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Abstract 

The Adaptive Silviculture for Climate Change (ASCC) project was developed to 

provide regionally-specific examples of on-the-ground adaptation approaches that 

address complex management challenges. The ASCC project includes three adaptation 

options (resistance, resilience, and transition) along with a no action treatment for 

comparison. The first replicated ASCC site (MN-ASCC) is located on the Cutfoot 

Experimental Forest (CEF) on the Chippewa National Forest in northern Minnesota, 

USA. Research efforts presented here focus on short- and long-term vegetation response 

of the adaptation options by comparing initial performance of planted seedlings in the 

transition treatment, examining effects of adaptive treatments on below-canopy 

microclimate, and assessing and comparing long-term performance of each treatment 

using the Forest Vegetation Simulator (FVS) model. To assess seedling performance, 

eight future climate-adapted tree species were planted following harvest in 2015. Four 

native species and four novel species to the CEF were monitored for three years (2015-

2018). Results show seedling performance varied among the planted species, overstory 

conditions, and shrub/herbaceous densities. These findings indicate it may be reasonable 

for managers to consider novel species compositions to begin transitioning forests to 

future-climate adapted species compositions. To explore the relationship between 

overstory condition and below-canopy microclimate, 40 microclimate stations were 

installed across four overstory conditions ranging in density levels. Hemispherical 

photography was used to estimate overstory conditions while microclimate variables 

were sampled hourly over the entire 2017 growing season. Results from this study 

highlight the potential for silvicultural treatments to enhance microsite conditions for 
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diverse future-adapted species compositions. Additionally, these findings suggest it may 

be advantageous to maintain lower stocking levels of red pine to help retain soil moisture 

and further enhance microsite conditions. Finally, FVS was used to assess whether the 

ASCC treatments attained long-term desired future conditions and to determine treatment 

success in terms of growth, productivity, and survival. These results highlight the relative 

success of the transition treatment, which had greater volume production and lower 

mortality than the other treatments. Overall, these findings further our understanding of 

important tree- and stand-level responses to adaptive silviculture treatment, and 

highlights important real-world implications for today’s natural resource manager. 
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Introduction 

Climate change is currently impacting the health and function of many North 

American forest ecosystems (Frelich and Reich 2010; Handler et al. 2014; IPCC 2014). 

One area of immediate concern is the red pine (Pinus resinosa Aiton) dominated mixed-

pine forest in northern Minnesota (Frelich and Reich 2010; Handler et al. 2014). With 

growing concerns over future forest health and sustainability, there is a rapidly increasing 

focus on adaptive management practices aimed at climate change (D’Amato et al. 2011; 

Peterson et al. 2011; Nagel et al. 2017). The Adaptive Silviculture for Climate Change 

(ASCC) project was developed to foster manager/scientist partnerships to develop 

regionally-specific examples of on-the-ground adaptation approaches that address these 

complex management challenges (Nagel et al. 2017). The ASCC project includes three 

adaptation options (resistance, resilience, and transition; modified from Millar et al., 

2007) and a no action control. The first replicated ASCC site is located on the Cutfoot 

Experimental Forest (CEF) on the Chippewa National Forest in northern Minnesota, USA 

(hence forth MN-ASCC). Here, I investigate short- and long-term vegetation response of 

the adaptation options on the MN-ASCC site by: 1) comparing initial performance of 

planted seedlings in the transition treatment; 2) examining effects of adaptive treatments 

on below-canopy microclimate; and 3) assessing and comparing long-term performance 

of each treatment using the Forest Vegetation Simulator (FVS) model. 
In the first chapter, I assess initial outcomes associated with the MN-ASCC 

transition treatment. The transition treatment included an irregular shelterwood with 

expanding gaps, with eight future climate adapted tree species planted following harvest, 
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of which four are native species and four are novel to the CEF. Following treatment 

implementation, two distinct overstory conditions (a thinned matrix and 0.2 ha gaps) 

were created along with a range of understory shrub and herbaceous densities across the 

treatment units. In this chapter I explore how survival and growth (performance) varied 

among the planted species, how performance differed between overstory conditions and 

among different levels of shrub and herbaceous density, and how the initial performance 

of CEF-novel species compared to CEF-native species. Results show high levels of 

survival across novel species compared to planted native species. This study highlighted 

important implications for adaptive management and indicates that it may be reasonable 

for managers to consider novel species compositions to facilitate an adaptive response 

that includes transitioning forest species composition that may be better suited for future 

climates.  

In the second chapter, I explore the relationship between overstory condition 

following adaptive silviculture treatments and the below-canopy microclimate. Following 

MN-ASCC silvicultural treatments, four distinct overstory conditions were created: 1) an 

unthinned overstory; 2) a high residual basal area (BA) thinned overstory; 3) a low 

residual BA thinned overstory; and 4) gap openings. Hemispherical photography was 

used to estimate leaf area index (LAI) and canopy openness, while basal area was 

calculated from plot data. Additionally, microclimate variables (air temperature, relative 

humidity, soil temperature, and soil moisture) were measured hourly over the course of 

the 2017 growing season. I was interested in understanding the role that overstory canopy 

conditions have in moderating below-canopy microclimates, as well as the potential for 

creating favorable microsite growing conditions for establishment of tree species. I was 
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also interested in understanding the relationship between the overstory and the rate of soil 

moisture depletion given the increasing risk of drought associated with climate change in 

this region. Results from this chapter will provide guidance to managers on how to design 

silvicultural treatments to create and enhance microsite conditions for diverse species 

compositions that promote climate adaptation. Soil moisture data suggests it may be 

advantageous to manage red pine stocking levels at lower densities to help retain soil 

moisture and further enhance microsite conditions.  

 In the third and final chapter, I use FVS to assess whether each MN-ASCC 

treatment attains it’s associated management objectives and desired future conditions. I 

compared model results from each adaptive treatment (resistance, resilience, transition, 

and no action) to determine which treatments were most successful in terms of growth, 

productivity, and survival. Model projections indicate management objectives are 

achievable for each adaptation approach with the prescribed silvicultural treatments. 

Additionally, the results presented in this chapter highlight the relative success of the 

transition treatment, which ultimately had greater volume production, lower mortality, 

and more structural and compositional diversity than the other treatments. These findings 

further our understanding of silvicultural treatments aimed at climate adaptation, and 

their ability to achieve broader management objectives. 

 Overall, this dissertation highlights some of the first research efforts of the ASCC 

Network. The Minnesota site (along with the other ASCC sites) offer on-the-ground 

adaptation examples for managers tasked with addressing the ever-growing complexities 

of natural resource management and climate change. The findings found in this 

dissertation will help further our understanding of important tree- and stand-level 
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responses to adaptive silviculture treatments, and highlights important real-world 

implications for today’s natural resource manager. My hope is that the work contained 

within this dissertation reaches a wide audience of both scientists and managers to inspire 

pro-active, collaborative adaptation approaches that effectively address the daunting yet 

achievable challenges associated with climate change. 
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Chapter 1 

 

Forest adaptation strategies aimed at climate change: Assessing the performance of 

future climate-adapted tree species in a northern Minnesota pine ecosystem* 

 

Summary 

Climate change is expected to impact the function, health, and productivity of 

many northern latitude forests, including North American mixed-pine ecosystems. 

Additionally, forest managers face increasing challenges to sustaining forests in the face 

of high uncertainty associated with response to climate change. The Adaptive Silviculture 

for Climate Change (ASCC) project was developed to provide operational-scale research 

opportunities to assess and demonstrate various adaptation approaches to forest 

management in regionally important forest types. The ASCC project framework includes 

three treatments (resistance, resilience, and transition) representing a gradient of 

silvicultural approaches aimed at climate change. The first of five ASCC installations is 

located on the Cutfoot Experimental Forest-Chippewa National Forest (CEF), Minnesota 

USA, in a mixed-species northern pine forest. Using habitat suitability models under 

projected future climates, as well as expert opinion, we chose eight future climate-

adapted species for planting as part of the transition treatment, consisting of four native  

 
*Published here with permission from Elsevier B.V. and ScienceDirect. 
 
Muller, J. J., Nagel, L. M., & Palik, B. J. (2019). Forest adaptation strategies aimed at climate change: 
Assessing the performance of future climate-adapted tree species in a northern Minnesota pine 
ecosystem. Forest Ecology and Management, 451, 117539. https://doi.org/10.1016/j.foreco.2019.117539. 
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species to the CEF: eastern white pine (Pinus strobus L.), northern red oak( Quercus 

rubra L.), bur oak (Quercus macrocarpa Michx.), and red maple (Acer rubrum L.); and 

four novel species to the CEF: white oak (Quercus alba L.), bitternut hickory (Carya 

cordiformis Wangenh.), black cherry (Prunus serotina Ehrh.), and ponderosa pine (Pinus 

ponderosa C. Lawson). The seedlings were planted under two canopy conditions, a 

thinned matrix (14-18 m2 ha-1 residual basal area) and 0.2-ha gap openings (through 

harvesting). We measured how overstory canopy conditions (gap openings versus a 

thinned matrix) and understory shrub/herbaceous cover affect species performance. We 

measured 45 plots over the course of three growing seasons (Spring 2016 – Fall 2018), 

taking measurements of seedling basal diameter and survival, as well as estimates of 

understory vegetation density. Our findings highlight strong variations in species 

performance across treatment conditions. While overstory canopy condition was found to 

be a weak predictor of seedling survival and growth, our results show post-treatment 

colonization of understory shrub/herbaceous cover being a strong predictor of seedling 

survival (p < 0.001), with 86.67% (± 8.04; 1 standard error) of seedlings surviving in the 

lowest understory cover class, and 74.23% (±3.04) surviving in the highest understory 

cover class. Seedling growth did not appear affected by understory shrub/herbaceous 

cover. Additionally, growth and survival varied significantly among native and novel 

seedlings, with ponderosa pine exhibiting the highest growth rates at 0.31cm·cm-1·year-1 

(±0.004), while also having the lowest survival of any species at 45.66% (± 1.2). Results 

from this study can be directly used by managers to inform planting decisions and species 

selections that align with management planning to promote forest health and sustainably 

in the face of climate change.   
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1 – Introduction 

Climate change is expected to impact the function, health, and sustainability of 

North American forest ecosystems (Frelich and Reich 2010; D’Amato et al. 2011; 

Handler et al. 2014; Fisichelli et al. 2014, IPCC 2014). Additionally, rapidly changing 

climate will likely increase the intensity and severity of disturbances such as wildfire, 

drought, and insect and disease outbreaks that impact these ecosystems (Hanson and 

Weltzin 2000; Dale et al. 2001; Soja et al. 2007; Thompson et al. 2009), and add 

uncertainty as to how forest processes will respond to management efforts (Janowiak et 

al. 2014). One area of particular concern are the mixed-pine forests of the western Great 

Lakes region of North America, which range from southeastern Manitoba to western 

Ontario in Canada and central Minnesota to northern Michigan in the USA. These 

ecosystems, dominated by red pine (Pinus resinona Aiton), jack pine (Pinus banksiana 

Lamb.), and eastern white pine (Pinus strobus L.), along with a mix of other conifers and 

deciduous species, hold great ecological, social, and economic value (Ek et al. 2006; 

Gilmore and Palik 2006).  

Climate projections suggest that the mixed-pine forests of the western Great 

Lakes region will experience shifts in the seasonality of precipitation (Karl et al. 2008; 

Frelich and Reich 2010) with shorter, and generally warmer, wetter winters (IPCC 2014; 

Notaro et al. 2014). Additionally, recent climate change assessments suggest that these 

regions will experience increasing episodic precipitation and flood events, and prolonged 

dry periods during the growing season (IPCC 2014; Melillo et al. 2014; Walsh et al. 

2014). As a result, multiple studies have identified potentially significant changes to the 

future range and distribution of tree species found in these forests (Galatowitsch et al. 
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2009; Frelich and Reich 2010; Wang et al. 2016; Iverson et al. 2017; Swanston et al. 

2018). Under the current rapidly changing climate, species may not possess the capacity 

for genetic adaptation at the rate needed to avoid risk of local extinction (Davis and Shaw 

2001; Walther et al. 2002). Other species may simply not propagate quickly enough to 

expand to climatically suitable habitat in new geographical areas (Swanston et al. 2011; 

Iverson et al. 2017), or there may be insurmountable anthropogenic barriers to migration 

(e.g., land development, conversion of forests to agriculture). Additionally, most models 

suggest that temperate hardwood species’ ranges in North America will continue to shift 

to the north where they may potentially displace historically mixed-pine forest species 

(Fei et al. 2017; Iverson et al. 2017). 

Adult trees can often tolerate a much broader range of climate conditions than 

seedlings of the same species. Given that the seedling stage is the most vulnerable period 

for a tree’s survival (Davis et al. 1998; Dulamsuren et al. 2013), it is important that we 

understand how tree species regeneration choices tailored to future climatic conditions 

may affect the short- and long-term sustainability of these forests. Additionally, it is 

important that we understand how forest processes such as regeneration and growth are 

affected by climate change, and how management approaches can be designed or 

modified to direct stand development to meet management objectives focused on climate 

adaptation. 

Forest managers may need to consider modifying current management approaches 

to promote a species composition adapted to future climate in order to maintain forest 

ecosystem productivity and function (Millar et al. 2007; Peterson et al. 2011; Janowiak et 

al. 2014). Additionally, managers may also need to explore techniques that promote 
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structural heterogeneity within and among forest stands (Millar et al. 2007), as this has 

been shown to decrease local species extinction and support higher levels of biodiversity 

and suitable habitat for a wider range of tree species (Naeem and Li 1997; Lindenmayer 

et al. 2000). Silvicultural approaches designed to accomplish these outcomes may include 

some form of multi-cohort management that includes group selection, group retention or 

variable retention practices (Palik et al. 2014) combined with planting future-adapted 

species and genotypes (Janowiak et al. 2011). 

To address these challenges, the Adaptive Silviculture for Climate Change project 

(ASCC; Nagel et al. 2017) was developed to provide on-the-ground regional examples of 

applying climate-adaptive approaches at an operation-scale.  In 2015, the first replicated 

experimental ASCC site was established in a red pine-dominated mixed-pine ecosystem 

on the Cutfoot Experimental Forest (CEF) on the Chippewa National Forest (CNF) in 

north-central Minnesota, USA (hereafter MN-ASCC). This ASCC installation includes 

harvesting and establishment through planting of eight future climate-adapted tree species 

under different canopy structural conditions and associated understory vegetation 

densities. The species planted include four native species currently found on the CEF, 

and four novel species not currently established on the CEF but are predicted to have 

increased habitat suitability over time. Furthermore, while these species may be future 

adapted, it is not yet apparent whether they can establish under the current climate 

conditions. The ASCC treatments on the CEF create a range of micro-environmental 

conditions that affords us the opportunity to ask questions regarding survival and growth 

of regenerating trees under variable stand structures. While still early in the experiment, 

assessment of early seedling performance is an important measure of likely persistence 
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into the future (Dobbertin 2005). Specifically, our research questions include: 1) how 

does survival and growth of planted future-adapted tree seedlings vary among the species 

under current climate conditions; 2) how does performance (survival, growth) differ 

between overstory condition (gap versus thinned matrix as created by variable retention 

harvesting) and among different levels of shrub and herbaceous density; and 3) how does 

the initial performance of novel species compare to native species? 

 

2 – Methods  

2.1 – Study Site 

This study is located on the Cutfoot Experimental Forest (CEF) on the Chippewa 

National Forest in north-central Minnesota, USA, at a latitude of 47°40´ N and a 

longitude of 94°5´ W. The climate for the CEF is characterized by cold, long winters and 

a warm, short growing season. The average temperature at the CEF is 3.9°C. Maximum 

summer temperatures can exceed 32°C while minimum winter temperature can drop 

below -35°C. The average July high temperature is 26.5°C while the average January 

high temperature is -7.4°C. The current growing season length is approximately 100 to 

120 days. Average annual rain-equivalent precipitation is 50 to 64 cm (PRISM Climate 

Group 2018). In winter, average total snowfall ranges from 1 to 2 m (Adams et al. 2008). 

The soils on the site are well-drained medium to fine sandy soils developed from glacial 

outwash parent material. The soils are typical of this forest type in northern Minnesota 

(Adams et al. 2008). 

The CEF is located within the Northern Minnesota Drift and Lake Plains section 

of the Laurentian Mixed Forest Province (MNDNR 2003).  Most of the CEF forest is 
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classified as dry-mesic mixed woodland (FDn33a) by the Minnesota DNR Native Plant 

Community Classification System (Aaseng et al. 2011). In this plant community, red pine 

comprises roughly 85% of the canopy tree abundance, with varying amounts of jack pine 

(Pinus banksiana Lamb.) and eastern white pine. Northern red oak (Quercus rubra L.), 

paper birch (Betula papyrifera Marshall), and quaking aspen (Populus tremuloides 

Michx.) are also common forest associates. Less frequently, bur oak (Quercus 

macrocarpa Michx.), balsam fir (Abies balsamea L. Mill.), and white spruce (Picea 

glauca Moench Voss) are found in this forest (Table 1.1). The site index for red pine is 

17 m (base age 50). Within the study area, pre-treatment basal area was 32-41 m2 ha-1 

with a mean diameter at breast height (1.37 m) of 32 cm. Red pine in the study area are of 

natural origin, with the majority establishing following a fire in 1918. There is some 

evidence of older red pine trees that established following fires in 1876, 1888, and 1892. 

