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ABSTRACT 
  

Several factors influence plant community composition of forest understories, including 

browsing by white-tailed deer (Odocoileus virginianus), competitive interactions with other plant 

taxa, and soil chemistry changes due to acid deposition. Each of these factors has been 

extensively studied throughout the northeast, but to date no studies have attempted to understand 

their interactions and overall influence on forest understories in the Ridge and Valley 

Physiographic Province of Pennsylvania. This dissertation separates the relative importance of 

each of these factors using several approaches. In chapter 1, I use single-species occupancy 

models to better understand species-specific responses to soil chemistry and removal from deer 

browsing. In chapter 2, I use generalized joint attribute models to assess biotic interactions in the 

context of environmental predictors that explained occupancy of individual species in chapter 1. 

Chapter 3 culminates my research by presenting short-term (3-year) results from a full-factorial 

experimental manipulation of plant communities using liming (to improve soil chemistry), 

fencing (to exclude deer browsing), and herbicide application (to remove competing vegetation). 

My results highlight the importance of soil chemistry in shaping occupancy of plant taxa and 

indicate these relationships likely alter competitive interactions between species. Exclusion of 

white-tailed deer had no effect on occupancy, abundance, or flowering status of deer-preferred 

plants after 2 years, suggesting slow or limited recovery of these taxa immediately after 

protection from browsing. Additionally, short-term results from the experimental manipulation 

indicate that liming has positive effects on forest herb abundance and flowering status, and that 

competitive release has been achieved in response to herbicide application for non-competing 

vegetation. Overall, this study demonstrates that soil chemistry and competing vegetation interact 

to shape plant community composition, however, results should be considered preliminary. 

Continuous monitoring of these communities is necessary to better understand long-term trends in 

response to treatment and whether shifts in community composition persist through time.  
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Chapter 1  
 

Soil Chemistry and Biotic Interactions Explain Plant Occupancy across 

Central Pennsylvania 

Introduction 

Forest plant communities are composed of species’ assemblages that result from a host of 

abiotic and biotic interactions. Factors that shape forest dynamics include, but are not limited to, 

successional stage (Vitousek and Reiners 1975, Matlack 1994), frequency of disturbance (Oliver 

1981), topography (Drohan et al. 2002, Baldeck et al. 2013, Liancourt et al. 2013), herbivory 

(Anderson and Katz 1993, De la Cretaz and Kelty 2002, Rooney and Waller 2003, Begley-Miller 

et al. 2014, Habeck and Schultz 2015), soil chemistry (Demchik and Sharpe 2001, Kobe et al. 

2002, Kogelmann and Sharpe 2006, Bigelow and Canham 2010), and trophic interactions (Hunter 

and Price 1992, Veresoglou et al. 2017). Quantifying community responses to these complex 

conditions is difficult and often requires long-term monitoring partnered with experimental 

manipulation to track community shifts through time (Lortie et al. 2004). Without preliminary 

data on species-specific responses to specific environmental conditions, however, designing and 

implementing long-term projects can be a challenge. Identifying occupancy patterns across 

several species in response to environmental conditions not only provides baseline information on 

associated habitat characteristics of species, but it also informs experimental hypotheses 

associated with observed patterns. It also helps narrow the research questions of future projects.  

Over the last thirty years, several factors have been proposed as potential drivers of plant 

community dynamics in Pennsylvania’s forests. Of those, browsing by white-tailed deer 

(Odocoileus virginanus) has received the most attention, resulting in a multitude of studies 
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linking deer browsing to a lack of tree seedling regeneration and understory diversity (Marquis 

and Brenneman 1981, Whitney 1984, Tilghman 1989, Horsley et al. 2003, Carson et al. 2005, 

Thompson and Sharpe 2005, Long et al. 2012, Stout et al. 2013). Exclusion experiments, not just 

in Pennsylvania, but across the white-tailed deer range, support deer as one of the primary factors 

shaping plant community composition (Tierson et al. 1966, Marquis and Grisez 1978, Augustine 

and Frelich 1998, Kay and Bartos 2000, Russell et al. 2001, White 2012, Hidding et al. 2013, 

Begley-Miller et al. 2014, Habeck and Schultz 2015). Homogenization of forest understories, 

including the dominance of grasses, sedges, and ferns, is attributed to selective browsing pressure 

of deer (Rooney 2001, 2009, De la Cretaz and Kelty 2002, Horsley et al. 2003, Rooney and 

Waller 2003, Côté et al. 2004, Rooney et al. 2004, Griggs et al. 2006, Goetsch et al. 2011).  

In response, white-tailed deer densities were reduced throughout Pennsylvania by 

increasing harvest rates with the expectation that plant communities would recover over time 

(Rosenberry et al. 2009). After two decades, however, research into the recovery of forest herbs 

and tree seedlings shows the response has been slow or inadequate even where deer density is low 

(Stromayer and Warren 1997, Webster et al. 2005, Collard et al. 2010, Royo et al. 2010b, 

Goetsch et al. 2011, Stout et al. 2013, Nuttle et al. 2014). It is unclear why recovery has been 

limited, but it is possible that browsing pressure is still too high or that vegetation dynamics have 

changed resulting in a competitive advantage for species that are browse-resistant (Griggs et al. 

2006, Royo et al. 2010b, Pennsylvania Bureau of Forestry 2013, McWilliams et al. 2017). A lack 

of recovery has been termed a “legacy effect” of deer browsing, often described as the “ghost of 

herbivory past” (Carson et al. 2005, Royo et al. 2010b, Nuttle et al. 2011, 2014, White 2012, 

Hidding et al. 2013, Thomas-Van Gundy et al. 2014). However, it is also possible that other 

factors are limiting vegetation recovery.  

In Pennsylvania, vegetation “legacy effects” have coincided with widespread changes to 

soil chemistry attributed to acid deposition (Drohan and Sharpe 1997, Drohan et al. 2002, Bailey 
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et al. 2005, Pabian et al. 2012). Hydrogen ions deposited during wet deposition of nitric and 

sulfuric acids have a higher affinity for negatively charged soil colloids, resulting in leaching of 

base cations (calcium, magnesium, potassium, and sodium) from the soil exchange complex 

(Helling et al. 1964, Ulrich 1983, Cronan 1994, Altland et al. 2008, Moore and Houle 2013). Soil 

pH also declines, increasing availability of metals like aluminum and manganese, which are 

typically not widely available to plants above a pH of 5.0 (Ulrich 1983, Marschner 1991, Levin 

1994). Despite being an essential plant micronutrient, accumulation of manganese in leaf tissues 

above >700 mg g
-1

 (5.8 cmolc kg
-1

) is linked to disruption of photosynthetic processes (Horsley et 

al. 2000, 2008, St Clair and Lynch 2005). Aluminum has no nutritional value to plants and limits 

root growth, particularly in acidic soils (Delhaize and Ryan 1995, Panda et al. 2009). 

Plants have species-specific responses to changes in soil chemistry. Crown dieback and 

mortality of sugar maple (Acer saccharum) has been attributed to declines in soil calcium and 

increases in aluminum availability (Long et al. 1997, Kobe et al. 2002, Moore et al. 2008, 

Bigelow and Canham 2010). Red oak (Quercus rubra) responses to soil chemistry have been 

mixed, with some studies suggesting sensitivity to both decreasing soil calcium and increases in 

soil aluminum and manganese (Demchik and Sharpe 2000, St Clair and Lynch 2005), particularly 

in acidic soils where metals concentrate at the root-mycorrhizal fungi interface (Wasserman et al. 

1987). However, other studies of red oak have found no relationship between added soil calcium 

and magnesium and survival of tree seedlings (Bigelow and Canham 2010, Long et al. 2012). Red 

maple (Acer rubrum) does not appear to be sensitive to accumulating levels of soil aluminum or 

manganese (Bigelow and Canham 2010). 

Less is known about the response of herbaceous plants to changes in soil chemistry; 

however, a study in central Pennsylvania found that liming improved nutritional quality of several 

species by increasing calcium, magnesium, and phosphorous content and reducing foliar 

concentrations of aluminum and manganese (Pabian et al. 2012). White trillium (Trillium 
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grandiflorum) and purple trillium (Trillium erectum) are limited to high calcium sites (>5 cmolc 

kg
-1

). As a result, both species exhibited higher levels of calcium in their foliage compared to 

painted trillium (Trillium undulatum), which grew on sites with soil calcium levels <5 cmolc kg
-1

 

(Thompson and Sharpe 2005). Horsley et al. (2008) found several species across the northeast to 

be associated with sugar maple and higher levels of soil calcium (i.e., maidenhair fern (Adiantum 

pedatum), silvery glade fern (Deparia acrostichoides), rattlesnake fern (Botrychium virginianum), 

and sweet cicely (Osmorhiza claytonii)).  

