood forests (Donoso and 

Nyland 2006, Shields and Webster 2007); however, work by Donoso and Nyland (2006) 

suggests that the abundance of R. idaeus sharply declines following gap creation as 

canopy gaps close and advance regeneration overtop this species.  Nonetheless, R. idaeus 

can hinder tree regeneration (Donoso and Nyland 2006) within northern hardwood 

systems, although I did not detect any evidence for this in my analysis of forest 

regeneration in these stands (Chapter 2). 
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 Although largely associated with wetter forest conditions, Impatiens capensis was 

found within canopy gaps within these stands.  Similar patterns were documented by 

Shields and Webster (2007) within canopy gaps in northern Michigan and they postulated 

that this phenomenon was due to increases in soil moisture stemming from the reduction 

of evapotranspiration following the removal of canopy trees. 

 An increasing challenge within managed landscapes is the prevalence of non-

native invasive species.  In many cases, these species are associated with road edges, 

landings, and other highly disturbed locations (Sumners and Archibold 2007); however, 

many species are now being found within the interior of managed forests.  Within this 

study, the non-native, invasive species Cirsium arvense was associated with large canopy 

gaps (>0.02 ha).  The presence of this species in harvested stands has often been linked to 

the transport of seeds on logging equipment (Berger et al. 2004), as well as its ability to 

take advantage of soil compaction created by harvesting practices (Buckley et al. 2003).  

Given that the harvests in this study were done during the winter, it is likely that the main 

factors explaining the abundance of this species in larger gaps are its large dispersal range 

and aggressive establishment in disturbed areas (Wilson Jr 1979, Heimann and Cussans 

1996). 

 The density of understory vegetation in harvest gaps was higher than the intact 

forest; a result similar to findings of other research in northern hardwoods (Ehrenfeld 

1980, Collins and Pickett 1988, Mladenoff 1990).  Even small gaps had higher densities 

of understory vegetation per 1-m
2
 compared to intact forest conditions, which is the 

opposite of the findings of Goldblum (1997) .  These differences are likely due to the 
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difference in gap size classification (i.e., ranges of gap size classes) between the studies 

as well as time passed since disturbance.  Gaps studied in Goldblum (1997) were 1-30 

years post-disturbance which are considerably longer time periods than the age of the 

gaps investigated in this study.  Given these findings, it is possible that the changes in 

abundance of understory vegetation I documented within smaller gaps may be ephemeral 

and will decline as gaps close. 

 Most species encountered within the study gaps were present within the intact 

forest and increased in abundance as gap size increased.  These species most likely took 

advantage of increased availability of resources within the gaps (e.g., light) (Anderson 

1964, Davison and Forman 1982, Moore and Vankat 1986).  Certain species that were 

not found within the intact forest were primarily established in large gaps.  These 

included Rubus idaeus, Impatiens capensis, Sanguinaria canadensis and Cirsium 

arvense. 

 Consistent with other studies within northern hardwood forests (Schumann et al. 

2003) the abundance of a few species did not change from the intact forest or across 

harvest gap sizes, including Clintonia borealis and Aralia nudicaulis.  These species are 

rhizomatous (Meier et al. 1995) and primarily spread across the forest floor at very slow 

rates (Meier et al. 1995) as opposed to the species dominating the ground layer within the 

larger gaps I examined (e.g., R. idaeus), which are seed-bankers that often inhabit 

disturbed areas (Whitney 1982). 

 The lower diversity of understory plants found within small gaps (<0.02 ha) may 

be due to a combination of increased sapling growth rates from the harvest (Chapter 2), 
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damage to vegetation from logging operations (Meier et al. 1995), and harvest gap 

closures by border tree encroachment (Hibbs 1982, Webster and Lorimer 2005).  In 

particular, stimulated sapling growth and gap closure by bordering tree crowns likely 

minimized the amount of time resource levels were elevated at the forest floor layer 

following canopy gap formation.  Although harvests led to an increase in the abundance 

of existing understory species (see above), there was limited opportunity for other species 

to regenerate; a finding consistent with research investigating gap partitioning in western 

conifer forests (e.g., Fahey and Puettmann 2008).  In this work, increases in species 

richness relating to resource availability were detected in larger gaps (e.g., >0.1 ha) 

within which resource gradients existed. 