Over the past century, however, fire suppression efforts have eliminated occurrences of 

wildfire in the study area. Additionally, many climate projections suggest that the CEF, 

along with much of the Northern Minnesota Drift and Lake Plains, will experience 

increases in temperature, longer droughts, and more extreme wind-throw events (Handler 

et al. 2014; IPCC 2014). Climate projections for summer months (June, July, and August) 

in north central Minnesota suggest temperatures will increase by +3-9o C (range 

encompasses low and high CO2 emission scenarios established by the Intergovernmental 

Panel on Climate Change [IPCC]; Wuevvles and Hayhoe 2004, Christensen et al. 2007; 

Galatowitsch et al. 2009). 

 

2.2 – Study Design and Implementation   
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The ASCC study design (Nagel et al. 2017) involves three adaptation approaches 

(resistance, resilience, transition) and a no action control. Management objectives and 

desired future conditions associated with each adaptation approach were developed into 

silvicultural treatments that are replicated in each of five blocks, for a total of 20 

treatment units (4 treatments x 5 replicates). Each treatment unit is approximately 10 ha 

while the entire study encompasses approximately 200 ha (Fig. 1.1). All treatments were 

harvested during the winter of 2014-2015 on frozen ground conditions with snow cover 

during most of the harvesting. Mechanical site preparation was performed throughout the 

transition treatment using a harrow disc in the summer of 2015.  The focus of the study 

documented in this paper is on the transition treatment only, as this is the treatment where 

the full range of future-climate adapted tree species was planted (Nagel et al. 2017).   

The transition treatment aims to actively move the forest toward a condition that 

is better adapted to future climate conditions by creating a range of establishment 

conditions across the stand, including both harvested openings (henceforth referred to as 

gaps) and protected microsites through stand and canopy modifications. The silvicultural 

approach employed variable retention harvesting that created 0.2-ha gaps, where one or 

two mature red pine trees were left for ecological and wildlife value within each of the 

gaps, and thinned the forest matrix (14-18 m2 ha-1 residual basal area). The newly created 

gaps, defined in size from the canopy drip line, consisted of approximately 20% of the 

treatment area. Across the matrix, the post-treatment basal area is at the lower end of full 

stocking for red pine management in this region (Gilmore and Palik 2006), but is within 

the zone of low vulnerability when mitigating for growing season drought with density 

management (Bottero et al. 2017).  
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2.3 – Species Selection for Planting 

Species selected for planting were based on Tree Atlas (Iverson et al. 2008) 

projections, Minnesota Native Plant and Suitability Guidelines, information gathered 

through a collaborative workshop, and expert opinion, in order to align with the goals of 

the transition treatment (Nagel et al. 2017). Species selection focused on promoting an 

array of species, some of which are native to the ecosystem and projected to maintain 

future suitable habitat, as well as species that are novel to the ecosystem but projected to 

have increased habitat suitability (see Table 1.2 for species silvical descriptions). These 

species included eastern white pine, red maple (Acer rubrum L.), northern red oak, bur 

oak, white oak (Quercus alba L.), bitternut hickory (Carya cordiformis Wangenh.), black 

cherry (Prunus serotina Ehrh.), and ponderosa pine (Pinus ponderosa C. Lawson; Table 

1.2). Eastern white pine, red maple, northern red oak, and bur oak are all native 

components of the ecosystem (MNDNR 2002), and model projections suggest stable or 

increased habitat suitability for these species in the future (Iverson et al. 2008). Bitternut 

hickory, black cherry, and white oak are all currently found in southern and central parts 

of Minnesota (MNDRN 2003). However, other than scattered individuals, their ranges do 

not currently include the study area, though each of these species is projected to have 

suitable habitat in the study region by the end of the 21st century (Iverson et al. 2008).  

Ponderosa pine was selected as a species that is potentially an ecological, social, 

and economic replacement for red pine, but with greater drought tolerance (Richardson 

2000).  While nonnative, ponderosa pine has been occasionally planted across Minnesota 

over the past 50 years, including at latitudes similar to the study area. Moreover, results 

from a long-term provenance study initiated in 1968 (Radsliff et al. 1981) suggest that 
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seed sources from the eastern part of the range of ponderosa pine may have reasonable 

levels of survival and growth in northern Minnesota. We selected the four best 

performing seed sources from the provenance study, based on the last reported 

measurements in 1978 (10-year growth and survival; Radsliff et al. 1981), as well as 

recent visual inspection of the remaining installations. These included seed sources from 

northwest Nebraska, southeast Montana, and two sources from southwestern South 

Dakota, USA (Table 1.2). The eight tree species (including four seed sources of 

ponderosa pine) were planted in the May of 2015 in the transition treatment units in equal 

proportions in gaps and the forest matrix. Approximately 310 seedlings per hectare of 

each species were planted randomly throughout the treatment. Individuals of the same 

species were planted at approximately 5.5-meter spacing. All seedlings were bare-root 

stock, except the ponderosa pine seed sources which were containerized. Additionally, all 

deciduous species were grown outside from seed for one year in the nursery prior to 

planting, while conifer species were grown from seed for two years prior to planting. All 

species were hand-planted using a planting bar.  

 

2.4 – Data Collection 

Data were collected on 45 permanent plots (nine plots x five blocks) located 

across the transition treatment units over the course of three growing seasons (May-

September; 2016, 2017, and 2018). In each of the five treatment stands, six plots were 

located within the thinned matrix (basal area of 14-18 m2 ha-1), while three plots are 

located in gaps. The locations of all plots were permanently marked, with overstory trees 

stem-mapped and measured in 2014. The plot layout included a 0.2-ha macro-plot and a 
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series of three nested 0.004-ha subplots. Basal area (m2 ha-1) was measured in the macro-

plots, while shrubs and herbaceous plants (< 30.5 cm height) were tallied on the 0.004-ha 

subplots. Shrub and herbaceous plant tallies were also performed on the no action control 

subplots for post-treatment understory vegetation comparison. No action subplots were 

located in the study control stands where no planting or other management activity 

occurred. 

Within the transition treatment macro-plots (matrix and gaps), a subset of 10 

planted seedlings per species (or per ponderosa pine seed source) were tagged and 

monumented during planting in spring 2016 for repeated measurements over time, for a 

total of 4,950 measured seedlings. Immediately following planting, a subsample of 130 

randomly selected tagged seedlings of each species and seed source were measured for 

diameter at the base of their stem to estimate an average initial basal diameter for each 

species. Variation in diameter was minimal enough for each species that the measure of 

mean diameter served as the common starting size for each tagged seedling of each 

species (see Table 1.2 for initial basal diameters). Following the first growing season 

(September 2016), seedlings were recorded as dead or alive. In the following spring 

(2017), each of the tagged seedlings were again recorded as dead or alive to assess 

overwinter survival. In the fall of 2017 and 2018, both survival and growth were 

measured, where two measurements of basal diameter (using an electronic diameter 

caliper) were recorded and averaged for each tagged seedling. Additionally, during each 

seedling measurement potentially competing vegetation ground layer/shrub vegetation 

(woody and herbaceous species < 100 cm in height) was estimated around each seedling 
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using a 1x1 m2 quadrat centered over the seedling and categorized into four cover classes 

(1= 0-14.9%, 2 = 15-29.9%, 3 = 30-59.9%, 4 = 60-100%).  

 

2.5 – Data Analysis  

To quantify treatment effects, we examined survival and growth of planted 

seedlings following the 2018 growing season. Relative growth rate (RGR) was used as a 

response metric to control for between-species variations in initial seedling size. RGR 

was calculated for basal diameter growth for each species over the 3-year monitoring 

period using the formula by Fisher (1921), where D is the initial and final basal diameter 

and t is the measurement year: 

                                                               RGR = $%&'($% &)
*'(	*)

                                                              

We used generalized linear mixed modeling (GLMM; Pinheiro and Bates 2006; Bolker et 

al. 2009) using the glmmTMB package (Brooks et al. 2017) in the statistical package R 

(R Core Development Team 2015) to analyze the blocked, split-plot design. We tested a 

combination of factors for both RGR and survival as the response variables where 

overstory condition represented the whole plot factor and species (within each sample 

plot) represented the split-plot factor. Fixed effects included species, overstory condition 

(gap versus matrix), understory vegetation cover (categorically grouped), and their 

interactions, while random effects include block and plot. Survival was modeled using a 

binomial error distribution (using logit link function), while RGR was modeled using a 

Gaussian (normal) error distribution. These error distributions were chosen based on the 

nature of the data. Survival was 1 or 0, hence our use of a binomial error distribution. 

Conversely, growth was a continuous variable and expressed as a number with fractional 
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values, and is the reason we chose a Gaussian distribution error. We began with the full 

model (species x overstory condition x understory vegetation cover; where “x” indicates 

interaction between terms) and then built subsets of this model (Gotelli and Ellison 

2002). In total, we examined eight models of different configurations for both survival 

and RGR. We examined each model for linearity and normality of residuals using 

regression diagnostics based on analyses of residuals. Normality of residuals was only 

tested for Gaussian error distributions. Following inspection of residuals, we determined 

no major transformations of the response variables were needed.  

Akaike information criterion (AICc; Forster and Sober 1994; Sugiura 1978) was 

used to evaluate the explanatory predictive power for each model. Models were 

considered to have strong support when ∆AIC values were less than seven (Burnham and 

Anderson 2002). Multi-model inferences were based on comparisons of a priori models 

using the MASS package in R (Venables and Ripley 2002) to provide F-statistics and P-

values for model fixed effects based on Type III sums of squares. We compared multiple 

competing models of basal diameter RGR and survival and ranked them according to 

change in AICc (∆AICc). We included a null, intercept-only model for each response 

variable. Based on AIC support, the best-supported model was chosen for our response 

variables and used for post hoc testing (using Tukey’s HSD) to compare factor levels. 

The lsmeans package (Lenth 2016) in the statistical package R was used to interpret 

model effects in the presence of interactions among the main effects. For all post-hoc 

tests, we set a significance threshold (α = 0.05) to test for differences in our main effects. 

In addition to seedling analyses, we explored the relationship between overstory density 

(basal area) and understory density (plant tally) in matrix, gap, and no action control plots 
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using linear regression. 

 

3 – Results 

3.1 – Seedling Survival  

Several models for seedling survival, consisting of different combination of 

predictors, had similar support (∆AIC < 7; Table 1.3). We chose the second model 

(survival ~ species x overstory condition + understory vegetation cover; Weight = 0.40) 

as it included all of our hypothesized predictors for further analysis as to allow for post 

hoc testing of each response variable. Survival varied significantly by species (F = 31.1, p 

< 0.001) and understory vegetation cover (F = 69.8, p < 0.001). Overstory condition was 

not found to be a significant predictor (F = 0.5, p = 0.45); however, we did find 

significant species × overstory condition interaction (F = 1.1, p < 0.01). 

Mean (± 1 standard error) survival of all species following the third growing 

season (2016-2018) was 77.9% (±2.35%). Survival varied significantly among species 

within each overstory condition (p < 0.001; Fig. 1.2). Bur oak, white oak, bitternut 

hickory, and black cherry had the highest levels of survival (99.77% ±1.76, 98.0% ±2.76, 

97.1% ±3.21, and 96.2% ±3.61, respectively). Red maple, northern red oak, and eastern 

white pine also had relatively high survival, all exceeding 90% across overstory 

conditions (94% ±4.4, 92.4% ±4.74, and 92.4% ±4.86, respectively). There was a 

substantial decline in survival for the ponderosa pine seed sources in both the gaps and 

matrix (Fig. 1.2), with each of the four seed sources having lower than 50% mean 

survival by the end of the third growing season. Collectively, South Dakota seed sources 

(SD1 and SD2) had the highest levels of survival for ponderosa pine, at 49.6% (± 9.0) 
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and 48.2% (± 9.0). The Montana (MT) seed source had 45.8% (± 4.6%) survival, while 

the Nebraska (NEB) source had the lowest survival at 42.7% (± 4.6). 

Pooled across species, seedlings planted in gaps had mean survival of 77.0% 

(±3.9), while seedlings planted in the forest matrix had mean survival of 78.3% (±2.76). 

Of all species, only bitternut hickory, red maple, eastern white pine, and ponderosa pine-

NEB had significant differences (p = 0.05) in survival between gap and matrix (Fig. 1.3).  

Among those with differences in seedling survival between overstory condition, only 

bitternut hickory exhibited higher survival in gaps. All of the other species (red maple, 

eastern white pine, and ponderosa pine-NEB) had higher survival under the matrix 

overstory condition (Table 1.4).  

Post-treatment shrub density was strongly negatively correlated (R2 = 0.75) to 

overstory basal area (m2 ha-1), where high levels of shrub cover were found under low 

basal areas (i.e., gaps), and low levels of shrubs were found under high basal areas (Fig. 

1.4). Pooled across species, survival varied significantly among the shrub/herbaceous 

cover classes (p < 0.05), ranging from a high of 86.67% (± 8.04) in cover class 1 to a low 

of 74.23% (± 3.04) in cover class 4 (Fig. 1.5).  

Collectively, native species (northern red oak, bur oak, eastern white pine, and red 

maple) had 94.77% (± 0.6) average survival, compared to 77.85% (± 0.7) average 

survival for all novel species combined (bitternut hickory, black cherry, white oak, 

ponderosa pine). However, relatively low survival of novel species as a group can largely 

be attributed to low survival of ponderosa pine (the four seed sources pooled), which had 

significantly lower survival (p < 0.001; 45.66± 1.2%) compared to the other novel species 

(97.03± 0.5%; Fig. 1.5). 
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3.2 – Seedling Growth  

The best-supported model for relative growth rate (RGR) included species (F = 

95.3, p < 0.001), and species x overstory condition ((F = 3.1, p < 0.001; Weight = 0.99). 

All other models, including those with understory vegetation density as a main effect, 

exhibited negligible support (∆AIC < 7; Table 5).  

Mean diameter RGR from May 2016 to September 2018 was 0.079 cm·cm-1·year-

1 (± 0.002), but this varied significantly among species. Eastern white pine and red maple 

had RGR’s of 0.13 cm·cm-1·year-1 (± 0.003) and 0.11 cm·cm-1·year-1 (± 0.003), 

respectively. Bur oak, white oak, and northern red oak each had moderate levels of RGR, 

at 0.048 cm·cm-1·year-1 (± 0.003), 0.038 cm·cm-1·year-1 (± 0.003), and 0.032 cm·cm-

1·year-1 (± 0.004 SE), respectively.  Black cherry and bitternut hickory had the lowest 

RGR’s of any species, across both gaps and matrix. As a group, ponderosa pine exhibited 

the highest levels of growth of any species. The MT and SD1 seed sources had 

significantly higher RGR’s of any species, across both gaps and matrix (Fig. 1.6). 

Seedlings planted in gaps (all species pooled) had a mean RGR of 0.084 cm·cm-1·year-1 

(± 0.003), while species planted in the forest matrix had a mean RGR of 0.076 cm·cm-

1·year-1 (± 0.002). Species having significantly higher (p < 0.05) RGR in gaps than matrix 

include all of the ponderosa pine seed sources and bitternut hickory (Fig. 1.7). 

Understory vegetation cover was found to be a weak predictor of RGR and 

therefore not analyzed for significant differences among the shrub/herbaceous cover 

classes. No significant differences in growth were observed between novel species and 

native species, with RGR’s of 0.156 cm·cm-1·year-1 (± 0.004) and 0.162 cm·cm-1·year-1 
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(± 0.004), respectively. However, when ponderosa pine is removed from the novel group, 

growth rates decrease precipitously for the novel group, across both gaps and matrix. 

Ponderosa pine, as a group, had significantly higher RGR than the native or novel 

species, with a species average RGR of 0.35 cm·cm-1·year-1 (± 0.007) in gaps and 0.29 

cm·cm-1·year-1 (± 0.005) in the matrix (Fig. 1.8). 

 
 
4 – Discussion  

Our study found substantial variation in survival and growth among planted 

seedlings of future climate-adapted tree species in the MN-ASCC transition treatment. 

Variation in performance can likely be attributed to their silvical differences. Species that 

performed the best (e.g., eastern white pine and bur oak) likely possess more favorable 

silvical characteristics (i.e., shade and soil moisture tolerance; Table 1.2), which allowed 

them to perform better across heterogeneous stand conditions, even with high levels of 

competition from understory vegetation.  

 

4.1 – Seedling Survival and Growth Across Species 

Individual species survival and growth varied significantly after three growing 

seasons. Collectively, ponderosa pine had the highest RGR among all species, while also 

having significantly lower survival among all species, regardless of overstory conditions. 