In addition to deer browsing, acid deposition may explain current vegetation conditions 

across central Pennsylvania if species distributions are constrained by soil chemistry. In oak-

hickory forests, mountain laurel (Kalmia latifolia), huckleberry (Gaylussacia spp.) and blueberry 

(Vaccinium spp.) are listed by the Pennsylvania Department of Conservation and Natural 

Resources (DCNR) as understory competing vegetation (Latham et al. 2009). All three taxa are 

shrubs belonging to the heath family (Ericaceae), which can tolerate dry, acidic soils (Rhoads and 

Block 2007, Spira 2011). To extract limited nutrients effectively, plants in this family have 

developed a symbiotic relationship with ericoid mycorrhizae that maximize nutrient extraction 

efficiency at low pH (Cairney and Meharg 2003, Gilliam 2006). In mixed-oak forests, the 

abundance of hardwood seedlings declines as the proportion of mountain laurel increases, 

suggesting a competitive advantage for mountain laurel (Brose 2016).  

Along with ericaceous plant taxa, hay-scented fern (Dennstaedtia punctilobula) has the 

potential to inhibit tree seedling regeneration and understory diversity, particularly in areas with 

heavy deer browsing (Horsley and Marquis 1983, De la Cretaz and Kelty 2002). Hay-scented fern 

is rhizomatous and not preferred browse for deer, creating a dense mat in browsed areas that 

reduces the availability of light below its canopy (Horsley 1993a). However, there are no known 

soil chemistry relationships with hay-scented fern (Conard 1908, Lyon and Sharpe 1996, 
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Demchik and Sharpe 2001, Schreffler and Sharpe 2003), suggesting that competition is more 

closely tied to demography and deer browsing susceptibility than soil nutritional status. 

In this chapter, I identified which environmental conditions described above (soil 

chemistry, deer exclusion, or the presence of competing vegetation) most explained patterns of 

plant occupancy for 10 ecologically important taxa. This study expands on past work by 

considering the effects of soil chemistry on plant taxa in the context of deer browsing and 

interfering vegetation. I subdivided these taxa into 3 categories: taxa considered competing 

vegetation (mountain laurel, huckleberry, blueberry, and hay-scented fern), tree seedlings (red 

maple, black birch (Betula lenta), red oak, and chestnut oak (Quercus montana)), and deer-

preferred herbaceous plants (Indian cucumber-root (Medeola virginiana) and brambles (Rubus 

spp.); Horsley et al. 2003, Royo et al. 2010b, 2010a). In addition to taxa considered competing 

vegetation, red maple, red oak, black birch, chestnut oak, Indian cucumber-root, and brambles are 

commonly found throughout the oak-hickory forests of central Pennsylvania (Fike 1999). Unlike 

with red oak, chestnut oak, and red maple, I considered black birch non-desirable regeneration as 

consistent with the DCNR’s Bureau of Forestry classification (BoF; see Appendix A for complete 

list) due to its potential interference with oak regeneration (Zenner et al. 2012, Thomas-Van 

Gundy et al. 2014). Of non-woody vegetation, both Indian cucumber-root and brambles have 

rarely been studied in context of abiotic conditions (Kowalenko 2005, Van Couwenberghe et al. 

2011, Konopinksi and Zuber 2013). 

I focused on modeling occupancy rather than abundance to better understand 

fundamental relationships between environmental conditions and taxon presence while 

accounting for detection probability. Covariates modeled included soil chemistry, deer exclusion, 

topography (slope, elevation, and aspect), and understory openness. In addition to soil chemistry 

and deer exclusion, plants are directly affected by topography due to changes in solar insolation, 

temperature, and precipitation (Gallardo-Cruz et al. 2009, Liancourt et al. 2013, Nadal-Romero et 
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al. 2014). Light (openness) is also one of the most limiting factors in forest understories, and it 

needs to be considered as a potential factor affecting occupancy of any species (Canham et al. 

1990, Chazdon and Pearcy 1991, Ricard et al. 2003, Cowden et al. 2014). 

To date, the independent effects of soil chemistry (Demchik and Sharpe 2001, Bailey et 

al. 2005, Long et al. 2011), deer exclusion (Tilghman and Marquis 1989, Healy et al. 1997, 

Horsley et al. 2003, Goetsch et al. 2011), and competing vegetation (Horsley 1993b, Clinton and 

Boring 1994, Eppard et al. 2005, Brose 2016) on forest plants have been extensively studied in 

Pennsylvania, but their relative interactions have received less attention (Thompson and Sharpe 

2005, Long et al. 2012). In this chapter, I identified which factors (soil chemistry, 2-year deer 

exclusion, and/or the presence of competing vegetation) most explain occupancy of plant taxa 

across 24 sites in central Pennsylvania using single-species (MacKenzie et al. 2002) and two-

species (Richmond et al. 2010) occupancy models. In addition to soil chemistry, deer exclusion, 

and the presence of competing vegetation, I considered topography and light availability as 

potential covariates that might explain occupancy patterns. I selected the best occupancy model 

from a suite of candidate models that considered all relevant, non-correlated covariates in the 

context of both detection probability and occupancy.  

I expected soil chemistry variables to explain occupancy probability across several 

species. Specifically, I hypothesized (H1) that ericaceous competing vegetation would have an 

advantage across base cation-poor sites because of their adaptation to more efficiently extract 

nutrients when base cations are limited (Cairney and Meharg 2003). I predicted that ericaceous 

competing vegetation (mountain laurel, huckleberry, and blueberry) would be tolerant of low pH, 

low base cation status (Ca, Mg, and K), and high levels of extractable metals (Al and Mn). 

Consequently, I expected occupancy to increase with decreasing pH, increase with decreasing 

base cations, and increase with increasing levels of extractable metals. 
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Additionally, I hypothesized (H2) that oak seedlings would accumulate metals in both 

leaf tissues and roots, resulting in limited root development and reduced photosynthetic efficiency 

(DeWalle et al. 1991, Demchik and Sharpe 2000, St Clair and Lynch 2005). I predicted oak 

seedlings (red and chestnut oak) would be sensitive to low pH, base cation status (Ca, Mg, and 

K), and high levels of extractable metals (Al and Mn). Specifically, I expected occupancy would 

increase with increasing pH and base cation status, but decrease with increasing levels of 

extractable metals.  

Unlike oak, I hypothesized (H3) that red maple and black birch would not accumulate 

metals in their tissues (Bigelow and Canham 2010). I predicted both species would be indifferent 

to low pH, base cation status (Ca, Mg, and K), and high levels of extractable metals (Al and Mn), 

resulting in no correlation of red maple or black birch occupancy with any measure of soil 

chemistry. Lastly, in the absence of soil chemistry relationships, I hypothesized that deer-

preferred vegetation would be sensitive to browsing (H4) and predicted that occupancy of deer-

preferred plants (Indian cucumber-root and brambles) would be associated with deer exclusion 

(fencing). I expected occupancy of these taxa to increase in areas that have been fenced to 

exclude deer.  

I also considered biotic interactions as potential drivers of occupancy relationships, 

especially in the context of competing vegetation. Specifically, I hypothesized that the two most-

common ericaceous taxa (mountain laurel and huckleberry) had a competitive advantage over 

non-ericaceous taxa (Clinton and Boring 1994, Eppard et al. 2005, Brose 2016) across the study 

area (H5). I predicted that this advantage would result in a negative influence of mountain laurel 

and huckleberry on occupancy of red oak, chestnut oak, and Indian cucumber-root. I also 

predicted that mountain laurel and huckleberry occupancy would not influence the occupancy of 

non-ericaceous competing vegetation (hay-scented fern) and common tree seedlings (red maple 

and black birch) due to their indifference to changes in soil chemistry. 
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Methods 

Beginning in 2014, I randomly selected 24 vegetation monitoring plots using a random 

number generator from a list of 100 already established locations across two state forests (the 

Rothrock and Bald Eagle State forests) in the Ridge and Valley Physiographic Province of central 

Pennsylvania (Figure 1-1). In 2015, I revisited 14 of these locations twice over the growing 

season. I visited the remaining 10 only once over the same time frame. 

At each of the 24 locations, I established 11 subplots in a network such that a single 

subplot’s center was not more than 36.5 m straight-line distance from the next nearest subplot’s 

center (Figure 1-2). I established 5 of these subplots (numbers 1-5) in 2013 and the other 6 (6-11) 

in 2014. I defined subplots as the 7.32 m radial area around a center stake in the middle of the 

subplot, and microplots as the 2.07 m radial area around a stake located 3.66 m due east (90˚ 

azimuth) of subplot center. 
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Figure 1-1. Map of the study area and Pennsylvania land cover (agriculture, forest, urban, and 

water), including polygons of state forest (white). The study area is represented by gray polygons 

(Rothrock State Forest, left; Bald Eagle State Forest, right). Open and closed circles on the larger 

map represent 100 potential sampling locations across the entire study area. Open circles indicate 

chosen plot locations for this study, and open circles with a center dot represent the 14 plots that 

were visited twice in 2015.  
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Figure 1-2. Configuration of subplots 1-11 at each plot location. The center of subplot 1 is 

defined as plot center (PC). Subplots outlined in black were established in 2013 while those 

outlined in purple were established in 2014. The area inside each subplot circle represents 1/60
th
 

ha (1/24
th
 acre; 168 m

2
). Microplots represent two scales: 1/2500

th
 ha (small red circle only; 

1/1000
th
 acre; 4.05 m

2
), and 1/750

th
 ha (black and red circles combined; 1/300

th
 acre; 13.5 m

2
).  