 Recent work conducted in northeastern Minnesota by Burton et al. (2009) found 

that understory layers differed between second-growth forests managed by NDBS and 

old-growth forests. They concluded that second-growth forests similar to the ones 

examined in this study were higher in species diversity and contained higher levels of 

understory species abundance when compared to old-growth forests nearby.  Given these 

findings, it is possible that the canopy gaps created in the current study are driving the 

structure and composition of the understory layers in these second-growth stands further 

from those found in old-growth forests.  In particular, Burton et al. (2009) speculated that 

the presence of a higher diversity of overstory tree species within old-growth stands, 

including Betula allegheniensis, Picea glauca (white spruce), and Thuja occidentalis 

(northern white cedar), resulted in a greater diversity of understory environmental 

conditions and higher levels of heterogeneity in understory plant communities.  The gaps 
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examined in this study, although increasing levels of resource availability, are largely 

releasing understory species that developed under a fairly mono-specific (i.e., A. 

saccharum) second-growth canopy.  Future work aimed at restoring the diversity and 

structure of these communities may require a greater emphasis on restoring overstory 

community composition, particularly the currently underrepresented B. alleghaniensis 

(see Chapter 2). 

 

4.2 Implications for management 

 The NDBS treatment applied to the study area likely increased the richness of 

understory vegetation within the stand by providing opportunities for native species, 

disturbance-dependent species, and invasive species to establish.  In particular, gap sizes 

between 0.008-0.07 ha allowed for the regeneration or establishment of several native 

species that were not found in the intact forest.  However, the increase in richness also 

came at the expense of introducing aggressively establishing non-native invasive species 

and disturbance-dependent species into portions of these stands.  Viewed within the 

context of global environmental change, one could argue that these larger gaps have 

increased the levels of resilience within these stands (Elmqvist et al. 2003, Ares et al. 

2010).  Nonetheless, the minimal gains in functional diversity need to be weighed in the 

context of the potential displacement of important native species by more aggressive 

native and non-native species.  Much of the management within northern hardwood 

forests typically entails single-tree selection methods, which create relatively uniform 

canopy conditions and understory environments resulting in homogenization of the 
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understory with relatively low species richness and understory structure (Crow et al. 

2002).  This work suggests that the use of management regimes in which larger canopy 

gaps are created, enhances compositional diversity of understory vegetation in second-

growth northern hardwood forests of the upper Great Lakes, but may also introduce non-

native invasive species if precautions are not taken.  Nonetheless, by creating a 

patchwork of high density areas of understory herbaceous vegetation within gaps, these 

treatments restored  some of the spatial diversity in understory abundance patterns found 

in old-growth northern hardwood systems (Crow et al. 2002).  
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Chapter Four: Conclusions 

Effectiveness of natural-disturbance based harvest gaps at conserving biodiversity 

 The results of this study suggest that the natural disturbance-based silvicultural 

(NDBS) manipulations implemented partially fulfilled the management objective of 

accelerating old-growth structural conditions, but fell short of enhancing native tree 

biodiversity on the landscape.  The silvicultural openings provided opportunity for certain 

native herbaceous species to regenerate within large gaps, but also facilitated the 

introduction of invasive species.  The overall dominance of Acer saccharum within the 

understory sapling and seedling layers excluded nearly all other tree species from 

regenerating within harvest gaps.  Coarse woody debris (CWD) levels within harvest 

gaps were lower than those in the surrounding intact forest.  As such, these harvests may 

have further removed potential substrate for shade mid-tolerant tree species 

establishment. 

 The findings of this study suggest that the NDBS approach used must be modified 

to meet forest structural objectives as well as to conserve native biodiversity within 

northern hardwood forests.  The following section provides potential modifications to 

these approaches that might more effectively meet these goals. 