Other species, such as bitternut hickory, black cherry, and the oak species exhibited much 

lower growth rates, while having much higher levels of survival, regardless of overstory 

condition. Thus, our results show RGR was not indicative of a species survivability 

through the first three growing seasons. For many species, seedlings with high initial 
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survival often invest in below-ground growth preferentially over above-ground growth, 

whereas species with high early above-ground growth often have relatively low survival 

(Kneeshaw et al. 2002). This is a common trend in our study where species with the 

highest RGRs (e.g., ponderosa pine) also had the lowest survival. These results support 

previous research examining growth strategies of “early colonizer” species (e.g., Pinus), 

which have been shown to outcompete more shade tolerant species and establish a higher 

position in the canopy, particularly when resources are abundant (Bond 1989; Bloor and 

Grubb 2003; Seiwa 2007). This growth strategy of investing heavily in initial growth may 

also lead to seedlings being more vulnerable to environmental stressors, and thus 

resulting in higher levels of mortality.  

 

4.2 – Overstory Condition and Understory Shrub/Herbaceous Cover 

Overstory condition interacted with species on both best-supported models for 

survival and RGR, and was found to be a strong predictor of survival. Overstory 

condition was found to affect survival in five species/seed sources: ponderosa pine-SD1, 

ponderosa pine-NEB, eastern white pine, red maple, and bitternut hickory. Of all those 

species, only bitternut hickory had higher survival in gaps than matrix plots. However, 

we would expect greater differences in survival across overstory condition for all species 

if seedlings had been planted under a wider range of canopy conditions (Canham 1988; 

McCarthy 2001). For instance, given that the transition matrix was harvested at or below 

the lower level of stocking on the regional red pine stocking chart (Gilmore and Palik 

2006), seedlings in the thinned matrix still received relatively high amounts of sunlight 

compared to pre-treatment conditions. The oak species (i.e., white oak, northern red oak, 
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bur oak), having more intermediate levels of shade tolerance, exhibited very little 

difference in survival between the gap and matrix plots.  

Following harvesting and site preparation of the transition treatment gaps, there 

was a rapid colonization of understory vegetation, particularly bracken fern (Pteridium 

aquilinum var. latiusculum), wild red raspberry (Rubus idaeus L.), and beaked hazel 

(Corylus cornuta Marshall), and other herbaceous vegetation. The understory cover was 

strongly negatively correlated to overstory canopy cover (Fig. 1.5), as would be expected 

where higher resource environments (e.g., light) favor establishment of these species. We 

suspect that mechanical site preparation contributed to rapid colonization by shrubs and 

herbaceous vegetation due to the exposure of bare soil and inadvertently spreading seeds 

by the equipment. Moreover, site preparation was performed relatively evenly throughout 

the transition treatment, suggesting the overstory canopy density heavily influenced 

understory vegetation growth, which is consistent with previous studies examining post-

harvest re-colonization of understory vegetation (McConnell and Smith 1970; Löf et al. 

2007; Ares et al. 2010).  Our analyses showed shrub/herbaceous cover was a strong 

predictor for seedling survival. Collectively, seedlings had substantially lower survival 

under the highest understory shrub/herbaceous cover classes, while survival was nearly 

uniform when understory shrub/herbaceous cover levels were low (below 30% cover). 

However, RGR was less affected by shrub/herbaceous cover, with mean RGR of all 

species nearly uniform across all shrub/herbaceous cover classes. Previous studies in this 

forest type have shown competing shrubs and herbaceous cover lower available moisture 

and nutrients in the soil in addition to reducing the amount of sunlight that tree seedlings 

receive, and thus result in lower survival and reduced growth (Saunders and Puettmann 
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1999; Montgomery et al. 2013). However, in this study, competition from understory 

shrub/herbaceous cover appears to only affect tree species survival. 

 

4.3 – Future-adapted Species – Native versus Novel  

As part of the MN-ASCC project, we planted four species novel to the study area: 

black cherry (having only scattered individuals growing in the region), bitternut hickory 

and white oak (both with native populations located within 100 km to the south of the 

CEF), and ponderosa pine (with the nearest native populations located 200 km west of 

the CEF). We planted ponderosa pine as a potential replacement species for red pine (if 

suitable habitat declines precipitously in the future), given the physiological and 

ecological similarities between the two species. While similar in some respects, 

ponderosa pine is considered a more fire-adapted and drought-tolerant species than red 

pine (Kolb and Robberecht 1996; Richardson 2000; Niinemets and Valladares 2006; 

Ganey and Vojita 2011). These characteristics align with predicted future disturbance 

patterns for northern Minnesota including larger, more intense wildfire and longer 

periods of drought (Handler et al. 2014; IPCC 2014). This was an important 

consideration in selecting ponderosa pine for inclusion in this study as we aimed to 

increase species diversity, and particularly those that will likely be adapted to future 

disturbance regimes and climate conditions. 

The four ponderosa pine seed sources were selected from locations on the 

easternmost extremes of the species’ current range. The source areas vary in latitude, 

elevation, and climate (annual temperature and precipitation averages). We hypothesized 

that seedlings from the nearest seed source locations to the CEF in north-central 
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Minnesota would have higher levels of growth and survival. However, as our results 

indicate, the Montana seed source exhibited significantly more growth than the other seed 

sources. While the Montana seed source is the furthest away, it is also the most northerly 

of the four seed sources. This suggests that matching the seed source latitude, along with 

its environmental parameters (e.g., temperature extremes, growing season lengths), is 

likely more important than geographic proximity, at least when considering growth 

potential. We found no evidence of differences in survival among the ponderosa pine 

seed sources.  

While ponderosa pine fared quite well with regards to growth, the other novel 

species (i.e., bitternut hickory, black cherry, and white oak) tended to exhibit much 

slower growth rates. In fact, bitternut hickory, black cherry, and white oak were among 

the species with the least amount of overall growth. These species did, however, have 

very high levels of survival following the first three growing seasons (each species had > 

95% survival), and are among those with highest overall levels of survival across all 

species. Though ponderosa pine significantly outgrew the native and novel species, we 

observed a much lower level of survival for ponderosa pine when compared with the 

other species groups, regardless of overstory condition (Fig. 1.5). We observed a similar 

trend in species overall performance, where those with higher levels of survival had 

lower overall growth, while species with lower survival exhibited higher levels of 

growth. This occurred regardless of whether species were native or novel to the study 

area.  

The novel species for this study were selected because they were deemed 

potentially adaptive to future climate projections, not necessarily the current climate of 
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northern Minnesota. Therefore, a planted novel species growing on the CEF may be 

experiencing less-than-favorable current climate conditions. However, with a strong 

understanding of individual species’ silvical characteristics, we may be able to better 

understand how they will likely respond to (or tolerate) conditions associated with new 

species assemblages and climate conditions. 

 

4.4 – Implications  

This study presents an early assessment of seedling survival and growth under a 

silvicultural strategy aimed at promoting future climate-adapted forests. With this 

transition strategy, stand heterogeneity was achieved through gap creation and matrix 

thinning, creating a range of establishment conditions that benefit a broad range of 

species, each with differing silvical characteristics. Large planting efforts, especially with 

non-traditional (and not readily available) species, can be a costly investment. It is 

important for managers to understand the tradeoffs of planting future climate-adapted 

species in contemporary environments. Furthermore, if management plans are focused on 

planting for the future, managers will need to consider how future climate-adapted 

species will perform in current climates and in the near future. For example, certain novel 

species such as black cherry or bitternut hickory, which are currently growing in parts of 

southern and central Minnesota (and slowly migrating into parts of the CEF), may not see 

their optimal habitat in northern Minnesota for decades to come. As a result, these species 

may not exhibit their full potential on the site with the current climate, and managers may 

need to be patient in looking to the future for these species to thrive. Inherently, this is 

one of the challenging aspects of species range expansions, and one could argue that if 
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planting future climate-adapted species is to occur, it should focus on species with wide 

ecological amplitudes. 

We consider species with moderate levels of growth and high levels of survival to 

be among the top performing species in our study. These species include bur oak, white 

oak, eastern white pine, and red maple. Although ponderosa pine significantly outgrew 

all the other species, the low levels of survival dramatically reduced its overall 

performance when compared to the other species. Our results suggest that species 

performance is at least partly related to a species ability to tolerate shade and 

competition, particularly from wild red raspberry and beaked hazel, both of which likely 

limited tree seedling survival in this study. These are important considerations as 

managers continue to seek answers in regards to future planting efforts in mixed-pine 

forests.   

Given that our results already show higher levels of survival across the novel 

species we planted (excluding ponderosa pine) compared with planted native species, it 

may be reasonable for managers to consider unconventional species compositions under 

climate change, and begin planting novel future-adapted species (e.g., in this study, 

bitternut hickory, black cherry, and white oak) as part of an adaptive management 

strategy focused on transition. Additionally, we believe that the silvicultural approaches 

applied as part of the MN-ASCC transition treatment (e.g., planting a suite of both native 

and novel future climate-adapted species) may also serve as a useful model for similar 

studies in other forest types to address the challenges and uncertainties associated with 

forest sustainability and climate change.  
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Tables and Figures 
 
Table 1.1. Summary of pre-treatment conditions for all initial overstory trees (DBH ≥ 
12.7 cm) from plot data gathered on the MN-ASCC site. 

 
 
 
 
Table 1.2. Species silvical characteristics for each of the planted tree species on the 
Cutfoot Experimental Forest in Northern MN, USA as part of the MN-ASCC transition 
treatment. 
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Table 1.3. Summary of confidence set models for survival, based on the Akaike 
information criterion (∆AICc ≤ 7). “x” symbols indicate an interaction between 
connected terms. “+” symbols indicate an additive term. 

 

 

 

Table 1.4. Summary of planted species/seed source survival and growth. 
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Table 1.5. Summary of confidence set models for survival, based on the Akaike 
information criterion (∆AICc ≤ 7). “x” symbols indicate an interaction between 
connected terms. “+” symbols indicate an additive term. 
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Fig. 1.1. Map showing location of MN-ASCC within the Cutfoot Experiment Forest, 
Chippewa National Forest, Minnesota, USA. Map includes all treatments (Resistance, 
Resilience, Transition, and No Action/Control) each replicated once per block across the 
five blocks. 
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Fig. 1.2. Boxplots of species showing 3-year survival for 11 species/seed sources planted 
across the transition treatment’s overstory conditions (gap and matrix) on the MN-ASCC 
site. The box spans the upper and lower quartiles while the lines represent the maximum 
and minimum values. The white diamonds in each plot represent the mean while the 
black horizontal line represents the median value. Letters adjacent to species indicate 
pairwise comparisons of species. Boxplots not connected by the same letter are 
significantly different (p < 0.05). See Table 2 for species codes.  
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Fig. 1.3. Boxplots comparing differences in 3-year survival across the overstory 
conditions (gap versus matrix) in the transition treatment on the MN-ASCC site. The box 
spans the upper and lower quartiles while the lines represent the maximum and minimum 
values. The white diamonds in each plot represent the mean while the black horizontal 
line represents the median value. Plus (+) signs below each species boxplot indicate a 
significant difference in survival between overstory conditions for that species (p < 0.05). 
See Table 2 for species codes. 
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Fig 1.4. Average number of shrub stems (per m2) and overstory basal area (m2/ha). 
Symbols represent different overstory conditions, including the control plots. 
Measurements were taken in during the 2018 growing season on the MN-ASCC site, 
Cutfoot Experimental Forest in northern MN, USA.  
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Fig. 1.5. Boxplots showing combined species survival under each of the vegetation 
(shrub/herbaceous) cover classes (left; 1= 0-14.9%, 2 = 15-29.9%, 3 = 30-59.9%, 4 = 60-
100%) and pooled species native/novel/ponderosa pine groups (right). The box spans the 
upper and lower quartiles while the lines represents the maximum and minimum values. 
The white diamonds in each plot represent the mean while the black horizontal line 
represents the median value. Letters adjacent to cover class indicate pairwise 
comparisons of seedling survival across each cover class. Levels not connected by the 
same letter are significantly different (p < 0.05). 
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Fig. 1.6. Boxplots across species showing 3-year basal diameter relative growth rates 
(RGR) for the 11 species/seed sources planted in the transition treatment’s overstory 
conditions on the MN-ASCC site. The box spans the upper and lower quartiles while the 
lines represent the maximum and minimum values. The white diamonds in each plot 
represent the mean while the black horizontal line represents the median value. Letters 
adjacent to species indicate pairwise comparisons of species. Boxplots not connected by 
the same letter are significantly different (p < 0.05). See Table 2 for species codes. 
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Fig. 1.7. Boxplots comparing 3-year basal diameter RGR among species and between 
overstory conditions (gap versus matrix) in the transition treatment on the MN-ASCC 
site. The box spans the upper and lower quartiles while the lines represent the maximum 
and minimum values. The white diamonds in each plot represent the mean while the 
black horizontal line represents the median value. Plus (+) signs below the species 
boxplot indicate a significant difference in survival between overstory conditions (gap 
versus matrix) for that species (p < 0.05). See Table 2 for species codes. 
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Fig. 1.8 Boxplots showing RGR’s of pooled species native/novel/ponderosa pine groups 
across overstory conditions. The box spans the upper and lower quartiles while the lines 
represent the maximum and minimum values. The white diamonds in each plot represent 
the mean while the black horizontal line represents the median value. Letters adjacent to 
cover class indicate pairwise comparisons of seedling survival across each cover class. 
Levels not connected by the same letter are significantly different (p < 0.05). 
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CHAPTER 2 

 

Can silvicultural treatments aimed at climate change adaptation promote favorable 

microsite conditions? 

  

Summary 

Climate change is expected to significantly impact the health and productivity of 

mixed-pine forests of the western Great Lakes region. The Adaptive Silviculture for 

Climate Change (ASCC) project was developed to provide operational-scale, on-the-

ground research opportunities to test the efficacy of a gradient of adaptive forest 

management strategies aimed at climate change. The first ASCC site is located on the 

Cutfoot Experimental Forest – Chippewa National Forest in northern Minnesota, USA 

(MN-ASCC). The silvicultural treatments implemented on the site include intermediate 

thinning, variable density thinning (thinned matrix, 0.2 ha “skips”, and 0.2 ha gaps), and 

irregular shelterwood with expanding gaps, ultimately creating four unique overstory 

conditions: unthinned, high residual thinned BA, low residual thinned BA, and gaps. We 

were interested in better understanding the role that modifications to canopy structure 

have in moderating below-canopy microclimates, as well as the potential for creating 

favorable microsite growing conditions. We were also interested in understanding the 

relationship between overstory condition and the rate of soil moisture depletion given the 

increasing risk of drought associated with climate change in this region. To study this, we 

took hourly measurements of soil temperature, soil moisture, air temperature, and relative 
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humidity over the 2017 growing season (May – September; approximately 120 days) on 

40 microclimate plots spanning the four canopy conditions. To quantify overstory 

condition, we estimated leaf area index (LAI) and canopy openness using hemispherical 

photography at each microclimate plot. Our results show overstory density was strongly 

positively correlated to soil temperature, where average daily mean soil temperatures 

were 1.8°C (± 0.35; standard error) warmer in gaps than in the unthinned plots (p < 

0.001). Conversely, overstory density was strongly negatively correlated to soil moisture, 

where average daily soil moisture was significantly lower in the unthinned plots (0.09 

cm3~cm3 ± 0.02) than in the gaps (0.15 cm3~cm3 ± 0.04; p < 0.001). Additionally, soil 

moisture depleted significantly quicker in unthinned plots than in the gaps (p < 0.001). 

Our findings suggest that managers could design silvicultural treatments to promote 

favorable microsite conditions for future-adapted species by controlling for variables 

related to the microclimate. Further, given the risk of future drought, managers may need 

to consider modifying current red pine stocking levels and manage red pine stands at 

lower densities to help retain soil moisture and create favorable microsite conditions for 

regeneration. 

 

1. Introduction 

Climate change is expected to have pronounced and lasting effects on forest 

composition, health, and productivity (Dale et al. 2001; Handler et al. 2014; IPCC 2014). 

Increasing temperatures, shifts in the seasonality and intensity of precipitation, and 

increasingly severe droughts are predicted to occur across large areas in the United States 

(Williams et al. 2002; Pucko et al. 2011; IPCC 2014). As a result, some tree species may 
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lose suitable habitat and be outcompeted by species better adapted to future climate 

conditions (Pereira et al. 2010; Isbell et al. 2015; Vitousek et al. 2017). Moreover, tree 

species range shifts and interspecific competition will likely be intensified along natural 

forest ecotones (Parmesan et al. 2005; Fisichelli et al. 2013) such as between major 

biomes.  

With growing concerns over future forest health and sustainability, there is an 

increasing focus on adaptive management practices and their potential to modify forest 

processes with structural manipulation (D’Amato et al. 2011; Nagel et al. 2017; Peterson 

et al. 2018). Quantifying the potential moderating effects of forest canopy structure on 

below-canopy microclimates is important for informing forest regeneration practices (Ma 

et al. 2010; von Arx et al. 2013). In a climate change context, understanding how 

management approaches might promote adaptive responses may help managers 

successfully implement regeneration tactics focused on future-adapted species. 

Additionally, it is important that we understand the potential for adaptive management 

approaches to moderate the impacts of drought (which is expected to be exacerbated by 

climate change in many forest regions) and create conditions that help reduce soil 

moisture depletion rates and retain moisture for longer periods without precipitation.  