Subplot 1  

Plot Center (PC) 

(GPS Waypointed) 

Subplot 8 
0° (N) 

36.5 m 
from 

Subplot 7 

Subplot 6  
0° (N) 
36.5 m 

from 

Subplot 5 

     
  

Subplot 7  
300° (NW) 
36.5 m from 

PC  

 

    

  
  

Subplot 10  

120° (SE)  

36.5 m from 

Subplot 9 

 

 

 

  

Subplot 9  

180° (S) 

36.5 m from PC 

  

Subplot 4  

240° (SW)  

36.5 m from 

PC 

 
  

Subplot 3  

120° (SE)  

36.5 m from 

PC 

           
  

Microplot 

3.66 m due east 
from subplot 

center 

Subplot 2  

0° (N)  

36.5 m from PC 

 
  

  
  

  

 

  
  

  

Subplot 5  
60° (NE) 

36.5 m from 

PC 

Subplot 11  

240° (SW)  

36.5 m  

from  

Subplot 9 

Subplot Center 



11 

 

Study Area Characteristics 

Across the study area the climate is temperate, with mean annual precipitation of 104 cm 

and a summer temperature range of 16˚ C at night and 29˚ C during the day (National Oceanic 

and Atmospheric Administration 2017a). The growing season averages 182 days from April 22
nd

 

to October 21
st
 (National Oceanic and Atmospheric Administration 2017b). Topographically, the 

study area is located within the Ridge and Valley Physiographic Province of Pennsylvania, and 

plots ranged in elevation from 400 to 700 m. Based on county-level digital soil survey data 

(Pennsylvania Spatial Access Database 2014), the soils across the study area were split evenly 

into 4 taxonomic classes with several competing soil series: Fine-loamy, mixed, semiactive, 

mesic Typic Hapludults (Ungers, Clymer, Gilpin, Leck Kill, Murrill soil series, 6 sites); Fine-

loamy, mixed, semiactive, mesic Aquic Fragiudults (Buchanan series, 6 sites); Loamy-skeletal, 

siliceous, active, mesic Typic Dystrudepts (Hazleton, Wallen, and Dekalb series, 6 sites); and 

Sandy-skeletal, siliceous, mesic Entic Haplorthods (Leetonia series, 6 sites). All sites were 

forested hardwood stands dominated by red oak (Quercus rubra), chestnut oak (Quercus 

montana), black oak (Quercus velutina), and scarlet oak (Quercus coccinea) at higher elevations, 

and red oak and yellow poplar (Liriodendron tulipifera) at lower elevations (Fike 1999).  

Vegetation Monitoring 

From 26 May – 10 August 2015, I conducted vegetation inventories across all subplots at 

all 24 plot locations. At 14 of those locations, I collected vegetation data twice across two 

separate sampling dates with a minimum of 20 days between them (the mean number of days 

between visits was 38 days, with a range of 20 – 67 days). For each visit, I conducted all 

vegetation monitoring at two scales (1/2500
th
 ha and 1/750

th
 ha) for each microplot. I collected 

tree seedling data separately from all other understory cover data, and any live, arborescent, 
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woody species that was ≤ 2.54 cm DBH was considered a tree seedling. I counted individuals of 

each species by height class (class categories are: 1 = < 0.15 m, 2 = 0.15 – 0.3 m, 3 = 0.3 – 0.9 m, 

4 = 0.9 – 1.5 m, 5 = > 1.5 m) and pooled them for each scale (1/2500
th
 ha or 1/750

th
 ha). I 

excluded tree seedlings less than 0.3 m tall (classes 1 and 2) from analysis to reduce variability. 

I defined cover data as any understory vegetative cover that was not considered a tree 

seedling, sapling (single-stemmed woody taxa > 2.54 cm but < 12.7 cm DBH), or canopy tree 

(single-stemmed woody taxa ≥ 12.7 cm DBH). Cover data include several different types of 

vegetation: shrubs, herbs, ferns, grasses, sedges, rushes, and vines. As with the tree seedling data, 

I collected cover data at each microplot across two scales (1/2500
th
 ha and 1/750

th
 ha). For each 

taxon, I recorded percent cover in 10% increments, ranging from 0-10% (class 0) to 90-100% 

(class 9), and converted each class to a midpoint single value (ratio scale) for each estimate. 

Because taxa can overlap at different heights, the amount of cover in each microplot can exceed 

100%. Due to identification challenges (e.g., lack of reproductive structure present at the time of 

sampling), I assigned some taxa to a vegetation class rather than species (e.g., grasses (Poaceae), 

sedges (Cyperaceae), rushes (Juncaceae), some polypod ferns (Polypodiaceae), blackberries 

(Rubus spp.), blueberries (Vaccinium spp.), huckleberries (Gaylussacia spp.), goldenrods 

(Solidago spp.), asters (Asteraceae) and violets (Viola spp.)).  

Environmental Covariates Considered During Analysis 

I modeled occupancy and detection probabilities as a function of several environmental 

covariates using a suite of candidate models and selected the best model using Akaike’s 

Information Criteria (AIC, Akaike 1974; see the data analysis section for more information on 

model selection). For occupancy, I considered several soil and non-soil covariates separately as 

potential drivers of occupancy relationships across the study area. Soil covariates included 
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uppermost organic and mineral horizon measurements for soil pH (pHO and pHM), calcium 

(CaO and CaM), magnesium (MgO and MgM), potassium (KO and KM), manganese (MnO and 

MnM), aluminum saturation (AlSatO and AlSatM), effective cation exchange capacity (ECECO 

and ECECM), and total base cations (SumBasesO and SumBasesM). Non-soil covariates included 

microplot topography (slope, elevation, and aspect (north or south)), light availability (pctopen), 

subplot basal area (ba), location (Rothrock or Bald Eagle state forest (sf)), and deer exclusion 

status (fence, yes or no). 

Within each candidate model for occupancy, I modeled detection probabilities one of 

three ways: 1) as a constant (no relationship with any covariate), 2) as a function of visit day 

(calendar day), or 3) as a function of total microplot percent cover (tpc). Again, the best 

candidate model was chosen using AIC. These covariates were considered because the presence 

of dense cover had the potential to decrease detection of taxa hidden underneath layers of 

vegetation, whereas visits early in the growing season could have caused me to miss taxa that 

were not present above the soil surface (e.g., spring ephemerals). I did not include correlated 

covariates (Pearson Correlation Coefficient, r > 0.55) in the same model.  

I collected soil samples to 40 cm depth at subplots 1, 5, 6, 7, 8, 9, 10, and 11 at each plot 

location and at subplots 2-4 when time allowed. I subdivided samples according to horizon 

characteristics rather than depth, and most commonly collected two primarily organic horizons 

(Oe/Oi and Oa/A) followed by 1 to 3 mineral horizons at each subplot. The Oa and A horizons 

were collected together because the A horizon was thin and indistinguishable from the Oa 

horizon. Following collection, I dried each sample on kraft paper, ground it by hand using mortar 

and pestle, and sieved it to 2mm to remove coarse debris. I removed 5.00 g of soil from the 

sample and sent it to the Ag Analytical Services Laboratory in University Park, PA for analysis of 

pH using 0.01 M CaCl2 with a 1:5 soil-to-solution ratio (Hendershot et al. 2008). pH was 

extracted using the same method for all samples. 
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The Kellogg Soil Survey Laboratory (KSSL) in Lincoln, NE extracted Ca and K (cmolc 

kg
-1

) from the remaining samples at unbuffered soil pH using ammonium acetate (NH4OAc) and 

displacement with 2 M KCl (Hendershot et al. 2008, Soil Survey Staff 2014). The lab also 

analyzed extractable metals (Mn (mg kg
-1

)) separately using 1 N KCl (Long et al. 1997, 2011, 

Soon et al. 2008). To calculate aluminum saturation, I divided the total extractable aluminum by 

the effective cation exchange capacity (ECEC; sum of base cations + Na + Al) and logit 

transformed the percentage. I have listed the manual reference number for each method (Soil 

Survey Staff 2014) in Appendix B and I converted Mn values to cmolc kg
-1

 for consistency. To 

ensure consistency in my assessment of soil chemistry, I only included extracted values from the 

uppermost organic horizon (the Oa/A horizon) and the uppermost mineral horizon (the E or B 

horizon) during analysis. 