 

Recommendations for management 

 The harvests examined were designed to emulate the natural range of canopy 

openness within these systems; however, they did not include provisions for creating the 
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diversity of regeneration niches often created by natural windthrow events (e.g., tip-up 

mounds, downed coarse woody debris (CWD)).  The age distribution for Betula 

alleghaniensis seedlings established upon CWD suggests that B. alleghaniensis seedlings 

on nurse logs are relatively long-lived and could be released through gap creation.  In 

particular, harvest gaps marked near established B. alleghaniensis seedlings would 

stimulate growth rates allowing for canopy ascension.  The only suitable substrate for B. 

alleghaniensis within these harvested stands was CWD present prior to harvesting.  By 

developing CWD retention guidelines, not only for volumes of CWD but also wood type 

(e.g., coniferous versus hardwood), favorable conditions for tree establishment may be 

provided.  Nonetheless, the species of CWD most suitable for B. alleghaniensis 

establishment is Thuja occidentalis, which has become quite rare on the landscape.  As 

such, it may be more feasible to create suitable seedbed conditions using site preparation 

(e.g., soil scarification) in order to expose mineral soil.  Aside from increasing costs of 

harvesting, adjusting the timing of harvest to the summer season could give way to 

passive site preparation through logging disturbance.  Given the findings of Burton et al. 

(2009), the restoration of these species to the overstory layer may also facilitate efforts to 

restore understory communities containing spatial patterns and levels of abundance 

resembling those found in old-growth systems.   

 The larger harvest gaps created by NDBS provided a greater array of 

microenvironments allowing for multiple understory plant species to regenerate.  Smaller 

gaps within this study had little to no difference from the intact forest compositionally.  If 
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increasing plant diversity on the landscape is a forest management goal, larger gaps in 

this study better accomplished that objective.  The treatments implemented succeeded in 

accelerating stand development (spatial structure of herbaceous vegetation abundance) 

and provided opportunities for species not found within the intact forest to regenerate.  

The regeneration of species such as Impatiens capensis and Rubus idaeus enhanced plant 

functional diversity within the study area, potentially increasing resilience.  In contrast, it 

should be noted that implementing large gaps should be performed with the known risk 

of disturbance-dependent and invasive species infiltrating these large gaps in high 

densities.  Logging equipment may be a vector of seed dispersal for invasive species and 

by monitoring and cleaning equipment between harvests this risk may be reduced. 

 

Study limitations 

 A potential limitation of this study was the lack of replication within a more 

nutrient rich stand similar to PL.  This was the only block that had fine loam soils and the 

canopy composition that included Fraxinus nigra and Populus grandidentata Michx. 

(big-toothed aspen).  Having only one block represented in the data set limited the ability 

to draw conclusions from the analysis.  Another potential limitation was the number of 

control plots.  Although significant differences were found within some analyses of plant 

composition and density, this study could have benefitted from additional plots located 

within the intact forest.  Instead of comparing the intact forest to harvest gaps, pre-harvest 
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measurements would have been a more direct method of quantifying post-harvest 

responses. 

 A major objective of this study was to investigate the factors important to Betula 

alleghaniensis establishment within the study site.  Harvest gaps and intact forest plots in 

close proximity to a B. alleghaniensis seed source were infrequent across the study sites.  

By increasing the number of gaps with bordering B. alleghaniensis trees, this research 

could have been enhanced by directly assessing the influence of seed source on seedling 

establishment with an increase in gaps that had a known close proximity to parent trees.  

Finally, measurements of factors such as soil moisture, soil pH, available nitrogen, soil 

compaction, and seed rain (both pre- and post-harvest) would have allowed for a more 

detailed analysis of vegetation response to harvest gap conditions.   

 Data from old-growth canopy gaps for the Lake Superior Highlands may have 

also benefited this work.  In particular, testing comparisons between the measured stand 

and old-growth stands could have resulted in a more site appropriate approach for 

assessing each treatment’s ability to accelerate the forest toward old-growth 

characteristics, rather than relying exclusively on old-growth structural characteristics 

presented in literature from other northern hardwood forests.  Measurements from nearby 

old-growth forests would also provide added knowledge into natural gap sizes within 

local northern hardwood forests.  Gap sizes within this work were based upon the natural 

range found in upper Michigan where trees are much larger. 
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Appendix A 

 

Table A.1.  Understory vegetation (herb, graminoid, fern, and club moss) species 

identified in the intact forest and study gaps in northeastern Minnesota.  Species are 

based on 1-m
2
 plots placed along transects within each study gap (~5% of gap sampled).  

Nomenclature follows Gleason and Cronquist (1991). 