Different forest canopy structures moderate climate in different ways; 

collectively, a variety of forest canopy structures may provide a diversity of microclimate 

conditions, which therefore may provide suitable habitat for a diverse suite of species. 

The forest canopy moderates climate by shielding below-canopy areas from sunlight, 

intercepting and redistributing precipitation, and reducing the mixing of air (Chen et al. 

1999; von Arx et al. 2013). As a result, below-canopy microclimates under dense 
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overstory conditions may be quite different from adjacent open areas (e.g., gaps), even 

within the same stand (Chen et al. 1995; von Arx et al. 2013). Additionally, forest 

canopies may moderate and act to buffer extreme macroclimatic changes, thus creating 

below-canopy microenvironments that provide suitable habitat for a range of tree species 

(Gray et al. 1997; Dobrowski et al. 2015).  

Throughout the growing season, below-canopy temperatures and moisture levels 

tend to vary substantially while different canaopy structures may lessen or amplify these 

fluctuations (Chen and Franklin 1997). Under densely forested canopies, air temperature 

tends to experience less extreme fluctuations compared to low density canopies, whereas 

relative humidity typically varies more under dense canopies than under less dense 

canopies (Morecroft et al. 1998; Aussenac 2000; Ma et al. 2010; von Arx et al. 2013). 

Additionally, soils tend to regulate temperature and retain heat and moisture more 

effectively under closed canopies compared with open canopies (Fischer et al. 2007, 

Hirschi et al. 2011, Jaeger & Seneviratne et al. 2011).  

Microclimatic conditions influence tree establishment opportunities and success, 

and ultimately, tree species composition (Gray et al. 2002). Further, species with 

specialized silvical traits (e.g., drought and moisture tolerance) maintain a competitive 

advantage and capitalize on small variations in microclimate to ensure regeneration, 

growth, and survival (von Arx et al. 2013). Other generalist species (i.e., those with wide 

ecological amplitudes) may be able to grow under a broader range of understory climate 

conditions. Thus, managing for specific microclimate conditions may offer some species 

more opportunities to regenerate and survive under rapidly changing macroclimates. As 

climate changes, it becomes increasingly important to understand the impact forest 
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management practices have on stand structure and resultant below-canopy processes, and 

how these changes in canopy conditions might act to moderate the impacts of 

macroclimate change.  

Research efforts are underway to explore climate-adaptive forest management 

practices designed to directly address anticipated impacts of climate change on forest 

ecosystems (Nagel et al. 2017). Recently, the Adaptive Silviculture for Climate Change 

(ASCC) project (Nagel et al. 2017) was developed to test a range of forest adaptation 

approaches through the implementation of large, operational-scale research trials across 

different forest types in North America. This effort, focusing on testing the efficacy of 

climate-adaptive forest management approaches, includes three adaptation options 

(resistance, resilience, and transition; modified from Millar et al., 2007) and a no action 

control. The resistance treatment aims to maintain relatively unchanged conditions over 

time and preserve current characteristics and function. The resilience treatment aims to 

increasing resiliency and maintain a range of reference conditions reflective of the natural 

range of variability for that forest system. And lastly, the transition aims to actively move 

the forests toward stand conditions better suited for future climates and facilitate an 

adaptive response. 

In 2015, the first replicated experimental ASCC trial was implemented in a red 

pine dominated mixed-pine ecosystem. The study is located in central Minnesota, USA 

near the deciduous/coniferous forest ecotone between northern hardwood forests to the 

south and conifer dominated boreal forests to the north.  The region has been deemed 

vulnerable to climate change (Handler et al. 2014). Specifically, these ecotonal pine-

dominated forests are at risk of local species extirpation due to rapid climate change, loss 
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of suitable habitat, hardwood encroachment, and generally unfavorable conditions for 

regeneration (Beckage et al. 2008; Fishichelli et al. 2012, 2014).  

The silvicultural treatments in the Minnesota ASCC study (henceforth MN-

ASCC) were designed to align directly with a spectrum of adaptation options (i.e., 

resistance, resilience, transition) to create a variety of stand structures, species 

compositions, and distinct microsite conditions within this red pine-dominated forest 

type. In this study, we quantified the relationships between canopy density (described by 

leaf area index (LAI) and basal area) and below-canopy microclimate. We were 

interested in understanding how adaptive silvicultural treatments alter the 

microenvironment, and the potential for management efforts to create favorable growing 

conditions (microsites) for desirable species, especially under rapidly changing climates. 

We hypothesized that 1) canopy structure as described by LAI and basal area relate 

strongly to microclimate variables (air temperature, relative humidity, soil temperature, 

soil moisture); 2) soil temperature and soil moisture will be lower under dense shrub 

cover compared with more open understory conditions; 3) microclimate seasonality 

varies with overstory conditions created by different adaptive silviculture treatments; and 

4) soil moisture depletion following precipitation events also varies with overstory 

conditions. 

 

2. Methods 

2.1 Study Site 

Our study is located on the Cutfoot Experimental Forest (CEF) on the Chippewa 

National Forest in north-central Minnesota, USA, at a latitude of 47°40´ N and a 
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longitude of 94°5´ W. The climate of the CEF is characterized by cold, long winters and a 

warm, short growing season. The average temperature at the CEF is 3.9°C. Maximum 

summer temperatures often exceed 32°C while minimum winter temperature can drop 

below -35°C. The average July high temperature is 26.5°C while the average January 

high temperature is -7.4°C. The current growing season length ranges from 100 to 120 

days with an average annual rain-equivalent precipitation of 50 to 64 cm (PRISM 

Climate Group 2018), while average total winter snowfall ranges from 1 to 2 m. The soils 

at the CEF are well-drained medium to fine sandy soils developed from glacial outwash 

parent material (Adams et al. 2008). 

The CEF is located within the Northern Minnesota Drift and Lake Plains section 

of the Laurentian Mixed Forest Province (MNDNR 2003). Most of the CEF forest is 

classified as dry-mesic mixed woodland (FDn33a) by the Minnesota DNR Native Plant 

Community Classification System (Aaseng et al. 2011). Red pine (Pinus resinosa Aiton) 

comprises roughly 85% of the canopy tree abundance, with varying amounts of jack pine 

(Pinus banksiana Lamb.) and eastern white pine (Pinus strobus L.). Northern red oak 

(Quercus rubra L.), paper birch (Betula papyrifera Marshall), and quaking aspen 

(Populus tremuloides Michx.) are also common forest associates on this site. Less 

frequently, bur oak (Quercus macrocarpa Michx.), balsam fir (Abies balsamea L. Mill.), 

and white spruce (Picea glauca Moench Voss) are found on the site. The site index for 

red pine is 17 m (base age 50). Within the study area, pre-treatment basal area was 32-41 

m2 ha-1 with a mean diameter at breast height (1.37 m) of 32 cm. Each of the CEF 

treatment stands are of natural origin, with the majority of trees establishing following a 

fire in 1918. There is some evidence of older red pine trees that established following 
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fires in 1876, 1888, and 1892. Fire has mostly been largely eliminated from these forests 

due to suppression efforts over the past century. 

 

2.2 Study Design and Implementation   

The ASCC study design (Nagel et al. 2017) involves three adaptation options 

(resistance, resilience, transition) and an untreated (unthinned) control that serves as a 

baseline for comparing the three adaptation treatments. Management objectives and 

desired future conditions associated with each adaptation option were collaboratively 

developed by a local group of managers and regional scientists. Silvicultural treatments 

designed to meet these objectives are replicated in each of five blocks, for a total of 20 

treatment units (4 treatments x 5 replicates). Each treatment unit is approximately 10 ha 

while the entire study encompasses approximately 200 ha (Fig. 2.1). All treatments were 

harvested during the winter of 2014-2015 on frozen ground with snow cover.   

The aim of the resistance treatment is to maintain current stand characteristics in 

the near-term, while maintaining forest health and productivity in the long-term. The 

strategy for this treatment on the MN-ASCC study is to maintain current species 

compositions, as well as stand densities at or near the acceptable lower stocking level for 

red pine in order to reduce potential impacts of drought (D’Amato et al. 2013; Bottero et 

al. 2017). The silvicultural approach employed included an intermediate thinning 

treatment (residual BA of 23-28 m2 ha-1) while favoring red pine retention (Table 2.1).  

The aim of the resilience treatment was to increase heterogeneity of canopy 

structure to create a range of microenvironments and establishment conditions, while 

favoring future-adapted species. The treatment consisted of a variable density thinning 
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(Palik et al. 2014) that created 0.20-ha gaps (where one or two mature red pine trees were 

retained within the gap) across 20% of the treatment unit, 0.20-ha unthinned patches 

across 20% of the unit, and thinning the remaining matrix BA to 23-28 m2 ha-1 (across 

60% of the unit). This treatment maintains red pine as the dominant overstory species 

while promoting a new cohort of future-climate adapted species through artificial and 

natural regeneration in the gaps.  

The transition treatment aims to actively move the forest toward a condition that 

is better adapted to future climate by reducing abundance of red pine and associated 

northern species and creating a range of establishment conditions across the stand for 

future adapted species (native and novel). The silvicultural tactics for the transition 

treatment included an irregular shelterwood (14-18 m2 ha-1 BA) with 0.20-ha gaps, where 

one or two mature red pine trees were left for ecological and wildlife value within each of 

the gaps. The gaps currently occupy approximately 20% of the treatment area. The matrix 

between the gaps was cut to 14-18 m2 ha-1 BA.  Following the overstory treatment, in 

spring 2015, mechanical site preparation using a harrow disc was applied to the entire 

transition treatment units and to the gaps in the resilience treatment units.  The harrow 

disc treatment exposed mineral soil in furrows that snaked through the stand, avoiding 

trees and down woody debris.  Additionally, the treatment severed the near surface roots 

of beaked hazel, a native shrub that has high abundance in these forests as a result of 

long-term fire exclusion. Planting of future-adapted species occurred throughout the 

entire transition treatment (i.e., gaps and matrix).  

As a result of these silvicultural approaches, four unique overstory conditions 

(OSC), (each having unique below-canopy growing conditions) were created: (1) 
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unthinned (32-37 m2 ha-1), (2) thinned to high residual BA (23-28 m2 ha-1 ), (3) thinned to 

low residual BA (14-18 m2 ha-1), and (4) gap openings (see Table 2.1 for overstory 

condition descriptions).  

 

2.3 Data Collection 

2.3.1 Vegetation Measurements 

Overstory and understory vegetation data were collected on 170 permanent plots 

(34 plots per block x five blocks) located across the treatment units (resistance, resilience, 

transition, no action) over the course of the 2017 growing season. The plot layout 

includes a 0.08-ha macro-plot and a series of three nested 0.004-ha subplots. Basal area 

(m2 ha-1) was measured in the macro-plots, while shrubs and herbaceous plants (< 30.5 

cm height) were tallied on the 0.004-ha subplots. Canopy density was calculated using 

leaf area index (LAI) and canopy openness estimations from hemispherical photography 

at the center of each macroplot. A Nikon 7200 DSLR camera with a Rokinon 8-mm 

fisheye lens was mounted to a tripod at plot center 1 meter above the ground, leveled, and 

positioned on a north/south axis. Two photographs were taken at each plot center under 

favorable light conditions (e.g., morning, evening, or overcast sky) to allow for clear 

distinction between canopy and sky. Photographs were taken between May and 

September in 2016. All photographs were analyzed using WinSCANOPY Pro (Regents 

Instruments Inc.), using the LAI-2000 (Li-Cor) algorithms for estimations of LAI and 

canopy openness by differentiating black (canopy) and white (sky) pixels from the digital 

photograph. The average of the two photographs at each plot center were used to estimate 

LAI and canopy openness. 
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3.2.2 Microclimate Measurements 

Air temperature (Ta) ,relative humidity (RH), soil temperature (TS), and soil 

moisture (MS) were measured throughout the 2017 growing season on a subsample of 40 

permanent vegetation plots (henceforth, microclimate plots). We aimed to capture the 

variability among four canopy conditions that resulted from the silvicultural treatments 

(Fig. 2.2; Table 2.2). We used hygrochron iButtons (Maxim Integrated) to measure Ta 

and RH at the plot center of each microclimate plot. Solar radiation shields (“radshield”; 

Holden et al. 2013) were constructed and installed (1.5m above the forest floor) to house 

the hygrochron iButtons. To account for local soil variation across each macroplot, three 

thermochron iButtons were buried 5 meters from plot center (0o, 120o, and 240o) at a 

depth of 10 cm to measure soil temperature. The iButtons recorded samples every two 

hours over a majority of the growing season, from May 24-September 25, 2017 (120 

days). Soil moisture was measured at each of the microclimate plots across the same 

dates using three GS1 Water Content Sensors (Meter Group, Inc.) located 5 meters from 

plot center and buried 10 cm below the soil surface, adjacent to each soil temperature 

iButton. The GS1 sensors were connected to a Em5b Analog Data Logger (Meter Group, 

Inc.) mounted at plot center, which recorded volumetric water content (VWC; cm3~cm3) 

every two hours. In addition to microclimate plot measurements, we gathered and 

downloaded regional climate and precipitation data from a permanent USDA Forest 

Service maintained climate station 7.5 km directly south of the MN-ASCC site (NOAA-

NWS). 
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2.4 Data Analyses 

We examined the effects of LAI, canopy openness, basal area, and understory 

vegetation (shrub/herb cover) on Ta, RH, TS, and MS during the 2017 growing season to 

determine significant correlations among variables.  

We looked at the range of each climate variable, including average daily mean, 

average daily minimum, and average daily maximum values. To do this, we calculated 

the daily averages for each day (24 hours) of the growing season for each of the 

microclimate variables. Each variable was used as a response variable and stratified by 

overstory condition (unthinned, high residual BA, low residual BA, gaps). We used linear 

regression modeling to explore correlations between microclimate variables (average 

daily mean, max, and min) and overstory and understory shrub vegetation metrics to test 

the strength of each relationship using R2 values and P-values. These analyses were 

performed to allow us to exclude non-significant predictor variables from the initial set of 

potential models for each response variable. 

Following our analyses of individual variable relationships, we developed models 

to quantify variability of microclimate variables among overstory conditions (grouped as 

categorical variables). We used generalized linear mixed modeling (GLMM) to examine 

daily mean, daily maximum, and daily minimum values for each response variable (i.e., 

Ta, RH, TS, and MS). Each variable was modeled using a Gaussian error distribution. We 

began with a full model (based on significant correlations from the previous linear 

regression analyses) and omitted terms based on a priori model selection. We performed 

GLMM using the glmmTMB package (Brooks et al. 2017) in the statistical package R (R 

Core Development Team 2015). For each response variable, “block” and “plot” were 
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included as nested random effects. We used the corrected Akaike information criterion 

(AICc; Sugiura 1978) to evaluate the predictive power for each of our models explaining 

microclimate variation. Models were considered to have strong support when ∆AIC 

values were less than or equal to seven, a value consistent with other interpretations 

(Burnham and Anderson 2002). We compared multiple competing models for each of the 

four microclimate variables and chose the best-supported model based on changes in 

AICc (∆AICc). Following GLMM, we performed post hoc testing using Tukey’s HSD to 

compare factor levels for each microclimate variable. The lsmeans package (Lenth 2016) 

in the statistical package R was used to interpret model effects in the presence of 

interactions among the main effects. Model predictor terms for each response variable are 

reported in Table 2.2.  

Following GLMM modeling of each response variable, we were interested in 

exploring seasonal patterns for each response variable. We grouped each variable by 

overstory condition (1-unthinned, 2-high residual BA, 3-low residual BA, and 4-gaps), 

and visually analyzed the temporal variations of each group by calculated daily mean, 

max, and min for each response variable. We examined the data for seasonal patterns and 

variation among overstory conditions across the growing season.  

Finally, given that drought is a major concern associated with climate change in 

northern Minnesota, we were interested in exploring soil moisture depletion following 

precipitation events. To accomplish this, we grouped the data between significant 

precipitation events (> 10 mm) and analyzed the rate at which soil moisture decreases 

between precipitation events. To do this, we calculated soil moisture depletion rates 

(SMD) for each period using the follow equation: 
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                                       SMD = ,-.(,-/0.(0/  

where Ms1 is the soil moisture value at the beginning of the identified drying period, Ms2 

is the soil moisture value at the end of the identified drying period, T1 is the growing 

season day at the beginning of the drying period, and T2 is the growing season day at the 

end of the drying period. 

We compared soil moisture values immediately following precipitation to values 

just prior to the next precipitation event. In total, we were able to analyze six drying 

periods and compare variability among overstory conditions. We used the glmmTMB 

package in R to model the linear trends of SMD within each drying period. Post hoc 

testing was performed using Tukey’s HSD to compare factor levels among the four 

canopy conditions. All analyses we performed in statistical package R (R Core 

Development Team 2015). A type II error probability of 0.05 or less was considered 

significant for all model and post hoc testing. 