To determine slope, elevation, and aspect for microplot locations, I used 10 m by 10 m 

Pennsylvania DCNR Digital Elevation Models (DEMs) accessible through Pennsylvania Spatial 

Data Access (PASDA) website (Department of Conservation and Natural Resources 2006) to 

extract elevation and derive aspect and slope from field-collected GPS coordinates. I converted 

degrees aspect to categorical cardinal direction (N or S) and adjusted north and south categories 

by 25˚ azimuth to include the effect of ridge direction on aspect (Long et al. 2010). North facing 

slopes were classified as aspects > 245˚ but < 65˚ and south facing slopes were classified as 

aspects > 65˚ but < 245˚. 

For understory openness, I used the proportion of open sky at 1 m above ground level as 

a surrogate for light availability for each microplot during the growing season (Gonsamo et al. 

2013). I took photos with a Nikon Coolpix 4500 digital camera equipped with a FC-E8 180˚ 

fisheye lens of the forest canopy at 1 m height and analyzed all photos using thresholding in Gap 

Light Analyzer (GLA; (Frazer 1999)). I photographed all microplots at a site in the same two-
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hour window. After processing, I calculated mean percent sky openness for each microplot from 

all analyzed photos and logit transformed values prior to analysis. 

I assigned deer exclusion category (1 = yes or 0 = no) based on whether a microplot was 

inside of a functioning deer exclosure. Some plots occurred within already established DCNR 

Bureau of Forestry (BoF) deer exclosures meant to minimize browsing effects on tree seedling 

regeneration following timber harvest. Additionally, I fenced 4 of the 11 subplots at each plot 

location (regardless of deer exclusion status prior to plot establishment). Fences were established 

1-2 years prior to 2015 vegetation surveys. I assigned state forest as a categorical variable, and I 

reported basal area as the sum of tree total area (m
2
 = 0.00007854 * DBH

2
) per subplot 

extrapolated to m
2
 ha

-1
 (the standard reporting unit). Basal area is a surrogate variable for 

overstory light availability because lower basal areas are typically associated with more recent 

overstory disturbance (e.g., harvest, disease, or insect mortality).  

Missing Covariates 

After I removed subplots from the data set that were missing covariates, some species 

had parameters (either occupancy probability (Ψ) or probability of detection (𝑝)) that were not 

estimable due to insufficient sample size. I pooled all covariate data by plot and applied this 

pooled value to subplots that were missing data when variability within plots was less than 

variability between plots (Cochran 1977). Within-plot variability was calculated as: 

𝜎2
𝑤𝑖𝑡ℎ𝑖𝑛 =  

∑ ∑ (𝑦ij−�̅�i)
2m

j=1
n
i=1

n(m−1)
, 

where 𝑦ij is the covariate value at subplot (𝑗) within plot (𝑖), �̅�i is the mean covariate value across 

plot (𝑖), 𝑚 is the total number of subplots with full covariate data (172), and 𝑛 is the total number 

of plots (24). The equation for between-plot variability is: 
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𝜎2
𝑏𝑒𝑡𝑤𝑒𝑒𝑛 =  

∑ (𝑦i̅−�̿�)2n
i=1

n−1
, 

where �̅�i is the mean covariate value at plot (𝑖), �̿� is the mean covariate value across all plots, and 

𝑛 is the total number of plots (24).  If 𝜎2
𝑤𝑖𝑡ℎ𝑖𝑛 < 𝜎2

𝑏𝑒𝑡𝑤𝑒𝑒𝑛 then I pooled samples within a site. 

After pooling, I used 250 of the 261 possible subplots to assess occupancy across all taxa. The 

variability estimates for each covariate and equation can be found in Appendix C. 

Data Analysis 

I determined which covariates most explained occupancy across the study area for 10 

different taxa by using single-species occupancy models (MacKenzie et al. 2002) in program 

MARK (White and Burnham 1999). Taxa modeled were mountain laurel, huckleberry, blueberry, 

hay-scented fern, red maple, black birch, red oak, chestnut oak, Indian cucumber-root, and 

brambles. Occupancy models use the logit link and report occupancy that accounts for detection 

probability. For each taxon, I report odds ratios (OR) for the best model according to Akaike’s 

Information Criterion (AIC). Odds ratios represent the relative odds of an outcome given 

exposure to a variable of interest (Szumilas 2010). An odds ratio that overlaps 1 indicates no 

change in odds for that variable. See Appendix D for full model outputs and Appendix E for 

regression values for each taxon and scale.  

To assess if competing vegetation affected occupancy of other taxa, I ran two-species 

occupancy models in MARK. Two-species occupancy models assess biotic interactions between 

two species only, specifically focusing on whether a dominant species (species A) affects 

occupancy of a non-dominant species (species B) by assessing levels of co-occurrence between 

both species (Richmond et al. 2010). Encounter histories of dominant species A (mountain laurel 

or huckleberry, depending on the model) were paired with encounter histories of a non-dominant 

species B (hay-scented fern, huckleberry, Indian cucumber-root, red maple, red oak, or chestnut 
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oak) for each visit and compared using a single model. Again, I ran a suite of candidate models 

with several covariates and selected the best model according to AIC. For all models, detection 

notation is p when one species is absent and r when both species are present. The second letter 

indicates the species modeled. Detection for species A when species B was absent (pA) was set 

equal to detection for species A when both species (A + B) were present (rA). See Appendix F for 

full model outputs and Appendix G for regression values for each taxon pair and scale.  

Prior to analysis, I converted abundance (count and percent cover) data to presence (1) 

and absence (0) encounter histories with two occasions (visits) for each taxon. Encounter history 

length was 2 for single-species occupancy models and 4 for two-species occupancy models. I 

visited some sites only once but their encounter histories were included in the analysis to help 

increase the precision of estimates of occupancy (Gerber et al. 2018). I analyzed both scales of 

data (1/2500
th
 ha and 1/750

th
 ha) as separate data sets during analysis and report results for each.  

Results 

Single-Species Occupancy Models 

Probability of detection was consistent and high (𝑝 > 0.65) across all 10 taxa at both 

scales (Figure 1-3). Common taxa that were considered competing vegetation had the highest 

detection probabilities at both scales (𝑝 > 0.92 for all taxa), while Indian cucumber-root and tree 

seedlings (red maple, black birch, red oak, and chestnut oak) had variable but similar detection 

probabilities across scale (𝑝 > 0.66 for all taxa). Brambles had a 100% detection probability (𝑝 = 

1) at both the 1/2500
th
 ha and 1/750

th
 ha scale. Overall, the probability of detecting any species 

across two visits at either scale was ≥ 89%. 



 

 

    

1
8
 

 

Figure 1-3. Probability of detection for all taxa across both scales (1/2500
th
 ha, top; 1/750

th
 ha, bottom). Error bars represent 95% 

confidence intervals.  
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Occupancy of ericaceous competing vegetation was related to several environmental 

covariates. Consistent with my prediction of low pH and low base cation tolerance, huckleberry 

occupancy increased with decreasing organic horizon pH and decreased with increasing levels of 

uppermost mineral horizon potassium (Figures 1-4 and 1-5, top right). For every 1 unit increase 

in organic horizon pH, huckleberry occupancy decreased by more than 89% at both scales (Table 

1-1). Additionally, for every 0.1 cmolc kg
-1

 increase in mineral horizon extractable potassium, 

occupancy decreased by at least 50% at both scales (Table 1-1).  
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Table 1-1. Odds ratios from single-species occupancy models for each covariate at both 

scales (1/2500
th
 and 1/750

th
 ha). Parameters are: uppermost organic horizon pH (pHO), uppermost 

organic horizon extractable manganese (MnO), uppermost mineral horizon extractable potassium 

(KM), state forest (sf), uppermost organic horizon extractable calcium (CaO), uppermost mineral 

horizon effective cation exchange capacity (ECECM), basal area (ba), and understory microplot 

openness (pctopen). Correlated covariates were not included in the same model (Pearson 

Correlation Coefficient, r > 0.55). Odds ratios are not comparable across taxa (dark, solid line) or 

between scales (double line).  

Taxon Scale Parameter 

Odds 

Ratio 

95% 

LCL 

95% 

UCL Scale 

Odds 

Ratio 

95% 

LCI 

95% 

UCI 

Mountain Laurel 2500 
pHO 0.09 0.03 0.22 

750 
0.09 0.03 0.23 

MnO 0.52 0.37 0.73 0.59 0.42 0.84 

Huckleberry 2500 
pHO 0.09 0.03 0.22 

750 
0.11 0.04 0.27 

KM 0.50 0.35 0.71 0.33 0.21 0.52 

Blueberry 2500 
MnO 0.64 0.49 0.84 

750 
0.68 0.52 0.89 

KM 0.65 0.50 0.84 0.58 0.44 0.76 

Hay-scented Fern 2500 pHO 7.91 3.90 16.04 750 5.80 3.36 9.99 

Red Oak 2500 SF 28.04 3.68 213.65 750 36.73 4.85 277.98 

Chestnut Oak 2500 

CaO 0.78 0.64 0.95 

750 

0.78 0.65 0.93 

pctopen 0.67 0.49 0.93 0.68 0.51 0.91 

SF 3.36 1.33 8.46 2.49 1.12 5.53 

Red Maple 2500 
SF 3.10 1.57 6.10 

750 
2.19 1.24 3.89 

ECECM 1.25 1.07 1.46 1.22 1.06 1.40 

Brambles 2500 
ba 0.69 0.55 0.87 

750 
0.79 0.69 0.90 

MnM 8.23 2.16 31.30 5.99 2.14 16.81 

Indian Cucumber-
Root 

2500 
MnO 0.04 0.01 0.21 

750 
0.16 0.07 0.36 

pctopen 1.48 1.12 1.97 1.28 1.02 1.61 

 

Occupancy of mountain laurel was negatively associated with increasing manganese and 

increasing pH (Figures 1-4 and 1-5, top left), which was opposite of my prediction of increasing 

occupancy with increasing levels of extractable metals. Mountain laurel occupancy decreased by 

more than 90% for every one unit increase in organic horizon pH at both scales (Table 1-1), and 
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decreased by at least 50% for every 0.1 cmolc kg
-1

 increase in organic horizon extractable 

manganese (Table 1-1).  