 

 

Species Intact 

Forest 

>0-0.02 ha >0.02-0.04 

ha 

>0.04 ha 

Herbs     

  Actaea spp.  X X X 

  Alisma triviale X X X X 

  Aralia nudicaulis X X X X 

  Arisaema triphyllatri X X X X 

  Asarum canadense X X X X 

  Aster macrophyllus X X X X 

  Botrychium  virginianum   X X 

  Caulophyllum thalictroides X  X X 

  Circaea alpine X X X X 

  Cirsium arvense   X X 

  Claytonia caroliniana X X X X 

  Clintonia borealis X X X X 

  Dicentra cucullaria X  X X 

  Galium triflorum X X X X 

  Impatiens capensis X X X X 

  Maianthemum canadense X X X X 

  Mertensia paniculata   X X 

  Osmorhiza claytonii X X X X 

  Polygonatum pubescens X X X X 

  Polyonum cilinode X X X X 

  Ribes spp. X X X X 

  Rubus pubescens X X X X 

  Sanguinaria canadensis  X X X 

  Smilacina racemosa X X X X 

  Solidago flexicalus X X  X 

  Streptopus lanceolatus X X X X 

  Thalictrum thalictroides X  X X 

  Trientalis borealis X X X X 

  Trillium cernuum X X X X 

  Uvularia grandiflora X X X X 

  Viola spp. X X X X 
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Species Intact 

Forest 

>0-0.02 ha >0.02-0.04 

ha 

>0.04 ha 

Graminoids     

  Calamagrostis canadensis X X X X 

  Carex spp. X X X X 

  Oryzopsis spp. X X X X 

Ferns     

  Athyrium filix-femina X X X X 

  Dryopteris carthusiana X X X X 

  Osmunda claytoniana X X X X 

  Thelypteris phegopteris X X X X 

  Gymnocarpium dryopteris X X X X 

Club mosses     

  Huperzia lucidula X X X X 

  Lycopodium dendroideum X X X X 

Shurb     

  Rubus idaeus  X X X 

   

 



 

68 

 

 

Table A.2. Big Pine: Kendall’s τ correlations between average density of understory 

vegetation within each study area (#/m
2
) and non-metric multidimensional scaling Axes 1 

and 2.  Species in bold have significant correlations with axes scores (P < 0.05 

(Bonferroni-protected)). 

 

Species Axis 1 Axis 2 

Aralia nudicaulis -0.103 -0.534 

Aster macrophyllus 0.071 -0.197 

Athyrium filix-femina 0.475 -0.196 

Calamagrostis canadensis 0.433 -0.170 

Carex spp. 0.538 -0.209 

Claytonia caroliniana 0.289 0.075 

Clintonia borealis 0.067 -0.225 

Dryopteris carthusiana 0.242 -0.250 

Galium triflorum 0.217 -0.158 

Huperzia lucidula -0.050 -0.453 

Maianthemum canadense 0.140 0.091 

Oryzopsis spp. -0.104 -0.710 

Osmunda claytonia 0.538 -0.244 

Polygonatum pubescens -0.275 0.450 

Polyonum cilinode -0.109 0.350 

Ribes spp. 0.267 -0.069 

Rubus idaeus 0.183 0.122 

Rubus pubescens 0.230 -0.166 

Streptopus lanceolatus 0.153 0.055 

Thelypteris phegopteris 0.365 0.000 

Trientalis borealis 0.214 -0.134 

Trillium cernuum 0.360 -0.171 

Viola spp. 0.602 -0.048 
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Table A.3.  Birch Cut: Kendall’s τ correlations between average density of understory 

vegetation within each study area (#/m
2
) and non-metric multidimensional scaling Axes 1 

and 2.  Species in bold have significant correlations with axes scores (P < 0.05 

(Bonferroni-protected)). 

 