 

3. Results 

3.1 Post-treatment stand conditions  

Four distinct overstory conditions (OSC) were created following implementation 

of the ASCC treatments. The unthinned overstory condition had an average basal area 

(BA) of 41.56 m2 ha-1, the thinned to high residual BA had a BA of 25.33 m2 ha-1 the 

thinned to low residual BA had a BA of 15.45 m2 ha-1, while gaps had an average BA of 

4.04 m2 ha-1. LAI ranged from 2.56 (± 0.20) for the unthinned plots to 0.88 (± 0.07) for 

the gaps. Canopy openness ranged from 11.33% (± 1.36) in unthinned plots to 41.86% (± 

1.65) in the gap openings. Shrub/herbaceous cover ranged from 35.91 stems/subplot (± 
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5.89) up to 114.91 stems/0.004 m subplot (± 12.99) in unthinned and gap plots, 

respectively. Overstory structure resulting from the different silvicultural treatments 

present a wide gradient of conditions for quantifying understory microclimate (Table 

2.1).  

 

3.2 Below canopy microclimate  

3.2.1 Canopy-microclimate relationships 

 No correlation was found between Ta (mean, min) and predictor variables (basal 

area, shrub/herbaceous cover, LAI, canopy openness; R2 < 0.1).  However, maxTa was 

correlated with basal area (R2 = 0.46, P < 0.001), LAI (R2 = 0.26, P < 0.001), and 

shrub/herbaceous cover (R2 = 0.22, P < 0.001; see Appendix A, Figs. S.2.1-S.2.4). No 

correlation was found between RH (mean, max, min) and the predictor variables (R2 < 

0.2). MeanMs was correlated to each of the predictor variables (R2 = 0.31 – 0.45, P < 

0.001), while no correlations were found for maxMs and minMs (R2 < 0.2). Ts (mean, 

max, and min) was correlated with LAI (R2 = 0.52, P < 0.001; R2 = 0.44, P < 0.001; R2 = 

0.52, P < 0.001, respectively).  

 

3.2.2 Microclimate and overstory condition 

No significant differences in average daily meanTa among overstory conditions 

were observed. However, significant differences were found in maxTa and minTa among 

overstory conditions (Fig. 2.3). MaxTa and canopy density had a strong positive 

relationship, where unthinned plots had a lower average daily maxTa (30.76 °C ± 0.51) 

while gap plots had a higher average daily maxTa (32.9°C ± 0.88). Conversely, minTa 
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was significantly higher in the unthinned plots (3.19°C ± 0.38) than in the gaps (2.13°C ± 

0.3).  

Variation in average seasonal RH among overstory condition was found to be 

minimal, where RH values ranged from 83.88% (± 0.93) in the unthinned plots to 82.17% 

(±0.57) in gaps. No significant differences were observed for maxRH and minRH values 

among overstory conditions (Fig. 2.3).  

Average daily meanMs varied significantly among overstory conditions. 

Unthinned plots had significantly lower soil moisture levels (0.09 cm3~cm3 ± 0.02) than 

the thinned stands, where gap plots had an average soil moisture of 0.15 cm3~cm3 (± 

0.04). No significant differences were observed in maxMs and minMs among overstory 

conditions (Fig. 2.3).  

Ts was most strongly correlated to overstory condition when compared to the 

other response variables. Average daily meanTs, maxTs, and minTs were significantly 

lower within the unthinned plots than in the thinned matrix. MeanTs ranged from 13.68 

°C (± 0.35) in unthinned plots to 15.51°C (± 0.32) in gap plots. MaxTs was significantly 

lower in unthinned plots (16.92 °C ± 0.46) than in gap plots (19.5°C ± 0.65). Similarly, 

minTs was also lower in unthinned plots (6.89°C ± 0.52) than in gap plots (9.41°C ± 0.5; 

Fig. 2.3). Overall, for average daily values across the growing season (mean, max, and 

min), only Ms and Ts were significantly affected by overstory condition, where both Ms 

and Ts were inversely related to overstory condition, and lower temperature and moisture 

levels were found under higher density levels (Table 2.3). 

 

3.3 Seasonal variability and patterns 
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 No significant differences in daily air temperature were observed among 

overstory condition.  Mean air temperature for each of the four overstory conditions 

followed similar patterns throughout the growing season. Temperatures were highly 

variable over the growing season and modifications to the overstory structure appear to 

have had minimal influence on mean air temperature (Fig. 2.4). However, maximum 

daily air temperature (maxTa ~ OSC + LAI; F = 49.76, P < 0.001) and minimum daily air 

temperature (minTa ~ OSC + LAI; F = 26.48, P < 0.001) showed significant variability 

among overstory conditions over the growing season (Fig. 2.4), where daily maximum 

values were highest in gaps and daily minimum values were lowest in gaps. This pattern 

indicates air temperature was less variable in a given day under denser canopies than in 

gaps. The best-supported meanRH model (RH ~ LAI + BA; F = 4.42, P = 0.03) predicted 

no significant differences in RH across overstory condition. Similarly to Ta, RH was 

highly variable over the growing season, while overstory condition had no discernable 

effect. Seasonal patterns show a gradual increase in RH over the course of the growing 

season, with the highest daily readings (95-100%) occurring in growing season days 80 to 

100 (mid-late August; Fig. 2.4). 

 The best-supported daily mean soil temperature model (Ts ~ OSC + BA; F = 

85.26, P > 0.001) predicted significant differences in soil temperature across overstory 

conditions over the course of the growing season (Fig. 2.5). Soil temperature was 

significantly lower in unthinned plots than in gap plots. Seasonal patterns highlight 

significant variability throughout the growing season. Variability of soil temperature 

among overstory condition was greater in the first half of the growing season, while 

variability declined in the second half of the growing season. Soil temperature followed a 
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similar pattern as air temperature over the growing season, though variability was muted. 

The best-supported daily mean soil moisture model (Ms ~ shrub/herb cover + BA; F = 

22.02, P < 0.01) predicted significant differences among the overstory conditions over the 

course of the growing season. Unthinned plots had significantly lower soil moisture than 

gaps and low residual BA.  

 

3.4 Soil moisture depletion  

Soil moisture depletion (SMD) varied significantly among overstory condition 

following precipitation events (>10 mm). Figure 2.6 highlights the variability of soil 

moisture among overstory conditions over the course of the growing season, and 

illustrates the six identified drying periods across the growing season. Five of the 

identified drying periods exhibited significant differences among overstory conditions, 

where SMD was greatest in the unthinned plots and lowest in the gap plots. Collectively, 

across all drying periods, SMD was 0.006 (±0.0004) cm3~cm3/day in unthinned plots and 

0.004 (±0.0005) cm3~cm3/day in gap plots (Fig. 2.7).  

 

4. Discussion  

4.1 Stand structures and microclimate  

We hypothesized that canopy structure (as described by LAI and basal area) 

would strongly relate to microclimate variability (i.e., air temperature, relative humidity, 

soil temperature, soil moisture). LAI and BA were found to be important variables for 

predicting below-canopy microclimate variation in this study. Earlier studies have shown 

that under dense canopies (such as the unthinned plots in our study), solar radiation is 
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absorbed by leaves, which in turn, heats the air within the canopy (Chen et al. 1995, Chen 

et al. 1998). Within gaps and under low-density canopies much of the solar radiation 

penetrates down to the understory vegetation and soil, causing warmer soil surface and 

sub-surface temperatures. Moreover, these previous studies have shown that high-density 

canopies maintain lower soil temperatures than low-density canopies (Geiger 1950; Chen 

et al. 1999; Hardwich et al. 2015). Our results show similar patterns of soil temperature 

and canopy, and further support these earlier studies. 

Previous forest microclimate studies have shown that high density stands reduce 

the mixing of air and limits air movement within a stand, and thus high density stands 

have a greater moderating effect on air temperature than low density stands (Garratt 

1992; Hardwich et al. 2015). Moreover, high density stands often result in higher RH 

levels, as warm humid air becomes trapped under the dense canopy, and thus low density 

stands tend to have lower RH levels (Brooks and Kyker-Snowman 2008). Furthermore, 

previous studies have shown that silvicultural treatment/canopy modification has a direct 

effect on air temperature and RH (Lal and Cummings 1979; Brown 1993; Gehlhausen et 

al. 2000; Heithecker et al. 2007). However, in our study we observed only modest 

influence of silvicultural treatment of air temperature and RH.  

Many red pine forests found in this region are even-aged, or of even-aged 

structure as a result of past silviculture practices that have focused on single cohort 

regeneration methods (Flader 1983; Gilmore and Palik 2006) and past severe fire events. 

Similar to many other red pine forests in the region, the CEF is comprised of 

predominately mature even-aged stands that lack significant vertical heterogeneity. 

Following silviculture treatment on the MN-ASCC site (e.g., variable density thinning, 
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irregular shelterwood), a range of forest conditions were created. However, until the next 

cohort of trees grow into the mid-story and overstory, predominately even-aged structures 

will persist across the treatments.  

In contrast to RH, our results show that soil temperature and moisture were 

strongly positively correlated to canopy openness and LAI. Soil temperature was 

correlated to LAI (R2 = 0.52, p < 0.001), canopy openness (R2 = 0.68, p < 0.001) and BA 

(R2 = 0.77, p < 0.001). Relatively small variations in canopy density appear to have 

significant effects on soil temperature. Soil moisture was moderately correlated to LAI 

(R2 = 0.31 p < 0.001), canopy openness (R2 = 0.38, p < 0.001), and BA (R2 = 0.45, p < 

0.001). These findings highlight important considerations for seedling regeneration and 

growth. Trees are often most vulnerable to environmental stressors during their early 

development (Davis et al. 1998; Dulamsuren et al. 2013) and small variations to soil 

temperature and moisture can have marked effects on a seedling’s ability to survive, 

grow, and ultimately reach adulthood (Grey et al. 2002; Galhidy et al. 2006).  

 

4.2 Understory vegetation and below-canopy microclimate 

 We hypothesized that soil temperature and soil moisture will be lower under 

dense understory cover compared with more open understory conditions. As shown in 

Muller et al. (2019), there is a strong negative correlation between overstory density 

(basal area) and shrub/herb abundance at this site. We found consistent evidence that soil 

temperature and moisture were also correlated to understory shrub cover. However, 

correlations observed through linear regression modeling may be misleading. It is likely, 

as has been shown in earlier studies, that overstory condition is a dominant driver of these 
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relationships, as understory vegetation fluctuates with overstory density (McConnell and 

Smith, 1970; Ares et al., 2010; Muller et al. 2019). Soil moisture and shrub/herb cover 

exhibited a positive linear relationship in this study. This seems contradictory given that 

greater amounts of understory vegetation would be competing for available water, and 

could thus reduce overall soil moisture. Our results do not indicate that this was the case 

here. It is more likely that dominant trees in the overstory are demanding significantly 

more water and thus overstory density appears to be the primary determinant of available 

soil moisture. 

 

4.3 Overstory condition and microclimate variability 

 Our results show significant differences in the response of below-canopy 

microclimate, with most of the observed variation occurring in soil temperature and soil 

moisture. Our results show a spectrum of soil temperatures from unthinned plots to gaps, 

where gaps had significantly higher soil temperature by nearly 2°C. Gaps also had 

significantly higher soil moistures than unthinned plots and the high residual BA matrix. 

We attribute this variation to water use by overstory trees. Stands with a higher residual 

density of trees require more water resulting in an overall reduction in available soil 

moisture. These are important considerations for determining the appropriate residual BA 

for silviculture treatments aimed at climate adaptation, as droughts will likely become 

more frequent in this region (IPCC 2014). Managing for lower density stands may result 

in higher soil moisture levels for residual trees and seedlings (Bottero et al. 2017); 

however, lower density stands will also increase soil temperatures, favoring species 

adapted to warmer growing conditions. Thus, managing for specific silvical species traits 
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will be increasingly important as climate continues to change and modify growing 

conditions.  

 

4.4. Seasonal variability and patterns  

 In this study, we were interested in understanding how overstory modifications 

alter below-canopy microclimate conditions, and how a spectrum of overstory conditions 

may function to promote soil moisture retention given the risk of future drought 

conditions associated with climate change. We hypothesized that microclimate 

seasonality would vary significantly across the growing season and among overstory 

conditions. Our analyses did not detect any differences in mean air temperature and mean 

RH among the four overstory conditions over the course of the growing season. 

However, when we examined average daily max and min values, we did observe 

significant differences in air temperature among the overstory conditions (Fig. 2.4). 

Within gaps, air temperature fluctuated greatly, where daily max air temperatures were 

highest and daily min air temperatures were lowest among the overstory conditions. As 

hypothesized, denser canopies were shown to have a moderating effect on air 

temperature, though modest. Additionally, we did observe significant variability among 

the overstory conditions for daily mean soil temperature and soil moisture (Fig. 2.4). 

Differences in soil temperature were more pronounced during the first half of the 

growing season compared to the second half. This pattern is likely the result of 

shrub/herb leaf growth and development over the course of the growing season. 

Shrubs/herbs in the treatments did not fully develop until mid-way through the growing 

season. As the shrubs/herbs filled in the understory, they created more shading and cover 
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for any exposed soil. It is also likely that the understory vegetation absorbed solar 

radiation and moderated soil temperatures differently across the overstory conditions. 

However, this trend was not apparent when examining soil moisture, as no significant 

patterns in meanMs and shrub/herb density were observed over the course of the growing 

season. 

 This study aimed to further our understanding of how overstory condition affects 

soil moisture depletion rates (SMD). We were able to identify six drying periods 

throughout the growing season (Fig. 2.6) and grouped the data between significant 

precipitation events (> 10 mm). We found clear evidence of higher SMD under dense 

canopies (e.g., unthinned plots), where soil moisture declined considerably faster. 

Conversely, gaps and low density treatments retained soil moisture longer in all but one 

of the drying periods (Fig. 2.7). Overall, soil moisture was retained significantly longer in 

low residual BA plots than in unthinned plots.  

 

4.5 Management implications and climate change adaptation 

The MN-ASCC project affords us the ability to examine variations in 

microclimate as a result of silvicultural treatments that alter canopy structure in 

substantial ways, from unthinned forest to open gaps. By studying the changes in 

microclimate following silvicultural treatment, we further our understanding of 

canopy/below-canopy climate dynamics in these climate change vulnerable red pine 

forests. It is increasingly important for forest managers to monitor microclimates as these 

forests continue to experience rising temperatures, changes in seasonality of precipitation, 

and an intensifying risk for prolonged drought associated with climate change. 
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Furthermore, with rapidly changing climate and uncertainty associated with how forests 

will respond, it is important for managers to consider modifying current management to 

include approaches aimed at climate change adaptation. Moreover, by focusing on 

management efforts and approaches aimed at specific microclimate conditions, managers 

may be able to promote favorable microsites for future-climate adapted seedling 

regeneration and survival and help facilitate an adaptive response within their forests. 

As this study has shown, it is critical that we gain a better understanding of the 

potential for adaptive silvicultural approaches to create favorable microsite growing 

conditions in northern Minnesota. Our results highlight significant variation in soil 

temperature and moisture following overstory treatment, where low-density thinned 

stands and gaps retain moisture longer than high density stands. Given the likelihood of 

future droughts associated with climate change, managers in this region may need to 

modify traditional red pine stocking levels and consider managing red pine forests at 

lower densities to help retain soil moisture and create favorable microsite conditions for 

regeneration. Additionally, by utilizing variable density thinning approaches, managers 

can create a range of microclimate conditions to promote a diverse composition of future 

climate-adapted species tolerant to moisture stress. Overall, our findings suggest that 

managers might consider alternative managements approaches aimed at climate change to 

promote favorable microsite conditions by controlling for variables related to the 

microclimate. 
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Tables and Figures 

Table 2.1. Summary of stand structure for each overstory condition from plot data gathered on the MN-ASCC site.  
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Table 2.2. Summary of GLMM predictors for best-supported models for each response variable used in significance testing. P-
values are reported for significant predictors for each model. 

 
* Insignificant predictor support for GLMM  
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Table 2.3. Summary of microclimate variables (average daily mean) for each overstory condition from plot data collected on 
the MN-ASCC site. Letters adjacent to values (within the same column) indicate pairwise comparisons of overstory condition. 

 



 79 

 
Fig. 2.1. Map showing location of MN-ASCC within the Cutfoot Experiment Forest, 
Chippewa National Forest, Minnesota, USA. Map includes all treatments (Resistance, 
Resilience, Transition, and No Action/Control), each replicated once per block across the 
five blocks. 



 80 

 
Fig. 2.2. MN-ASCC canopy condition as depicted by hemispherical photography. 1) unthinned,  (32-37 m2 ha-1 BA), 2) high 
residual BA (23-28 m2 ha-1 BA), 3) low residual BA (14-18 m2 ha-1 BA), and 4) gap openings (0-2 m2 ha-1 BA). 
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Fig. 2.3 Boxplots of microclimate variables by overstory condition. Overstory conditions 
are grouped into four categories: 1) unthinned 2) high residual BA; 3) low residual BA; 
4) gap openings. Boxes span the upper and lower quartiles while the lines represent the 
maximum and minimum values. Black horizontal lines represent the median value. 
Letters adjacent to box plots indicate pairwise comparisons of overstory condition. 
Boxplots not connected by the same letter are significantly different (p < 0.05). 
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Fig. 2.4. Seasonal trends and variation of daily mean, max, and min air temperature and relative humidity plotted over the 
growing season. Lines represent overstory conditions: 1) unthinned; 2) high residual BA; 3) low residual BA; 4) gap openings. 
 