Increasing mineral horizon potassium and manganese decreased occupancy of blueberry 

(Figures 1-4 and 1-5, bottom left), again opposite my prediction of increasing occupancy with 

increasing levels of extractable metals. For every 0.1 cmolc kg
-1

 increase in organic horizon 

extractable manganese, occupancy probability decreased by at least 32% at both scales (Table 1-

1). Similarly, occupancy probability decreased by more than 35% for each 0.1 cmolc kg
-1
 increase 

in mineral horizon extractable potassium (Table 1-1). Hay-scented fern occupancy increased as a 

function of increasing organic horizon pH only (Figures 1-4 and 1-5, bottom right). This 

relationship resulted in nearly a 5-fold increase in occupancy probability for each half unit 

increase in pH for both scales (Table 1-1). 
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Figure 1-4. Occupancy probability as a function of environmental covariates at the 

1/2500
th
 ha scale for mountain laurel (top left), huckleberry (top right), blueberry (bottom left), 

and hay-scented fern (bottom right). Graphs represent the best model for each taxon selected 

using AIC and x axes represent the range of covariates sampled. Shaded areas (regardless of 

color) represent 95% confidence intervals. Colors represent different levels of a covariate as 

indicated in the subfigure legend. 
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Figure 1-5. Occupancy probability as a function of environmental covariates at the 

1/750
th
 ha scale for mountain laurel (top left), huckleberry (top right), blueberry (bottom left), and 

hay-scented fern (bottom right). Graphs represent the best model for each taxon selected using 

AIC and x axes represent the range of covariates sampled. Shaded areas (regardless of color) 

represent 95% confidence intervals. Colors represent different levels of a covariate as indicated in 

the subfigure legend. 

 

Tree seedling occupancy was a function of state forest for all tree seedlings except black 

birch, with Rothrock having higher occupancy compared to Bald Eagle for all species and scales 

(Figures 1-6 and 1-7). Red oak occupancy probability differed by state forest but not soil 

chemistry (Figures 1-6 and 1-7, top right), inconsistent with my prediction of a metal sensitivity. 
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Overall, red oak occupancy was at least 20 times greater in Rothrock compared to Bald Eagle at 

both scales (Table 1-1).  

Chestnut oak occupancy increased with decreasing openness and decreased with 

increasing organic horizon extractable calcium across both state forests (Figures 1-6 and 1-7, 

bottom left and bottom right), opposite of my prediction of increasing occupancy with increasing 

levels of extractable base cations. For every 5% increase in open sky, occupancy probability was 

reduced by 30% (Table 1-1). Additionally, for every 1.0 cmolc kg
-1

 increase in organic horizon 

extractable calcium, occupancy was reduced by 22% at both scales (Table 1-1). The magnitude of 

this effect was the same for both state forests, but overall occupancy was at least 2 times higher in 

Rothrock compared to Bald Eagle at both scales (Table 1-1).  

In addition to at least 2 times greater overall occupancy in Rothrock compared to Bald 

Eagle (Table 1-1), red maple occupancy increased with increasing mineral soil effective cation 

exchange capacity (Figures 1-6 and 1-7, top left). The result was inconsistent with my prediction 

of no occupancy trends with soil chemistry, and for every 1.0 cmolc kg
-1 

increase mineral horizon 

effective cation exchange capacity, occupancy increased by at least 20% for both scales (Table 1-

1). However, black birch occupancy was best modeled as a constant for both scales (Table 1-1), 

consistent with my predictions. 
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Figure 1-6. Occupancy probability as a function of environmental covariates at the 

1/2500
th
 ha scale for red maple (top left), red oak (top right), and chestnut oak (bottom left and 

bottom right). Graphs represent the best model for each taxon selected using AIC and x axes 

represent the range of covariates sampled. Shaded areas (regardless of color) represent 95% 

confidence intervals. Colors represent different levels of a covariate as indicated in the subfigure 

legend. 
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Figure 1-7. Occupancy probability as a function of environmental covariates at the 

1/750
th
 ha scale for red maple (top left), red oak (top right), and chestnut oak (bottom left and 

bottom right). Graphs represent the best model for each taxon selected using AIC and x axes 

represent the range of covariates sampled. Shaded areas (regardless of color) represent 95% 

confidence intervals. Colors represent different levels of a covariate as indicated in the subfigure 

legend. 
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The best models for occupancy of deer-preferred plants did not include 2-year deer 

exclusion as a covariate for either taxon, inconsistent with my prediction of increasing occupancy 

with deer exclusion. Instead, bramble occupancy was best modeled as a function of both mineral 

horizon manganese and subplot basal area. Bramble occupancy increased with increasing levels 

of mineral horizon extractable manganese at both scales (Figures 1-8 and 1-9, left), and 

occupancy was zero whenever basal area was more than 24 m
2
 ha

-1 
regardless of the amount of 

mineral soil extractable manganese present. At both scales, there was at least a 5-fold increase in 

occupancy probability with each 0.1 cmolc kg
-1
 increase in mineral horizon extractable 

manganese (Table 1-1).  

Indian cucumber-root occupancy was best modeled as a function of both microplot 

openness and organic horizon extractable manganese at both scales, with higher levels of 

occupancy occurring at low levels of extractable manganese and high openness (Figure 1-8 and 1-

9, right). Occupancy probability decreased by more than 84% with every 0.1 cmolc kg
-1

 increase 

in organic horizon extractable manganese at both scales (Table 1-1). For every 5% increase in 

open sky, occupancy probability increased by at least 28% at both scales (Table 1-1).  
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Figure 1-8. Occupancy probability as a function of environmental covariates at the 

1/2500
th
 ha scale for brambles (left) and Indian cucumber-root (right). Graphs represent the best 

model for each taxon selected using AIC and x axes represent the range of covariates sampled. 

Shaded areas (regardless of color) represent 95% confidence intervals. Colors represent different 

levels of a covariate as indicated in the subfigure legend. 
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Figure 1-9. Occupancy probability as a function of environmental covariates at the 

1/2500
th
 ha scale for brambles (left) and Indian cucumber-root (right). Graphs represent the best 

model for each taxon selected using AIC and x axes represent the range of covariates sampled. 

Shaded areas (regardless of color) represent 95% confidence intervals. Colors represent different 

levels of a covariate as indicated in the subfigure legend. 

Two-Species Occupancy Models 

Detection probability for both species (A and B) in all two-species occupancy models was 

best modeled as constant between visits, indicating that total percent cover and date of visit did 

not influence detection. Additionally, for species B, detection was best modeled as equal for all 

detection parameters, meaning that the probability of detecting species B when species A was 

absent (pB) was equal to the probability of detecting species B regardless of whether species A is 

detected (rBA) or not detected (rBa). Because detection was constant and there was no effect of 
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either species on detection of the other, detection probabilities for species A (pA) and B (pB) were 

equal to the detection probabilities for that species (A or B) found in Figure 1-3.  

Occupancy of red oak was higher in areas with mountain laurel compared to areas 

without at both scales (1/2500
th
 and 1/750

th
 ha; Table 1-2), opposite my prediction of a negative 

interaction. The Species Interaction Factor (SIF) between both species was greater than 1 

(1/2500
th
 ha: SIF = 1.19, 95% CI = 0.97 – 1.42); 1/750

th
 ha: SIF = 1.17, 95% CI = 1.04 – 1.29) 

indicating that mountain laurel and red oak were more likely to co-occur across sites than would 

be expected by chance. Occupancy of red oak was unaffected by huckleberry occupancy at both 

scales, with red oak occupancy best modeled as a constant regardless of huckleberry presence 

(Table 1-2).  