Species Axis 1 Axis 2 

Actaea spp. 0.126 0.063 

Aralia nudicaulis -0.317 0.280 

Arisaema triphyllatri -0.119 0.150 

Asarum canadense -0.320 0.021 

Aster macrophyllus -0.413 -0.043 

Athyrium filix-femina -0.267 0.464 

Botrychium virginianum -0.080 0.032 

Calamagrostis canadensis -0.103 0.289 

Cirsium arvense 0.083 0.361 

Carex spp. -0.281 0.232 

Circaea alpine -0.277 0.436 

Claytonia caroliniana 0.396 -0.143 

Clintonia borealis -0.380 -0.291 

Dryopteris carthusiana -0.295 0.067 

Galium triflorum -0.041 0.326 

Lycopodium dendroideum -0.293 -0.119 

Maianthemum canadense -0.513 -0.165 

Oryzopsis spp. -0.250 0.054 

Osmorhiza claytonia 0.285 -0.140 

Polygonatum pubescens 0.131 0.440 

Polyonum cilinode -0.293 0.087 

Ribes spp. -0.325 -0.166 

Rubus idaeus 0.025 0.660 

Rubus pubescens -0.056 0.167 

Smilacina racemosa -0.035 0.286 

Streptopus lanceolatus 0.083 -0.439 

Trientalis borealis -0.454 -0.069 

Trillium cernuum -0.170 0.280 

Uvularia grandiflora 0.187 -0.029 

Viola spp. 0.123 0.099 
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Table A.4. Powerline: Kendall’s τ correlations between average density of understory 

vegetation within each study area (#/m
2
) and non-metric multidimensional scaling Axes 1 

and 2.  Species in bold have significant correlations with axes scores (P < 0.05 

(Bonferroni-protected)). 

 

Species Axis 1 Axis 2 

Actaea spp. -0.297 0.297 

Alisma trivial 0.194 -0.439 

Aralia nudicaulis -0.404 -0.024 

Arisaema triphyllatri -0.308 0.075 

Asarum canadense 0.150 0.166 

Aster macrophyllus -0.180 0.311 

Athyrium filix-femina -0.356 -0.008 

Cirsium arvense -0.029 0.343 

Carex spp. -0.393 -0.037 

Caulophyllum thalictroides -0.163 0.144 

Claytonia caroliniana 0.071 -0.245 

Clintonia borealis -0.227 -0.494 

Dicentra cucullaria 0.238 -0.114 

Dryopteris carthusiana -0.451 -0.312 

Impatiens capensis 0.404 0.388 

Maianthemum canadense -0.388 -0.277 

Osmorhiza claytonia 0.189 0.404 

Polygonatum pubescens -0.361 -0.292 

Polyonum cilinode -0.056 -0.194 

Ribes spp. -0.210 -0.061 

Rubus idaeus -0.143 0.474 

Rubus pubescens -0.216 -0.299 

Sanguinaria canadensis -0.163 0.390 

Smilacina racemosa -0.461 -0.259 

Solidago flexicalus -0.264 -0.465 

Streptopus lanceolatus -0.210 -0.060 

Thalictrum thalictroides -0.383 -0.394 

Trientalis borealis -0.365 -0.490 

Trillium cernuum 0.229 -0.301 

Uvularia grandiflora 0.323 0.390 

Viola spp. -0.329 -0.155 
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Table A.5. Schoolhouse: Kendall’s τ correlations between average density of understory 

vegetation within each study area (#/m
2
) and non-metric multidimensional scaling Axes 1 

and 2.  Species in bold have significant correlations with axes scores (P < 0.05 

(Bonferroni-protected)). 

 

Species Axis 1 Axis 2 

Actaea spp. 0.275 0.050 

Aralia nudicaulis 0.103 0.087 

Asarum canadense 0.203 0.517 

Aster macrophyllus 0.110 0.013 

Athyrium filix-femina 0.270 0.443 

Calamagrostis canadensis -0.425 -0.191 

Carex spp. -0.070 -0.105 

Circaea alpine -0.122 0.092 

Claytonia caroliniana -0.203 -0.127 

Clintonia borealis -0.082 -0.419 

Dryopteris carthusiana -0.441 -0.068 

Galium triflorum -0.154 0.198 

Gymnocarpium dryopteris 0.025 0.268 

Huperzia lucidula -0.300 0.023 

Lycopodium dendroideum -0.415 -0.263 

Maianthemum canadense -0.201 -0.477 

Oryzopsis spp. 0.189 -0.268 

Osmunda claytoniana -0.344 0.277 

Polygonatum pubescens -0.040 -0.150 

Polyonum cilinode -0.366 -0.384 

Ribes spp. -0.337 0.082 

Rubus idaeus -0.500 -0.104 

Rubus pubescens -0.441 0.078 

Smilacina racemosa 0.077 0.257 

Streptopus lanceolatus -0.129 -0.179 

Thalictrum thalictroides 0.269 0.192 

Thelypteris phegopteris -0.246 0.099 

Trientalis borealis -0.108 -0.684 
Trillium cernuum -0.149 0.397 

Viola spp. 0.104 0.591 

 

 