 
 
 
 
 

10

15

20

25

0 50 100
Growing Season Day

Da
ily

 M
ea

n 
Ai

r T
em

pe
ra

tu
re

60

70

80

90

100

0 50 100
Growing Season Day

Da
ily

 M
ea

n 
Re

la
tiv

e 
Hu

m
id

ity

15

20

25

30

0 50 100
Growing Season Day

Da
ily

 M
ax

 A
ir 

Te
m

pe
ra

tu
re

85

90

95

100

0 50 100
Growing Season Day

Da
ily

 M
ax

 R
el

at
ive

 H
um

id
ity

5

10

15

20

0 50 100
Growing Season Day

Da
ily

 M
in

 A
ir 

Te
m

pe
ra

tu
re

20

40

60

80

100

0 50 100
Growing Season Day

Da
ily

 M
in

 R
el

at
ive

 H
um

id
ity

Overstory 
1 - Unthinned
2 - High Residual BA

3 - Low Residual BA
4 - Gap

D
ai

ly
 M

ea
n 

R
el

at
iv

e 
H

um
id

ity
 (%

)
D

ai
ly

 M
ax

 R
el

at
iv

e 
H

um
id

ity
 (%

)
D

ai
ly

 M
in

 R
el

at
iv

e 
H

um
id

ity
 (%

)

D
ai

ly
 M

in
 A

ir 
Te

m
pe

ra
tu

re
 (C

o )
D

ai
ly

 M
ax

 A
ir 

Te
m

pe
ra

tu
re

 (C
o )

D
ai

ly
 M

ea
n 

Ai
r T

em
pe

ra
tu

re
 (C

o )



 83 

 

 
 

Fig. 2.5 Seasonal trends and variation of daily mean, max, and min soil temperature and soil moisture (VWC) plotted over the 
growing season. Lines represent overstory conditions: 1) unthinned; 2) high residual BA; 3) low residual BA; 4) gap openings. 
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Fig. 2.6. Daily mean soil moisture (volumetric water content; VWC) over the growing season stratified by overstory condition. 
Drying periods were identified and grouped between precipitation events. 
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Fig. 2.7. Boxplots of soil moisture depletion rates (cm3~cm3 day-1) and overstory condition: (1) unthinned 2) high residual BA 
3) low residual BA 4) gap openings), and grouped by drying period. Boxes span the upper and lower quartiles while the lines 
represent the maximum and minimum values. Black horizontal lines represent the median value. Letters adjacent to box plots 
indicate pairwise comparisons of overstory conditions. Boxplots within a drying period with different letters are significantly 
different (p < 0.05). 
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CHAPTER 3 

 

Forest adaptation aimed at climate change: comparing long-term projections of 

adaptive silvicultural approaches in northern Minnesota  

 

Summary 

Increasingly, natural resource managers need to consider the impacts of climate 

change on forest ecosystems and the expected outcomes of climate-focused management 

strategies. The Adaptive Silviculture for Climate Change (ASCC) project was developed 

to test ecosystem-specific adaptation approaches and strategies. The first ASCC trial was 

installed in a red pine-dominated mixed-pine forest on the Cutfoot Experimental Forest 

(CEF) on the Chippewa National Forest in northern Minnesota, USA. Three approaches 

were developed into silvicultural treatments (resistance, resilience, and transition) along 

with a no action control to test and compare the efficacy for a range of adaption options. 

This project uses the Forest Vegetation Simulator (FVS), along with plot data gathered 

across each 10-ha treatment unit (20 units), to model long-term stand projections and 

assess the relative success of each treatment in achieving management objectives and 

desired future conditions. Additionally, overall levels of growth, productivity, and 

mortality for each treatment were compared to determine relative performance to one 

another. Mean annual increment (MAI) was used to assess growth patterns over time 

while merchantable standing volume and merchantable volume removed were compared 

to assess overall productivity. FVS “stands” were developed from site- and plot-level 
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data collected across the ASCC study site. Silvicultural treatments were initiated in FVS 

to align prescribed objectives for each treatment and simulations were performed for 110 

years (10-year timesteps). Our findings indicate management objectives are achievable 

for each adaptation approach with the prescribed silvicultural treatments. MAI was 

highest in the no action treatment (3.77 ± 0.43 m3 ha-1 yr-1) and lowest in the transition 

treatment (1.72 ± 0.16 m3 ha-1). However, MAI for the transition treatment continually 

increased over time which extended culmination age significantly longer than all other 

treatments. Further, the transition treatment had significantly more volume removed 

despite being maintained at the lowest overall density. The resilience treatment had the 

lowest removal of cubic volume at 8.64 (±1.49) m2 ha-1 per timestep. The no action had 

the highest levels of mortality with 38.76 (± 1.32) TPH per timestep, while the resistance 

and transition had the lowest levels of mortality, with 9.36 (± 0.49) and 4.19 (± 0.35) 

TPH mortality per timestep, respectively. Key findings from this study reveal the relative 

success of the transition treatment, which saw significantly greater volume production, 

lower mortality, and greater structural diversity and species composition promoting 

future climate-adapted species than all other treatments. This approach is also the most 

aggressive treatment to prepare forests to rapidly changing environmental conditions 

associated with climate change. Overall, results from this study provide critical context 

for adaptive silviculture aimed at climate change and offers an example of potential 100+ 

year outcomes of these forest adaptation options.  

 

 

 



 88 

1. Introduction 

Climate change and changes in associated biotic and abiotic stressors (e.g., insects 

and disease, drought, wildfire) threaten the long-term sustainability of forest ecosystems 

and the services they provide (Dale et al. 2001; Peterson et al. 2011) and are driving a 

new set of complex forest management challenges. Forest managers need to make 

informed management decisions today to address future climate change. This will require 

the best available science to help anticipate the impacts of climate change on forest 

ecosystems and expected outcomes of management strategies, especially novel 

silvicultural approaches designed to promote forest health and sustainability under 

uncertain future conditions (Lachapelle et al. 2003; Wright 2010). Changing management 

priorities and policies in the face of climate change, inadequate funding and training 

opportunities for adaptive management, and an overall lack of on-the-ground examples 

(and evidence of long-term outcomes) of adaptation strategies have all contributed to a 

slow response in addressing these complex challenges (Kocher et al. 2012; Kemp et al. 

2015). Further, predicted future climate change, coupled with many forests currently 

functioning outside their historical range of variability with respect to disturbance 

dynamics, suggest strategies that focus on a wide spectrum of adaptation options may be 

necessary to effectively implement adaptive management (Hobbs et al. 2014). Therefore, 

there is an urgent need for managers to gain a better understanding of potential long-term 

stand dynamics and outcomes of climate-adaptive approaches that encompass adaptive 

management (Janowiak et al. 2011). 

The Adaptive Silviculture for Climate Change (ASCC) project was developed to 

address these questions by creating a network of long-term research sites that test 
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ecosystem-specific adaptation approaches and strategies (Nagel et al. 2017). The ASCC 

project utilizes the Climate Change Response Framework (https://forestadaptation.org ; 

Janowiak et al. 2014) to foster manager/scientist partnerships and develop regionally-

specific examples of on-the-ground adaptation approaches designed to facilitate adaptive 

responses to climate change (Nagel et al. 2017). In 2015, the first ASCC trial was 

installed on the Cutfoot Experimental Forest (CEF) on the Chippewa National Forest in 

northern Minnesota, USA. The trial (henceforth MN-ASCC) is located in a red pine-

dominated mixed-pine forest on the southern edge of the boreal forest. Red pine (Pinus 

resinosa Aiton) forests in this region hold great ecological, social, and economic value 

(Ek et al. 2006; Gilmore and Palik 2006); however, these forests have also been deemed 

particularly vulnerable to the effects of climate change (Handler et al 2014; Reich et al. 

2015).  

The different silvicultural treatments in the MN-ASCC study correspond to a 

range of adaptation options that create a variety of stand structures and species 

compositions, each aimed at adapting to climate change (Millar et al. 2007). The 

treatments were developed to test and compare the efficacy of adaptation options and 

include: 1) an approach to resist the effects of climate change and maintain current 

conditions (resistance); 2) an approach to increase resiliency by accommodating a certain 

level of change, but ultimately maintain the ecosystem within its natural range of 

variation  (resilience); 3) an approach to transition forests to conditions better suited for 

future conditions by encouraging an adaptive response (transition); and 4) a passive no 

action approach (Nagel et al. 2017). Given the newness of this and other ASCC 

installations, there is a need to find ways to gain an understanding of likely future 
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outcomes of adaptive silvicultural strategies, with simulation modeling being a 

reasonable approach. 

Forest growth and yield models are an essential planning tool for assessing long-

term response to silvicultural treatment and allow managers and researchers the ability to 

gain immediate insight into potential treatment success. The Forest Vegetation Simulator 

(FVS) serves as a primary forest growth model of the USDA Forest Service and other 

forest management organizations, and is an important tool for characterizing long-term 

responses to treatments, including productivity, species composition, and mortality 

(Crookston & Dixon 2005). FVS is a distance-independent, individual-tree forest growth 

and yield model that relies on a set of tree attributes, which are classified by density, 

forest type, diameter, and height (Stage 1973; Crookston & Dixon 2005). FVS interprets 

inventory data along with stand and site information to calculate current stand conditions 

and estimate future growth and yield. The Lake States variant of FVS (FVS-LS) contains 

local calibrations for forests located in Northern Minnesota (Dixon and Keyser 2008). 

We utilize the Lake States variant here as a base model for projecting stand development 

and potential outcomes for each of the MN-ASCC treatments. 

The overall objective of this work was to assess the efficacy of the MN-ASCC 

treatments in achieving their respective management objectives and desired future 

conditions (DFCs) over the next 100 years as related to growth, productivity, and 

mortality. To accomplish this, we used the silviculture prescriptions designed to achieve 

the climate-adaptive management goals (resistance, resilience, transition, and passive/no 

action) along with post-treatment data to compare treatment performance using model 

outputs from FVS-LS. We compared key variables from FVS output across the 
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adaptation treatments, including mean annual increment (MAI) to allow us to assess 

growth patterns over time, merchantable standing volume and merchantable removed 

volume to reflect overall productivity, and mortality of trees per hectare (TPH) per 

simulated FVS timestep (10 years). We asked two overarching questions: 1) how well 

does each treatment meet its associated management objectives/DFCs related to these key 

variables, as well as desired species composition; and 2) which treatment performs the 

best with respect to growth, productivity and mortality.  

 

2 – Methods 

2.1 Study Site 

The MN-ASCC study site is located on the Cutfoot Experimental Forest (CEF) on 

the Chippewa National Forest in north-central Minnesota, USA, at a latitude of 47°40´ N 

and a longitude of 94°5´ W. The CEF is located within the Northern Minnesota Drift and 

Lake Plains section of the Laurentian Mixed Forest Province (MNDNR 2003). The 

forests within the CEF are classified as dry-mesic mixed woodland (type FDn33a; 

Aaseng et al. 2011). Across the CEF, red pine comprises roughly 85% of the canopy tree 

basal area (BA; m2 ha-1), with varying amounts of jack pine (Pinus banksiana Lamb.) and 

eastern white pine (Pinus strobus L.). Northern red oak (Quercus rubra L.), paper birch 

(Betula papyrifera Marshall), and quaking aspen (Populus tremuloides Michx.) are also 

common forest associates. Bur oak (Quercus macrocarpa Michx.), balsam fir (Abies 

balsamea L. Mill.), and white spruce (Picea glauca Moench Voss) are found less 

frequently. The site index for red pine is 17 m (base age 50). The average BA on the CEF 

is 32-41 m2 ha-1 with a mean diameter at breast height (1.37 m) of 32 cm. The soils at the 
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CEF are well-drained medium to fine sandy soils developed from glacial outwash parent 

material (Adams et al. 2008). The entire MN-ASCC treatment area is of natural origin, 

with the majority of trees establishing following a fire in 1918.  

The climate of the CEF is characterized by cold, long winters and a warm, short 

growing season. The average annual temperature at the CEF is 3.9°C. Maximum summer 

temperatures can exceed 32°C while minimum winter temperature can reach below          

-35°C. The average July high temperature is 26.5°C while the average January high 

temperature is -7.4°C. The CEF has an average annual rain-equivalent precipitation of 50 

to 64 cm (PRISM Climate Group 2018), while total winter snowfall ranges from 1 to 2 m.  

 

2.2 Study Design and Implementation 

The MN-ASCC study design (Nagel et al. 2017) involves three adaptation 

approaches (resistance, resilience, transition) and a no action treatment. These approaches 

were developed in June 2013 during a collaborative workshop that consisted of an expert 

panel comprised of scientists and managers who discussed climate change-related forest 

vulnerabilities for the CEF, developed site-specific management objectives and DFCs 

appropriate to each adaptation approach, and developed silvicultural actions to meet each 

approach using the Forest Adaptation Resources Workbook framework (Swanston and 

Janowiak 2016). All four treatments were each replicated across five blocks for a total of 

20 treatment units (4 treatments x 5 replicates). Each treatment unit is approximately 10 

ha while the entire study encompasses approximately 200 ha (Fig. 3.1). All treatments 

were harvested during the winter of 2014-2015 on frozen ground conditions with snow 

cover during most of the harvesting.   
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Overall, the goals for the red pine forest type on the CEF include maintaining low 

levels of mortality (< 0.5% of total stems per hectare), sustaining productivity levels 

within an acceptable range for the red pine forest type, and providing wildlife habitat 

associated with mature conifer forests in the region. All MN-ASCC treatments aim to 

achieve this common set of management objectives. See Table 3.1 for full descriptions of 

management objectives, DFC’s, and silvicultural treatment descriptions. 

The overarching goal of the resistance treatment is to maintain relatively 

unchanged conditions in the near term (Nagel et al. 2017). The objective of the resistance 

treatment on the MN-ASCC is to maintain a red pine-dominated stand with a minor 

component of eastern white pine, jack pine, red maple, balsam fir, quacking aspen, red 

oak, and bur oak (Quercus macrocarpa Michx.). This treatment aims to maintain red pine 

at the lower limit of acceptable stocking according to regional stocking diagrams (Benzie 

1977; Gilmore and Palik 2006) to help ensure productivity during periods of drought, 

while also maintaining red pine at 90% of total stocking (BA) and all other species at 

10% or less of the total BA. To accomplish these goals, a thinning treatment was 

prescribed to achieve an average BA of 23-27 m2 ha-1 across each treatment unit. Mean 

post-treatment stocking of the resistance treatment was 25.76 (± 0.41; standard error) m2 

ha-1 (Table 3.2). A second thinning entry is planned for approximately 10 years following 

the first entry to further reduce BA to 17-22 m2 ha-1, with follow-up thinning treatments 

to maintain stocking levels between 17-27 m2 ha-1.  

The overarching goal of the resilience treatment is to allow some change over 

time, but ultimately to maintain reference conditions reflective of the natural range of 

variability (Nagel et al. 2017). The goal of the MN-ASCC resilience treatment is to 
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maintain a red pine-dominated (50-75% total BA) mixed conifer condition with lesser 

components of minor species currently found on the CEF. Red pine should remain within 

the lower limit of acceptable stocking. To achieve these goals, the resilience treatment 

utilized a variable density thinning approach to create 0.2-ha gaps (20% of the treatment 

unit) and 0.2-ha skips/reserves (20% of the treatment unit), with the remainder of the 

treatment (60%) thinned to a similar stocking as the resistance treatment (23-27 m2 ha-1). 

Total post-treatment stocking (matrix, gaps, and skips) of the resilience units was 20.54 

(± 2.27) m2 ha-1 (Table 3.2). Skips were delineated as indefinite reserve/no-cut patches 

that result in conditions similar to the no action treatment. The aim of the gaps is to 

provide higher light and lower overstory competition for a new cohort. Gaps were 

mechanically site prepped to provide favorable conditions for establishment of seedlings. 

Gaps were planted with climate-adapted species currently found on the CEF that are 

expected to perform well under anticipated future climate conditions. These species, 

which were planted at a 5.5 m spacing in each gap, include jack pine, northern red oak, 

bur oak, eastern white pine, and red maple. Future treatments include repeated thinning of 

the resilience matrix to maintain a basal area of 17-27 m2 ha-1, along with expanding the 

gaps (e.g., from 0.02-ha to 0.04-ha) to release established regeneration and promote 

regeneration of a new cohort. 

The overarching goal of the transition treatment is to facilitate change and 

promote an adaptive response. For the MN-ASCC site, the overall transition goals 

include creating and maintaining structurally complex stands containing a diversity of 

growing conditions and increase the abundance of future climate-adapted tree species. 