Similar to red oak, chestnut oak was more likely to occur when mountain laurel was 

present at both scales (Table 1-2), but chestnut oak occupancy was unaffected by huckleberry 

occupancy, (Table 1-2). These interactions do not support my prediction of a negative interaction 

between occupancy of huckleberry (or mountain laurel) and chestnut oak. The SIF for chestnut 

oak overlapped 1 at both scales for mountain laurel (1/2500
th
 ha: SIF = 1.19, 95% CI = 0.96 – 

1.41; 1/750
th
 ha: SIF = 1.13, 95% CI = 0.99 – 1.28), indicating that chestnut oak was not more 

likely to co-occur with mountain laurel across sites than expected by chance.  

Occupancy of Indian cucumber-root was unaffected by occupancy of either mountain 

laurel or huckleberry, with occupancy at both scales best modeled as constant regardless of the 

presence of mountain laurel or huckleberry (Table 1-2). Similarly, occupancy of hay-scented fern 

was unaffected by mountain laurel or huckleberry occupancy, and again at both scales, occupancy 

was best modeled as a constant regardless of the presence of mountain laurel or huckleberry 

(Table 1-2).  
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Table 1-2. Parameter estimates for two-species occupancy models where A represents the 

dominant species and B the subdominant species. Occupancy estimates for species B are listed 

along with their 95% confidence intervals. Parameters are: occupancy of species B when A is 

present (PsiBA), occupancy of species B when A is absent (PsiBa), and occupancy of species B 

regardless of species A occupancy (PsiB). Estimates are not comparable across species pairs 

(dark, solid lines) or scales (double line).  

Species A Species B Scale Parameter 
95% 

LCI 

95% 

UCI Scale 
95% 

LCI 

95% 

UCI 

Mountain 

Laurel 
Red Oak 2500 

PsiBA 0.06 0.02 0.17 
750 

0.07 0.02 0.19 

PsiBa 0.03 0.01 0.11 0.02 0.01 0.09 

Huckleberry Red Oak 2500 PsiB 0.05 0.02 0.14 750 0.04 0.01 0.12 

Mountain 

Laurel 
Chestnut Oak 2500 

PsiBA 0.13 0.07 0.22 
750 

0.14 0.08 0.22 

PsiBa 0.06 0.02 0.15 0.06 0.02 0.17 

Huckleberry Chestnut Oak 2500 PsiB 0.10 0.06 0.17 750 0.12 0.07 0.18 

Mountain 
Laurel 

Indian 
Cucumber-root 

2500 PsiB 0.01 0.00 0.04 750 0.05 0.02 0.12 

Huckleberry 
Indian 

Cucumber-root 
2500 PsiB 0.01 0.00 0.04 750 0.05 0.02 0.12 

Mountain 

Laurel 

Hay-scented 

Fern 
2500 PsiB 0.05 0.03 0.10 750 0.09 0.05 0.14 

Huckleberry 
Hay-scented 

Fern 
2500 PsiB 0.05 0.03 0.10 750 0.09 0.05 0.14 

Mountain 

Laurel 
Red Maple 2500 

PsiBA 0.30 0.22 0.40 
750 

0.45 0.37 0.54 

PsiBa 0.16 0.09 0.27 0.17 0.09 0.30 

Huckleberry Red Maple 2500 
PsiBA 0.32 0.23 0.44 

750 
0.48 0.38 0.57 

PsiBa 0.18 0.11 0.28 0.23 0.14 0.34 

Mountain 

Laurel 
Black Birch 2500 PsiB 0.11 0.07 0.16 750 0.16 0.11 0.22 

Huckleberry Black Birch 2500 PsiB 0.11 0.07 0.16 750 0.16 0.11 0.22 

 

At both scales, red maple was more likely to occupy sites where mountain laurel was 

present than where it was absent (Table 1-2), inconsistent with my prediction of no interaction. 

The same was true for red maple and huckleberry, with red maple occupancy higher where 

huckleberry was present than where it was absent at both scales (Table 1-2). The SIF for red 

maple and mountain laurel was greater than 1, which indicated that red maple was more likely to 

co-occur with mountain laurel at both scales (1/2500
th
 ha: SIF = 1.17, 95% CI = 1.03 – 1.31; 
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1/750
th
 ha: SIF = 1.14, 95% CI = 1.06 – 1.23). The same trend also was true for red maple and 

huckleberry, with the SIF also greater than 1 at both scales (1/2500
th
 ha: SIF = 1.31, 95% CI = 

1.03 – 1.59; 1/750
th
 ha: SIF = 1.26, 95% CI = 1.10 – 1.43). Consistent with my prediction, black 

birch was unaffected by presence of either huckleberry or mountain laurel. Occupancy of black 

birch was best modeled as a constant regardless of presence of either mountain laurel or 

huckleberry at both scales (Table 1-2).  

Discussion 

Mountain laurel, huckleberry, and blueberry all exhibited occupancy relationships with 

different soil parameters, providing mixed support for ericaceous tolerance of base cation-poor 

soil chemistry (H1). Huckleberry and mountain laurel occupancy was highest at low pH, and both 

huckleberry and blueberry had high occupancy at low levels of soil potassium, suggesting a 

competitive advantage at base cation-poor sites. However, both mountain laurel and blueberry 

occupancy was reduced by increasing levels of soil extractable manganese, a potentially toxic 

metal. Metals are more plant available below a pH of 5.0 (Ulrich 1983), suggesting that ericoid 

mycorrhizal fungi associations yield a competitive advantage when base cations are limited 

(Cairney and Meharg 2003), but not when soil manganese is plant available. However, without a 

direct measure of foliar chemistry related to extractable manganese in the soil, the exact 

mechanism behind shifts in plant occupancy remains unknown.  

Hay-scented fern occupancy showed a strong positive relationship with increases in 

organic horizon pH, suggesting that hay-scented fern is less likely to occupy sites where pH is 

low (2.5 – 3.5). However, there is no evidence in the literature that hay-scented fern would 

exhibit a pH sensitivity (Conard 1908, Sharpe and Halofsky 1992), suggesting that there may be 

other causes of the apparent trend. Because single-species occupancy models do not account for 
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interactions between species, a competitive interaction between hay-scented fern and mountain 

laurel would be masked as a hay-scented fern pH sensitivity if mountain laurel is a better 

competitor at low pH. Accounting for pH as a covariate for occupancy of both species, I used 

two-species occupancy models to assess biotic interactions. The best model that explained 

occupancy of both mountain laurel and hay-scented fern, however, held occupancy of fern 

constant regardless of whether the site was occupied by mountain laurel. This result suggests that 

there is not a competitive interaction between the two species and that a lower-bound of pH 

tolerance exists for hay-scented fern.  

To my knowledge, this is the first documented case of pH sensitivity for hay-scented 

fern. However, this result must be interpreted with caution. Even though pH was not correlated 

with any covariates excluded during analysis, several other unmeasured variables (e.g., organic 

matter content and soil moisture) may be correlated with pH. It is possible that organic horizon 

pH is acting as a surrogate for one of these other variables and that occupancy is better explained 

by additional covariates. Additionally, overall occupancy of hay-scented fern was low (5% - 8% 

of sites, depending on scale), which is a small subset of total locations compared to other taxa. 

Future studies should include organic matter content and soil moisture as predictors during 

analysis and increase sample size across other regions to separate this effect. If hay-scented fern 

does exhibit a pH sensitivity in the Ridge and Valley Physiographic Province it has implications 

for management, especially if soil amendments are added to raise soil pH and control ericaceous 

vegetation. An increase of soil pH from 3.5 to 4.5 could improve soil conditions for hay-scented 

fern such that it replaces ericaceous taxa as the dominant competing vegetation.  

In addition to documenting the biotic interaction of hay-scented fern and mountain laurel, 

I also assessed whether mountain laurel or huckleberry occupancy influenced occupancy of tree 

seedlings or Indian cucumber-root. I hypothesized that ericaceous competing vegetation would 

have a competitive advantage due to its ability to tolerate poor soil chemistry (H5). However, 
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occupancy of Indian cucumber-root was unaffected by the presence of huckleberry or mountain 

laurel, and occupancy of all tree seedlings (excluding black birch, which was not correlated with 

either competing vegetation species) was higher when competing vegetation was present 

compared to when it was absent. Neither of these results suggests a competitive advantage for 

ericaceous taxa, rejecting my hypothesis and suggesting a benefit for tree seedlings through 

potential facilitation (Barley and Meeuwig 2017). 

Black birch and Indian cucumber-root occupancy was unaffected by the presence of 

competing vegetation, providing further evidence that occupancy of ericaceous taxa at a site does 

not preclude occupancy of other types of vegetation. Field observations anecdotally confirm the 

presence of these taxa underneath dense cover of ericaceous taxa, however it is unclear what 

effect dense cover would have on abundance of black birch and Indian cucumber-root. Further 

assessment with a larger sample size covering more areas and life stages of both dominant and 

non-dominant taxa within the Ridge and Valley Physiographic Province may help better explain 

this relationship. 

The best single-species occupancy model for all tree seedlings included state forest as a 

covariate, and for all models occupancy was higher in Rothrock compared to Bald Eagle despite a 

similarity in soil chemistry and topography between both state forests. This result suggests that 

management activity or some other landscape variable (e.g., deer density, climate, or parent 

material) is playing a role in occupancy of tree seedlings. Covariates regarding management 

history (e.g., harvest, fire, or herbicide application) or deer density, if available, should be 

considered in future assessments of occupancy in order to understand the cause of state forest 

differences.  

Outside of the differences between state forest and the positive relationship with 

ericaceous taxa, red oak and chestnut oak seedlings exhibited different relationships with soil 

chemistry that did not support an accumulation of metals in plant tissues (H2). Across my study 
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area, red oak occupancy was unrelated to any soil chemistry variable and chestnut oak occupancy 

significantly decreased as organic horizon extractable calcium increased, which was contrary to 

expectations of increasing occupancy with improved base cation status. However, for red oak, 

assessments of occupancy would only pick up on extreme sensitivities to metal accumulation that 

resulted in plant mortality. Future studies should consider collecting tissue samples and tracking 

individual plants through time to determine how important metals are to oak growth, health, and 

development.  

In general, chestnut oaks are well-known for their presence in dry, upland communities 

(Spira 2011), and these communities tend to be associated with sandstone geologies and lower 

calcium levels (Drohan et al. 2002). The results for both oak species suggest that calcium levels 

across my study area are not limiting oak occupancy, and the positive relationship between 

occupancy and decreasing openness suggests moderate shade-tolerance for chestnut oak under the 

closed canopy forests of the study area. Moderate shade-tolerance is consistent with the 

ecological strategy of oaks, which invest in root rather than shoot development in early growth 

years waiting for canopy gaps (Kolb et al. 1990). However, without the creation of canopy gaps 

over the long-term (> 5 years), oak persistence is unlikely (Albrecht and McCarthy 2006, Iverson 

et al. 2017). 

There was mixed support for a lack of metal accumulation in plant tissues by black birch 

and red maple (H3). Black birch occupancy was not explained by any covariate (soil chemistry or 

otherwise) supporting H3, but red maple occupancy had a positive relationship with mineral 

horizon effective cation exchange capacity (ECEC), suggesting a positive relationship with 

metals inconsistent with H3. ECEC represents the capacity of the soil to adsorb cations onto the 

exchange complex, regardless of cation identity (Hendershot et al. 2008). The positive 

relationship between red maple occupancy and mineral ECEC is driven primarily by either added 

calcium or aluminum to the exchange complex (see model output, Appendix D), suggesting that 
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red maple is not sensitive to exchangeable aluminum. This “generalist” relationship with soil 

chemistry may explain why red maple is common and abundant throughout Pennsylvania, 

especially in areas affected by acid deposition (Driscoll et al. 2001). It may also explain the 

overall increase in red maple abundance throughout the northeast in the last several decades 

(Abrams 1998). 

Lastly, occupancy of deer-preferred plants did not increase in response to short-term deer 

exclusion, rejecting my hypothesis that deer-preferred vegetation would be sensitive to browsing 

(H4). However, 85 of the 96 fences included in the analysis had been excluding deer for two 

years or less (established in 2013 or 2014), which may explain why I did not see the expected 

result. Typically deer exclusion studies do not report results until 4-5 years post-fencing because 

vegetation responses are slow immediately following exclusion (Rooney 2009, Beguin et al. 

2011, Long et al. 2012, Miller et al. 2017).  

Both deer-preferred taxa showed unexpected trends with soil chemistry. Higher bramble 

occupancy was associated with lower subplot basal area (recent harvest or disturbance/high 

overstory openness) and higher mineral horizon manganese. Brambles are considered an early 

successional species associated with disturbance (Rhoads and Block 2007). Brambles are resistant 

to both micronutrient and heavy metal accumulation in their tissues (Kowalenko 2005, Marques 

et al. 2009). Both increased reproductive output and a resistance to metal accumulation explains 

why occupancy increased with higher soil manganese across the study area.  

Unlike brambles, Indian cucumber-root occupancy was sensitive to understory shading 

and organic horizon extractable manganese levels ≥ 0.10 cmolc kg
-1

, suggesting Indian cucumber-

root may accumulate metals in its tissues and be light-limited. Understory forest herbs are 

generally considered shade-tolerant, but very little research has been done on Indian cucumber-

root and its associated habitat conditions (Barrett and Helenurm 1987, Meier et al. 1995, Hill and 

Garbary 2011). These results suggest that in addition to deer browsing effects on reproduction 
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(Kirschbaum and Anacker 2005, Royo et al. 2010b, Goetsch et al. 2011, Pierson and De Calesta 

2015), both light and metal availability may affect the presence of this species.  

Indian cucumber-root occurs throughout most of Pennsylvania (Rhoads and Block 2007), 

suggesting that manganese and openness influence occupancy locally but are not limiting the 

species’ distribution. Most of the sites I surveyed (88%, 221 out of 250) had openness values that 

ranged from 10 to 20 percent. This range is representative of openness values for most closed-

canopy forests with similar overstory and understory structure (Gonsamo et al. 2013), and 

representative of the closed-canopy, mature forests that make up the majority of state forest land 

in Pennsylvania. Indian cucumber-root’s statewide distribution throughout forested landscapes 

combined with large uncertainty in my occupancy estimates above understory openness values of 

about 25% suggests that understory openness may be of nominal biological importance.  

Conversely, Indian cucumber-root’s apparent relationship with soil manganese combined 

with past studies on foliar nutrition (Gilliam and Roberts 2003, Gilliam 2006, Pabian et al. 2012) 

indicate that soil chemistry is important to the ecology of forest herbs. Plant availability of metals 

as a consequence of acid deposition is a concern throughout the Ridge and Valley Physiographic 

Province of Pennsylvania (Drohan and Sharpe 1997). However, soil chemistry in other 

physiographic provinces may be more favorable if pH is > 5 because metals are less plant-

available (Ulrich and Pankrath 1983). Future studies should investigate whether Indian cucumber-

root exhibits a sensitivity to manganese in other parts of its range, particularly in areas outside the 

Ridge and Valley Physiographic Province of Pennsylvania. 

The influence of multiple factors on occupancy of Indian cucumber-root has implications 

for deer management. The species is often used as a phyto-indicator of deer browsing 

(Kirschbaum and Anacker 2005) because browsing results in observable changes in reproductive 

output and stature of most lilaceous forest herbs (Beardall and Gill 2001, Rooney and Gross 

2003, Goetsch et al. 2011). However, when considered without assessments of habitat suitability 
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(i.e., low manganese, high openness), instances of absence of Indian cucumber-root may be 

incorrectly attributed to deer browsing. If the habitat is unsuitable, reducing deer density alone 

will not increase occupancy.  

When considering Indian cucumber-root as a phyto-indicator of deer browsing effects in 

an occupancy (presence/absence) framework, additional factors including above-ground and 

below-ground conditions should also be considered as alternative explanations for absence, 

especially in the Ridge and Valley Physiographic Province. While not explored here, reproductive 

output may also be influenced by soil chemistry. pH was not significantly related to occupancy of 

Indian cucumber-root, suggesting that the species may be tolerant of acidic conditions when 

metal uptake is limited. Overall, little is known about the demography of Indian cucumber-root, 

which is cause for concern. The value of Indian cucumber-root as a phyto-indicator hinges on its 

consistent response to deer herbivory regardless of other environmental conditions. Future 

research is needed to understand if this is a reasonable assumption for the species and whether 

other factors need to be included as site conditions before it is used to make deer management 

decisions. 

Conclusions 

Occupancy across several species was explained by 4 of 8 of soil chemistry variables 

examined (pH, potassium, manganese, and ECEC), consistent with my predictions. However, 

there was minimal support for any of my proposed hypotheses, suggesting that occupancy 

relationships with soil chemistry were complicated and species-specific. Even within the same 

vegetation category (e.g., deer-preferred forest herbs), taxa showed opposite occupancy 

relationships with the same soil covariate. Considering biotic interactions in addition to abiotic 

conditions further supported the complicated nature of occupancy relationships across the study 
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area. Contrary to my prediction of ericaceous taxa dominance of tree seedlings, occupancy of 

oaks was higher in the presence of competing vegetation, suggesting an undocumented benefit of 

ericaceous association for some tree seedlings.  

Overall, base cation status was not a significant predictor of tree seedling regeneration, 

suggesting that some other factor may be responsible for regeneration concerns throughout the 

study area. Due to insufficient time since treatment, assessments of deer exclusion on occupancy 

of tree seedlings and deer-preferred taxa were inconclusive. Continued monitoring will be 

imperative in assessing the effect of deer on occupancy of taxa in this study.  

Abiotic conditions also shape occupancy of plant communities and have the potential to 

limit species distributions across the study area. Occupancy of mountain laurel and Indian 

cucumber-root decreased with increasing levels of extractable metals, suggesting that occupancy 

limitations extend beyond competitive interactions between species. Species-specific responses to 

soil chemistry, biotic interactions, and other environmental covariates make predicting shifts in 

species composition through time extremely difficult, especially when there are multiple factors 

that significantly predict occupancy of a single species. These results highlight the importance of 

soil chemistry and biotic interactions and how both have the ability to shape occupancy of plant 

taxa.  