The silvicultural tactics include a persistent low stand density (14-18 m2 ha-1 BA), and a 
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non-red pine dominated species composition. To accomplish this, a regeneration harvest 

similar to an irregular shelterwood (Femelschlag) was prescribed. This entailed the 

creation of 0.2-ha gaps (20% of the treatment unit) as part of an irregular shelterwood 

treatment (14-18 m2 ha-1 average matrix residual BA). Total post-treatment stocking 

(matrix and gaps) of the transition treatment units was 9.71 (±1.04) m2 ha-1 (Table 3.2). 

Mechanical site preparation was performed throughout the treatment stand to expose 

mineral soil and reduce competition from woody shrubs. Gaps are prescribed to be 

expanded from 0.2-ha to 0.4-ha within 20 years from initial treatment. Gaps were created 

to provide growing conditions for the establishment of a new cohort of shade intolerant 

future climate-adapted species. Species selected for planting were based on Tree Atlas 

(Iverson et al. 2008) projections, Minnesota Native Plant and Suitability Guidelines, and 

information gathered through the collaborative workshop. Species included many planted 

in the resilience treatment, including northern red oak, bur oak, red maple, eastern white 

pine (jack pine was excluded), as well as several species not currently found on the site 

but have projected future suitable habitat. These species included bitternut hickory 

(Carya cordiformis Wangenh.), black cherry (Prunus serotina Ehrh.), white oak 

(Quercus alba L.), and ponderosa pine (Pinus ponderosa; see Muller et al. 2019 for 

additional details on species choice and planting approaches).  

Additionally, a passive no action treatment was established to provide a baseline 

to compare outcomes for each actively managed treatment described above.    

 

2.3 Plot Measurements  
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Post-treatment data was collected on 170 permanent plots (34 plots per block x 

five blocks) located across the treatment units (resistance, resilience, transition, no action) 

over the course of the 2016 growing season. Measurements were collected following 

harvesting. Location of each plot was permanently marked with overstory trees stem-

mapped and measured. The plot layout includes a 0.08-ha macro-plot, a nested 0.04-ha 

microplot, and a series of three nested 0.004-ha subplots. Diameter at breast height 

(DBH) of each overstory tree (DBH ≥ 12.7 cm) was measured in the 0.08-ha macro-plots. 

Basal area (m2 ha-1) was calculated from tree measurements in the macro-plots. Crown 

class, crown height, and total height were sampled on a sub-sample of 10% of the post-

harvest residual trees per macro-plot. Trees between 8.9 cm – 12.6 cm DBH were 

measured on nested 0.04-ha microplots. Natural regeneration less than 30.5 cm tall was 

tallied and recorded in each of the nested 0.004-ha subplots. Planted seedling survival 

data (trees ha-1 species-1) from MN-ASCC plot measurements were collected on all 

transition plots (matrix and gap) and resilience gap plots for three years post-planting 

(2015-2018). 

 

2.4 FVS-LS Projections and Data Analyses 

The Forest Vegetation Simulator-Lake States variant (FVS-LS; download date June 20, 

2018; https://www.fs.fed.us/fvs/software/complete.php; Dixon and Keyser 2008) was 

used to simulate stand development of the MN-ASCC treatments. The core of the FVS-

LS model was originally based on the TWIGS model (Miner et al. 1988) and refined in 

2006 to improve individual tree growth and yield projections (Dixon and Keyser 2008). 

Post-treatment inventory data was aggregated in a Microsoft (MS) Access database and 
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organized in an FVS-ready format. FVS accommodates three levels of data input: stand-

level, plot-level, and tree-level. Stand-level data was constructed in an FVS stand list 

table to describe site index, elevation, location, and total treatment area. Plot-level data 

was constructed in a FVS plot list table to describe treatment subgrouping and plot size. 

Lastly, tree-level data was constructed in an FVS tree list table from data recorded for 

each tree and includes species, diameter at breast height (DBH), height, and live crown 

ratio. A location file (.loc) was created to import the data files from MS Access into the 

FVS Suppose User Interface (Dixon 2002). Red pine site index estimates from plot 

measurements were used to calibrate the FVS model (10-year iterations) for the 

Chippewa National Forest (FVS geographic location code = 903).  

Planted seedling data collected from plot measurements were manually input into 

the FVS tree list based on survival levels for each species (Muller et al. 2019). Natural 

regeneration from plot data was manually specified in FVS-LS using the keyword 

extension for the partial establishment model (Dixon 2002). The base FVS-LS stand 

density index (SDI-based) mortality model (Dixon 2002) was used for treatment 

projections. 

 The silvicultural treatments were constructed in FVS by creating unique 

groupings for each treatment prescription (i.e., resistance, resilience, transition, and no 

action). Additionally, subgroupings were created for the resilience and the transition 

treatments to account for structural variability in those treatments. In total, there is one 

group for resistance that represents the thinned matrix, three groups for the resilience 

(thinned matrix, gaps, skips), two groups for the transition (thinned matrix, gaps), and 

one group for the no action treatment. Each subgrouping of plots were modeled, weighted 
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(per area according to the treatment design), and then summed to calculate treatment-

level results (see Table 3.2 for total number of plots in each treatment grouping). During 

FVS modeling, tree and plot data were converted to per hectare units (e.g., trees per 

hectare, m2 ha-1 BA) and output data was extrapolated and weighted based on area within 

each treatment subgroup across the treatment unit.  

Novel species presented a unique modeling challenge in FVS as species 

projections rely purely on empirical growth and yield data from the region. Because there 

is a lack of empirical information for ponderosa pine in the Great Lakes region, we 

utilized plantation red pine equations (as opposed to natural red pine to allow for species 

differentiation) as a proxy for species simulation, given the physiological similarities 

between the two species (Richardson 2000). Given the geographic proximity of white 

oak, black cherry, and bitternut hickory (all found within 50-100 km of the CEF), no 

species modifications were applied to the FVS growth and yield equations.  

Management actions in FVS were initiated for each treatment to reflect the MN-

ASCC silviculture prescriptions using post-initial treatment plot data from 2015 (Table 

3.1). Simulations for each treatment begins in 2016 (reflecting the immediate post-

treatment data collection year) with 10-year timesteps for each iteration. Simulations 

were performed for 110 years (2016-2116) and included a total of 11 timesteps of 10-yr 

increments.  

To simulate the resistance treatment, a thinning treatment was initiated at year 

2025 (reflected in timestep 2026) to reduce BA to 17 m2 ha-1. Thinning was initiated 

every other timestep (20 years) to maintain BA between 17-27 m2 ha-1 throughout the 

simulation period. 
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FVS simulations for the resilience treatment included a thinning of the matrix 20 

years after initial treatment (2036), once average BA exceeded 27 m2 ha-1. Repeated 

thinning occurred every other timestep to maintain BA between 17-27 m2 ha-1. Gaps were 

“expanded” in 2035 by initiating an overstory removal on 20% of the matrix to simulate a 

gap expansion of 0.2-ha to 0.4-ha). The matrix, as well as the maturing cohort in the 

gaps, were repeatedly thinned every 20 years to maintain total stand BA between 17-27 

m2 ha-1. Skips were designated and maintained as unmanaged components of each 

resilience treatment unit.  

FVS simulations for the transition included a matrix thinning treatment (14 m2 ha-

1 of BA). Gaps were “expanded” in timestep 2036 by initiating an overstory removal on 

20% of the matrix to simulate a gap expansion of 0.2-ha to 0.4-ha. Gaps were thinned in 

year 2056 to a residual BA of 14 m2 ha-1. In addition to a thinning treatment in year 2056, 

gaps were again expanded by initiating an overstory removal of an additional 30% of 

matrix plots to gaps. Gap expansions (overstory removals) were performed while 

maintaining the second cohort of trees (developed from artificial regeneration). Overall, 

20% of the treatment unit was maintained as intact overstory matrix throughout the 

simulation period. The entire treatment (gaps and matrix) was thinned again in timesteps 

2076 and 2096 to maintain total treatment BA between 14-18 m2 ha-1. Artificial 

regeneration (using the original suite of future-climate species with the same seedling 

densities; see Muller et al. 2019) was manually initiated following each gap expansion 

treatment. 

Following FVS simulation, the full list of simulated trees (stratified by treatment 

grouping) were exported from FVS and aggregated into a single long-data format csv file. 
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Stand and harvest reports were generated and used to quantify variables for treatment 

comparisons including: average treatment BA (m2 ha-1), quadratic mean diameter (QMD; 

cm), mean annual increment (m3 ha-1), merchantable standing volume (m3 ha-1; using 

Scribner log rules), merchantable volume removed (m3 ha-1), and mortality (TPH). For 

this study, we compared growth, productivity, and mortality of each treatment to 

determine how well each treatment performed relative to one another. Given disparities 

in species compositions across treatments, which created significant differences in 

potential growth increments between deciduous and conifer species, merchantable 

volume was used as a proxy for treatment productivity instead of MAI. MAI was used to 

quantify stand growth and culmination age. Results are presented in per hectare units of 

average treatment outputs to allow for comparison.  

 

2.5 Statistical Analysis 

We performed repeated measures analysis of variance (ANOVA) using the 

statistical package R (R Core Development Team 2015) to analyze response variables 

(i.e., mean annual increment (MAI), merchantable volume, merchantable volume 

removed, and mortality) for each timestep for each treatment simulation. The nlme 

package (Pinheiro et al. 2012) was used to develop linear mixed effects model (lme) for 

response variables and allow for treatment comparisons, including the no action 

treatment. Random effects included “plot” and “year” for each model. We tested the 

random effects by comparing the lme model to a model fitted with only the fixed effects 

(excluding random effects). Because random effects were not included in the fixed-

effects-only model, the gls function in the nlme package was used to fit the model. 
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ANOVA was used to compare the fixed-effects-only model and the full models for each 

response variable. The lsmeans package (Lenth 2013) was used for post hoc testing of 

MN-ASCC treatments. Tukey’s HSD was used to test for statistical difference among 

treatments. A significance threshold of alpha = 0.05 was used to identify differences. 

 

3 – Results  

3.1 No action treatment projections 

The no action treatment included no harvest or planting. As such, there was 

minimal variation in species composition over the simulation period (Fig. 3.8). Diameter 

distributions based on stand density (TPH and BA) a mature red pine-dominated stand. 

Size and species distributions depict a range of size classes, where shade-tolerant species 

(e.g., balsam fir, red maple) occupy the smaller size classes, while red pine and eastern 

white pine occupy the larger size classes. Over the simulation period, stand density shifts 

to larger size classes (>75cm; Fig. 3.3a, 3.3b). Red pine remained the dominant species 

throughout the simulation period, ranging from 72.34% (±3.8) of total BA in 2016 to 

69.23% (±3.9) BA in 2116 (Fig. 3.8c). Eastern white pine was the second most abundant 

species (ranging from 8.42% (±1.9) of total BA in 2016 to 12.12% (±2.2) BA in 2116), 

followed by northern red oak. Other minor species (i.e., balsam fir, red maple, jack pine) 

were maintained at less than 3% total BA throughout the simulation period (Fig. 8.3c). 

 

3.2 Resistance treatment stand projection 

The first FVS simulated entry (Year 2025) in the resistance treatment reduced 

average treatment BA from 27.23 (±1.21; standard error) to 19.42 (±0.92). Over the next 
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100 years, average treatment BA had minimal variation (20.32 ± 1.18 to 25.34 ± 1.32 m2 

ha1; Fig. 3.2a). Repeated thinning was performed every two timesteps in FVS (20 years) 

to maintain this level of BA. In the first entry, an average 124 (±4.66) m3 ha-1 of 

merchantable volume was removed from the treatment (Fig. 3.2b), while subsequent 

thinning treatments removed an average of 27 (±1.43) m3 ha-1 of merchantable volume. 

Average quadratic mean diameter (QMD) increased from 37.83 (± 1.2) cm in 2016 to 

57.32 (±3.21) cm in 2216 (Fig. 3.2c). Average mortality (trees per hectare; TPH) 

increased from 7.32 (±1.54) TPH per timestep (over 10 years) in 2016 to 20.21 (±5.32) 

TPH per timestep in 2116 (Fig. 3.2d).  

There was minimal variation in species composition over the simulation period 

(Fig. 3.3). DBH distributions based on treatment density (TPH and BA) reflect a single 

cohort stand with density shifting to larger size classes (>75cm) in the latter simulated 

timesteps (2116, Fig. 3.3a, 3.3b). Red pine remained the dominant species throughout the 

simulation period, ranging from 87.54% (±3.2) of total BA in 2016 to 91% (±4.5) BA in 

2116 (Fig. 3.3c). Eastern white pine had the second highest relative dominance, ranging 

from 5.43% (±2.1) of total BA in 2016 to 8.12% (±3.2) BA in 2116.  Minor species (i.e., 

balsam fir, red maple, jack pine, red oak) were maintained at less than 5% total BA 

throughout the simulation period (Fig. 3.3c). Overall at year 2116, the resistance 

treatment achieved all of the stated management objectives except for the mortality target 

(Table 3.5). 

  

3.3 Resilience treatment stand projections 
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The initial average treatment unit BA of the resilience treatment (averaged across 

the matrix, skips, and gaps) was 21.23 (±1.21) m2 ha-1. Treatment BA had minimal 

variation over the simulation period, ranging from 21.23 (±4.21) m2 ha-1 in 2016 to 26.23 

(±4.82) m2 ha-1 in 2116. The average unit BA increased to 30.23 (±2.3) m2 ha-1 in 2036 

before the thinning treatments and gap expansions were applied in the same simulation 

period (Fig. 3.4a). This thinning removed 35.23 (±6.21) m3 ha-1 across the resilience 

matrix. A total of four thinning treatments were reapplied every other timestep (20 years) 

to maintain BA under 25 m3 ha-1. Gap expansion removed 20% of the matrix overstory 

and resulted in a spike in merchantable volume removed (Fig. 3.4b)  The average 

merchantable volume removed during each entry was 23.67 (±7.21) m3 ha-1 per timestep 

(Fig. 3.4b). QMD increased from a starting diameter of 25.65 (±8.21) cm in 2016 to a 

final QMD of 52.54 (±4.54) cm in 2116 (Fig. 3.4c). Mortality across the treatment 

increased as the stand aged, with an average of 17.43 (±4.32) TPH per timestep (over 10 

years) in 2016 to 32.54 (±8.76) TPH per timestep in 2116 (Fig. 3.4d). 

Resilience treatment species compositions varied over time, as planted gaps 

maintained a diverse species composition over the simulation period (Fig. 3.5). Diameter 

distributions of TPH and BA reflect multi-cohort stands being maintained overtime (Fig. 

3.5b). As the stand matured over time, stand density shifted to larger size classes (>75cm) 

in the last growing period (2116, Fig. 3.5a, 3.5b). Red pine remained the dominant 

species throughout the simulation period, ranging from 78.34% (±4.43) of total BA in 

2016 to 67.54% (±7.65) BA in 2116 (Fig. 3.5c). Eastern white pine remained the next 

abundant species throughout the simulation period, ranging from 10.67% (±3.65) of total 

BA in 2016 to 15.87% (±4.97) BA in 2116. Species planted in the gaps (20% of 
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treatment area) maintained a similar level of BA throughout the simulation period. 

Eastern white pine increased in total BA, while red oak declined over time. All other 

species (e.g., red maple, jack pine, bur oak) maintained similar levels of relative BA from 

2016 to 2116 (Fig. 3.5c). Overall at year 2116, the resilience treatment achieved all of the 

stated management objectives except for the mortality target (Table 3.5). 

 

3.4 Transition treatment stand projections 

The starting average BA for the transition treatment (averaged across both matrix 

and gaps) was 14.87 (±5.43) m2 ha-1. Average treatment BA varied over the time, ranging 

from 23.56 (±3.21) m2 ha-1 in 2056 to 15.65 (±2.44) m2 ha-1 in 2066, following thinning 

and gap expansion (Fig. 3.6a). The first entry (of a total of four entries) occurred in 2036, 

reducing the stand BA to 15 m2 ha-1 and expanding gaps (to release regeneration) from 

0.2 ha to 0.4 ha. This treatment resulted in an average 35.90 (±8.43) m3 ha-1 per timestep 

of merchantable volume removed from the treatment units (Fig. 3.6b). In 2056, gaps were 

again expanded (overstory removal of 20% of the matrix) that resulted in a spike of 

merchantable volume removed from the transition units. These two treatments (2036 and 

2056) removed an average of 68.54 (±6.32) m3 ha-1 per timestep of merchantable volume 

across all treatment units. At the end of the simulation period (110 years), 20% of the 

original matrix remained intact. Additional thinning treatments were performed in 2076 

(removing an average of 63.22 (±4.10) m2 ha-1) and in 2096 (removing an average of 

52.59 (±3.43) m3 ha-1; Fig. 6b). QMD increased from a starting diameter of 27.54 (±4.3) 

cm in 2016 to 51.22 (±5.78) cm in 2116 (Fig. 3.6c). Mortality ranged from 0.34 (±0.02) 



 105 

TPH during the first simulation period to 8.74 (±2.4) TPH during the final simulation 

period (Fig. 3.6d).  

 Species composition was highly variable over time. BA of future-adapted species 

shifted to larger diameter classes, while red pine BA was significantly reduced (Fig. 3.7a, 

3.7b). High numbers of trees were maintained in the smaller diameter size classes 

throughout the simulation period as a result of planting of future climate-adapted species 

following each gap expansion in years 2036 and 2056. During the first simulation period 

red pine was the dominant species (63.43% ± 5.23 of total BA). Over time, following gap 

expansion, species composition shifted away from red pine. Ponderosa pine became an 

increasingly greater component of the treatment units (25.05% ± 6.45 of total BA). 

Eastern white pine became the dominant species (reflected as relative BA) across the 

treatments, increasing to 15.32% (±4.74) of total stand BA in 2116. Other less abundant 

species (i.e., red maple, red oak, bur oak, white oak, black cherry, bitternut hickory) had 

minimal variation over the simulation period, with each maintaining between 4-9% of 

total treatment BA (Fig. 3.7c). Overall, at year 2116, the transition treatment achieved all 

stated management objectives Table 3.5). 

 

3.5 Treatment comparisons 

 Treatment performance was compared using mean annual increment (MAI), 

merchantable standing volume, merchantable volume removed, and mortality. Overall, 

MAI was highest in the no action treatment (3.77 ± 0.43 m3 ha-1 yr-1) and lowest in the 

transition treatment (1.72 ± 0.16 m3 ha-1 yr-1, Table 3.3). The resistance and resilience 

treatments had no significant differences in MAI volume, while both were less than the 
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no action and greater than the transition. Over time, MAI values across treatments show a 

pronounced increase with thinning intensity (Fig. 3.9). MAI for the transition treatment 

increased over time while the control and resistance treatments increased initially and 

began to decrease in year 2046. MAI was highly variable across the resistance and 

transition treatments as evidenced by a wide range of values resulting from spatial 

variability in stand density and structure (i.e., gaps, skips, matrix.)  

 Merchantable cubic volume over the simulation period varied significantly among 

the treatments and over time (Tables 3 and 4, Fig. 3.9). Merchantable cubic volume 

averaged 544.54 (± 5.93) m3 ha-1 per timestep in the highest density stands (no action), 

while the transition treatment had an average merchantable volume of 124.47 (± 6.04) m3 

ha-1 per timestep (Table 3.4). Merchantable volume increased over time for each 

treatment, with untreated stands exhibiting the largest increases (Fig. 3.9). The transition 

treatment had significantly more cubic volume removed over the simulation period, 

despite being maintained at the lowest overall density. The resilience treatment had the 

lowest removal of cubic volume, at 8.64 (±1.49) m2 ha-1 per timestep.  

 Mortality also varied significantly among treatments. The no action treatment had 

the highest levels of mortality, with 38.76 (± 1.32 ) TPH per timestep. The resistance and 

transition had the lowest levels of mortality, where resistance had 9.36 (± 0.49) TPH per 

timestep and transition had 4.19 (± 0.35) TPH per timestep (Table 3.3 and 4, Fig. 3.9). 

The resilience treatment had relatively high levels of mortality (compared to resistance 

and transition) with 19.81 (± 1.15)TPH per timestep. Mortality increased over time in 

each of the treatments. 
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4 – Discussion 

Actively managing forests to control density, structure, and species composition 

are key elements of most silviculture prescriptions (Naumann et al. 1992). Over the past 

100 years of red pine forest management in the northern Great Lakes, prescriptions have 

typically focused on shortening rotation ages, single cohort structures, and red pine-

focused species compositions (Woolsey and Chapman 1914; Gilmore and Palik 2006). 

This forest management approach has typically resulted in high volumes of timber, 

though forests often lose other functions (Puettmann and Ek 1999), including adaptation 

to climate change. Recently, however, this historic management paradigm has begun to 

change and shift toward a more ecological-based management approach that considers 

heterogeneity and stand variability as important components of stand function, 

particularly on public lands (Palik and D’Amato 2019).  

Climate change poses additional challenges to ensuring forest health and 

productivity in the Great Lake region (Handler et al. 2014, IPCC 2014; Duveneck et al. 

2014). Management approaches that promote heterogeneity may further help to increase 

ecosystem resilience to climate change and promote adaptive responses. Furthermore, 

options that promote future climate-adapted species and structural modification to 

increase vertical and horizonal heterogeneity creating a range of growing conditions, will 

increase adaptive capacity and bolster long-term sustainability (Galatowitsch et al. 2009; 

Frelich and Reich 2010; Iverson et al. 2017). The MN-ASCC treatments builds on a 

variable density management approach (for the resilience and transition treatment) while 

incorporating climate adaptation approaches to promote future-adapted species 

compositions. These silvicultural treatments reflect a range of management approaches, 
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both classical and novel for this region, to achieve management objectives in the context 

of a changing climate. The goal of this particular study was to model long-term responses 

of adaptation treatments, assess whether management goals were achieved, and compare 

levels of productivity and mortality across treatments to identify which adaptation 

approach best meets management goals.  

 The resistance treatment typifies traditional timber-focused management in the 

region. The FVS outputs for this treatment provided a baseline for measuring potential 

stand projections under current management approaches, and the potential future effort 

needed to achieve management objectives. After 100 years of simulation, the resistance 

treatment achieved the stated management objectives for density, structure, species 

composition, and productivity. However, the desired future conditions for mortality were 

not met, though overall mortality remained relatively low (0.6 % per year). The 

objectives that were met were achieved through repeated thinning entries to control 

species composition and basal area. After multiple entries, red pine was maintained at 

90% of total BA within the resistance units. All other species were maintained at less the 

10% of total BA. As climate continues to change, the effort needed to maintain these 

management objectives will likely increase (Millar et al. 2007). Eventually, the costs of 

managing these stands may exceed the revenues generated from timber sales as multiple 

entries may be required to control composition and competition (Harris et al. 2006).   

Reference conditions for the resilience treatments consist of a multi-cohort, red 

pine-dominated forest (>80% BA), with a sustained composition (<20%) of associated 

species native to this forest type. To achieve these management objectives, a variable 

density thinning was prescribed to significantly increase structural heterogeneity through 
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the creation of gaps and retention of skips within the thinned matrix. Thinning treatments 

and gap expansions resulted in management objectives and DFCs being met. Basal area 

was maintained (on average) within the desired levels over the simulation period. Not 

surprisingly, productivity (described here by merchantable volume removed) was 

markedly higher during the gap expansion. Mortality was highly variable over time, 

while higher levels of mortality occurred in the skips as growing space was limited and 

exceeded the upper limits of a fully-stocked red pine stand for the region, triggering 

competition-induced mortality in the FVS model. Future-adapted species planted in gaps 

provided the majority of species diversity, which aligns with treatment DFC’s. Species 

diversity and structural heterogeneity are important forest adaptation elements (Swanston 

et al. 2016); and previous research on species diversity and forest resiliency support this 

adaptation approach (DeClerck et al. 2006, Aerts and Honnay 2011). Heterogeneous 

structures are better able to accommodate moderate levels of disturbance and allay the 

impacts of large disturbances (Drever et al. 2006). If an insect or disease outbreak were to 

occur in the resilience treatment, it would likely impact only a few species, while others 

could potentially survive and maintain forest structure and function.  

Over time, the transition treatment maintained high species diversity and a non-

red pine dominated composition. The low density stands favored large tree retention, 

while the spatially patchy canopy structure promoted spatial heterogeneity. The 

approaches used in the transition treatment approximates natural mixed-severity forest 

disturbance regimes that often create heterogenous structures (Palik and D’Amato 2019). 

The transition treatment utilizes this approach while favoring future climate-adapted 

species, including novel species not currently found on the CEF, but are predicted to have 
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increasing suitable habitat as the climate shifts to warmer conditions (Muller et al. 2019) 

Though the stand was maintained at lower densities, merchantable volume removed 

remained high and increased with each subsequent entry. QMD increased sharply over 

each simulated timestep as the planted cohort matured. This is likely due to the increased 

growing space for individual trees. Further, natural mortality remained low throughout 

the simulation period as stand density remained low, reducing competition and self-

thinning (Fig. 6d). Future-climate adapted species (e.g., eastern white pine, ponderosa 

pine, black cherry, bitternut hickory, red oak, bur oak, white oak) continually increased 

over the simulation period while red pine was gradually decreased over time and 

maintained as a minor component of the stand in year 2116 (Fig. 3.7c), as reflected in the 

transition DFC’s. These findings indicate management objectives for the transition 

treatment were met through the implementation of an irregular shelterwood approach. 

Overall, repeated harvest entries (thinning or gap expansion) helped achieve 

management objectives and DFCs for each treatment as modeled through FVS. However, 

the resilience, resistance, and no action treatments did not achieve target levels of stand 

mortality of less than 0.5% of total stems. The transition treatment maintained low levels 

of mortality (<0.5% of total stems) throughout the simulation period, achieving this 

objective. All treatments remained productive throughout the simulation period, though 

merchantable volume removed from the transition treatment was significantly greater 

than all other treatments (Table 3.4). Notably, results from this study support low density 

and variable density stand management (with expanding gaps) as a viable option for red 

pine management, while also promoting an adaptive response within the stands. 
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Our results allow further quantitative examination of the potential outcomes for 

each treatment, how well they achieved associated DFCs, and provide a mechanism to 

compare long-term performance through FVS projections. Our results also demonstrate 

that the low-density, irregular shelterwood approach utilized in the transition treatment 

significantly prolonged the culmination age for MAI (age 140-150). Transition MAI 

continued to increase throughout the simulation period while the resistance and resilience 

treatment MAI plateaued and began decreasing in 2056. Previous research has shown that 

thinned stands have delayed culmination age of MAI compared to unthinned stands 

(Stinson 1999, D’Amato et al. 2012). The FVS projections for this study support these 

findings and indicate that the transition treatment may be managed on a longer rotation 

while remaining productive. Considering productivity, the transition treatment had a 

significantly greater volume removed at each entry than all other treatments. We 

observed no significant differences in productivity between the resistance and resilience 

treatment, though the resistance treatment initially had greater volume removed due to 

the initial thinning to reduce BA from 27 m2 ha-1 to 17 m2 ha-1. Mortality was highly 

variable across treatments, while all treatments had significantly less occurrence of 

mortality than the no action treatment. The transition treatment had significantly lower 

natural mortality as overall stand density remained low.  

 

5 – Conclusions  

 Climate change will likely cause adverse effects on forest productivity, 

sustainability and ecosystem function many regions and forest types, including red pine 

dominated ecosystems of the western Great Lakes region (Handler et al. 2014, IPCC 
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2014).  As such, it will become increasingly important for managers to consider 

implementing adaptive management approaches to meet management objectives of 

sustaining forests and the services they provide. This study has shown that management 

objectives associated with the MN-ASCC adaptation approaches are attainable, at least in 

simulated outcomes. A notable key finding of this project is the relative success of the 

transition treatment, which saw significantly greater timber production, lower mortality, 

and greater structural diversity and species composition promoting future climate-adapted 

species than all other treatments. This approach is also the most aggressive treatment 

focused on adapting forests to future climate conditions, which will likely include 

warming temperatures, increasing risk of mixed- and high-severity disturbances, and 

prolonged droughts (Handler et al. 2014).  

Results from this study provide critical context for adaptive silviculture aimed at 

climate change and offer important examples of applicable adaptation options for 

managers. While these outcomes provide important implications, we also acknowledge 

the limitations of using a forest model to predict complex processes associated with 

adaptive management and climate change. While a Climate-FVS (Crookston et al. 2014) 

option is available for the intermountain West, a climate-modified version is not currently 

(2019) available for eastern variants. Eastern forests are typically more complex, have 

higher levels of species diversity, and less certain tree and forest responses to climate 

change (Fei et al. 2017). There is a critical need to develop these climate-sensitivities into 

eastern FVS variants to support and enhance future management efforts and long-term 

planning as climate continues to change. 
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Tables and Figures 
 
Table 3.1. Summary of MN-ASCC treatments, overarching treatment goals, management objectives, desired future conditions, 
and silviculture prescriptions. 
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Table 3.2. Summary of post-treatment (pre-FVS simulation) average unit basal area (BA) and quadratic mean diameters 
(QMD) by treatment. 
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Table 3.3. Summary of repeated measures ANOVA for mean annual increment (MAI), merchantable volume, merchantable 
volume removed, and mortality for FVS projections. 
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Table 3.4. Mean (±SE) attributes (MAI, merchantable cubic volume, merchantable cubic volume removed, and mortality) 
from FVS projections of the MN-ASCC treatments. Letters adjacent to values (within the same column) indicate pairwise 
comparisons of treatments (resistance, resilience, transition, control) within a given variable. 
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Table 3.5. Treatment performance matrix reflecting overall achievement in meeting DFC’s and management objectives. 
Numbers adjacent to productivity and mortality metrics reflect relative performance to one another with 1 being highest/best.  
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Figure 3.1. Map showing location of MN-ASCC within the Cutfoot Experiment Forest, Chippewa National Forest, Minnesota, 
USA. Map includes all treatments (Resistance, Resilience, Transition, and No Action) with each replicated once per block 
across five blocks. Map visually highlighting variability in stand conditions among ASCC treatments. 
 
 

 Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID,
IGN, and the GIS User Community
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Figure 3.2. Resistance treatment boxplots across each timestep (2016-2116) of (A) basal area (BA), (B) merchantable volume 
removed, (C) quadratic mean diameter (QMD, cm), (D) and mortality. Boxes span the upper and lower quartiles while the 
lines represent the maximum and minimum values. Black horizontal lines represent the median value. 
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Figure 3.3. Resistance treatment bar charts across each timestep (2016-2116) of (A) diameter distribution by species trees per 
hectare, (B) diameter distribution of species basal area, and (C) species composition (%) by basal area and trees per hectare.  
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Figure 3.4. Resilience treatment boxplots across each timestep (2016-2116) of (A) basal area (BA), (B) merchantable volume 
removed, (C) quadratic mean diameter, (D) and mortality. Boxes span the upper and lower quartiles while the lines represent 
the maximum and minimum values. Black horizontal lines represent the median value. 
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Figure 3.5. Resilience treatment bar charts across each timestep (2016-2116) of (A) diameter distribution by species trees per 
hectare, (B) diameter distribution of species basal area, and (C) species composition (%) by basal area grouped by sub-
treatment (i.e., matrix, gap, skip). 
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Figure 3.6. Transition treatment boxplots across each timestep (2016-2116) of (A) basal area (BA), (B) merchantable volume 
removed, (C) quadratic mean diameter, (D) and mortality. Boxes span the upper and lower quartiles while the lines represent 
the maximum and minimum values. Black horizontal lines represent the median value. 
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Figure 3.7. Transition treatment bar charts across each timestep (2016-2116) of (A) diameter distribution by species trees per 
hectare, (B) diameter distribution of species basal area, and (C) species composition (%) by basal area grouped by sub-
treatment (i.e., matrix, gap, gap expansion in 2036 timestep, and gap creation in 2056 timestep). 
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Figure 3.8. No action treatment bar charts across each timestep (2016-2116) of (A) diameter distribution by species trees per 
hectare, (B) diameter distribution of species basal area, and (C) species composition (%) by basal area grouped by sub-
treatment (i.e., matrix, gap, gap expansion in 2036 timestep, and gap creation in 2056 timestep). 

B
as

al
 A

re
a 

(P
ro

po
rti

on
)

B
as

al
 A

re
a 

(m
2 

ha
-1

)

100

150

0     30     60     90

50

Tr
ee

s 
pe

r h
ec

ta
re

DBH (cm)

15

10

5

DBH (cm)

0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90

0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90

0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90 0     30     60     90
DBH (cm)

balsam fir
red maple
paper birch

jack pine

white spruce
red pine

eastern white pine

red oak
aspen

balsam fir
red maple
paper birch

jack pine

white spruce
red pine

eastern white pine

red oak
aspen

Tr
ee

s 
pe

r h
ec

ta
re

 (P
ro

po
rti

on
)



 131 

 
Figure 3.9. Boxplots showing all four treatments across each timestep (2016-2116) of (A) mean annual increment (MAI), (B) 
merchantable stand volume, (C) merchantable volume removed, and (D) mortality. Boxes span the upper and lower quartiles 
while the lines represent the maximum and minimum values. Black horizontal lines represent the median value. 
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Appendix A, Supplementary information for Chapter 2 Results 
 
 

 
Fig. S.2.1. The effect of leaf area index on each microclimate variable: mean (left column), maximum 
(center column), and minimum (right column); and Air temperature (first row), relative humidity 
(second row), soil moisture (third row), and soil temperature (forth row).  
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Fig. S.2.2. The effect of basal area on each microclimate variable: mean (left column), maximum 
(center column), and minimum (right column); and Air temperature (first row), relative humidity 
(second row), soil moisture (third row), and soil temperature (forth row). *need to convert basal area 
to m2/ha 
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Fig. S.2.3 The effect of shrub/herb cover on each microclimate variable: mean (left column), 
maximum (center column), and minimum (right column); and Air temperature (first row), relative 
humidity (second row), soil moisture (third row), and soil temperature (forth row). 
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Fig. S.2.4. The effect of canopy openness on each microclimate variable: mean (left column), 
maximum (center column), and minimum (right column); and Air temperature (first row), relative 
humidity (second row), soil moisture (third row), and soil temperature (forth row). 
 
 
 