Occupancy probability is a function of both occupancy (species availability) and 

detection (whether the species is found when it is present). Without estimates of detection, 

logistic regression estimators of occupancy can be biased and underestimate variance. In this 

study, detection was moderate to high across all taxa and scales, indicating that methods that 

assume 100% detection still may be useful. Future analyses should expand response variables to 

include abundance, species interactions beyond two taxa, and changes to reproductive output in 

the context of biotic and abiotic conditions. Generalized Joint Attribute Modeling (GJAM; Clark 

et al. 2017) is a new modeling technique that uses such an approach. Specifically, it combines 
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multifarious data types in a probabilistic framework to yield both beta estimates for covariates 

and a correlation matrix of species interactions. Analysis of community data with GJAM can 

model soil chemistry (e.g., pH, manganese, potassium, and ECEC), biotic interactions (e.g., 

facilitation and competition), and deer browsing simultaneously to better understand the relative 

importance of each factor in shaping plant community composition and abundance across central 

Pennsylvania.  
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Chapter 2  
 

Soil Chemistry and Biotic Interactions Explain Plant Community 

Composition in Central Pennsylvania 

Introduction 

Environmental filtering mechanisms have been used extensively in the literature to 

explain plant community assembly (Burton et al. 2011, Cavallero et al. 2012, Dahlin et al. 2012, 

Hoiss et al. 2012, Franklin et al. 2013). During filtering, abiotic factors influence species 

composition by prohibiting the persistence of species that do not exhibit specific characteristics. 

The regional species pool is “filtered” based on a species’ suitability for an abiotic environment, 

and communities are comprised of species that successfully persist through time. However, 

filtering does not occur outside of the context of biotic interactions, which also play a crucial role 

in plant community dynamics and species coexistence (Kraft et al. 2015).  

Abiotic and biotic interactions are common in plant community ecology, and the 

inclusion of biotic interactions in the context of changing abiotic conditions improves prediction 

of species distributions and richness at large spatial scales (Le Roux et al. 2014, Welk et al. 2014, 

Mod et al. 2015). Interspecific competition and facilitation alter plant community responses to 

abiotic factors directly (e.g., allelopathy, nutrient uptake) and indirectly (e.g., pioneer species, 

shared fungal networks) in a multitude of ways (Fernandez et al. 2016, Ruckli et al. 2016, 

Ruskule et al. 2016, Veresoglou et al. 2017). Modeling these complex interactions is an important 

part of understanding plant community shifts in the context of anthropogenic change (Bruno et al. 

2003, Michalet et al. 2006, Nylen et al. 2013, Olsen and Klanderud 2014). 

Over the last 50 years, there have been marked changes in soil chemistry due to acid 

deposition across the northeastern United States (Cronan and Grigal 1995, Drohan and Sharpe 

1997, Driscoll et al. 2001, Bailey et al. 2005). In Pennsylvania, declines in soil pH to < 5 have 
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increased plant availability of metals (i.e., aluminum and manganese; Ulrich 1983). Aluminum is 

not an essential plant nutrient and is linked to stunted root development (Delhaize and Ryan 

1995) and lower survival of sensitive tree seedlings (Kobe et al. 2002, Vanguelova et al. 2007, 

Bigelow and Canham 2010). Manganese is a necessary plant micronutrient that is required for 

metabolism (Millaleo et al. 2010), however when manganese uptake exceeds nutritional 

requirements it accumulates in plant tissues and reduces photosynthetic efficiency (El-Jaoual 

1998, St Clair and Lynch 2005).  

Acid deposition is also responsible for the leaching of essential plant macronutrients from 

forest soils. During an acid rain event, base cations (i.e., calcium, magnesium, and potassium) are 

stripped from the exchange complex and replaced by hydrogen ions, which have a higher affinity 

for soil exchange sites (Drohan and Sharpe 1997, Driscoll et al. 2001). Despite these known 

changes to soil chemistry and the potential for aluminum and manganese toxicity, research into 

relationships between soil chemistry gradients and plant community composition has been 

limited. Most of the focus on plant responses has been on growth and foliar chemistry of specific 

plant species (Long et al. 1997, 2011, Horsley et al. 2000, Demchik and Sharpe 2000, St Clair 

and Lynch 2005, Moore and Houle 2013). Rarely has plant community assembly been studied in 

the context of soil chemistry, particularly in the oak-hickory forests of central Pennsylvania 

(Thompson and Sharpe 2005, Horsley et al. 2008, Pabian et al. 2012).  

Biotic interactions also shape plant community composition (Michalet et al. 2006, Caruso 

et al. 2013, Nylen et al. 2013, Olsen and Klanderud 2014). Research has focused on the effects of 

competing vegetation on seedling regeneration (Horsley and Marquis 1983, Horsley 1993a, 

Eppard et al. 2005, Brose 2016), but rarely in the context of other abiotic factors (Sharpe and 

Halofsky 1992, Demchik and Sharpe 2001, Long et al. 2012). White-tailed deer browsing effects 

have also been included in many studies throughout the region (Horsley et al. 2003, Leege et al. 

2010, Royo et al. 2010b, Stout et al. 2013) due to the ability of white-tailed deer to shape plant 
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community composition across their range (Rooney and Gross 2003, McGraw and Furedi 2005, 

Morrissey et al. 2008, Goetsch et al. 2011, Begley-Miller et al. 2014). Forest herbs are 

particularly sensitive to repeated browsing events by deer, resulting in plants that are smaller and 

less likely to flower (Rooney and Gross 2003, Ruhren and Handel 2003, McGraw and Furedi 

2005). 

Due to their perennial nature, understory persistence, and reproductive sensitivity to 

biomass removal, trillium (Trillium spp.), Maianthemum spp., Polygonatum spp., and Indian 

cucumber-root (Medeola virginiana) have all been proposed as phyto-indicators of deer browsing 

effects in Pennsylvania (Rooney and Gross 2003, Kirschbaum and Anacker 2005, Bachand et al. 

2015). To date, however, very few studies that have investigated the environmental factors that 

confound interpretation of forest herb abundance and reproduction as it relates to deer browsing 

(Thompson and Sharpe 2005, Pabian et al. 2012, Kardol et al. 2014). There is evidence that soil 

chemistry has the potential to limit species distributions of some forest herbs (Thompson and 

Sharpe 2005) and that deer browsing also can alter soil environments indirectly via compaction 

and excreta (Beguin et al. 2011). The presence of these interactions increases the need for studies 

that investigate the relative importance of these factors on plant community dynamics. 

Modeling interactions of abiotic and biotic conditions is difficult, however, because of 

the multivariate nature of species distributions (McCune et al. 2002). Most approaches model 

individual or group responses to abiotic conditions but ignore potential biotic interactions within 

or among pre-defined groups (Lortie et al. 2004, Kraft and Ackerly 2014, Kraft et al. 2015, 

Warton et al. 2015). Additionally, plant community data are often collected using different data 

types, including percent cover, counts, and status variables, which are not easily combined to 

evaluate relationships among these variables. Generalized Joint Attribute Modeling (GJAM) 

deals with this issue by allowing combinations of multifarious data into a full community matrix 

to evaluate responses to predictors (Clark et al. 2017). Additionally, GJAM produces a correlation 
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matrix of biotic interactions in the context of environmental predictors, which allows for a full 

assessment of community relationships.  

In this study, I investigate understory plant community relationships with several 

environmental covariates (i.e., soil chemistry, understory light availability, and overstory 

structure) and assess the biotic interactions between species across the community in the context 

of these predictors to determine if facilitation or competition drives plant community 

composition. I focus on reporting results for taxa of biological significance, which include taxa 

considered barriers to tree seedling regeneration (competing vegetation), deer-preferred plants, 

and tree seedlings.  

Hypotheses and Predictions 

Competing vegetation consisted of 4 taxa (hay-scented fern (Dennstaedtia punctilobula), 

mountain laurel (Kalmia latifolia), huckleberry (Gaylussacia spp.), and blueberry (Vaccinium 

spp.)). Three of these taxa (mountain laurel, huckleberry, and blueberry) belong to the family 

Ericaceae, which has ericoid mycorrhizal fungi associations that allow for increased nutrient 

uptake in low base-cation soils (Cairney and Meharg 2003). I hypothesized that ericaceous taxa 

would be tolerant of poor soil chemistry (H1), and consequently I predicted ericaceous competing 

vegetation would be negatively associated with pH and base cations (Ca and K). Additionally, 

because metals are more plant available at low pH, I expected ericaceous plants to be tolerant of 

metals at sampling sites, and predicted a positive association between soil extractable manganese 

and ericaceous competing vegetation.  

Of the tree seedling taxa considered, two (red maple (Acer rubrum) and black birch 

(Betula lenta)) have increased in abundance throughout the study area over the last several 

decades (Albright et al. 2017), consistent with broader trends throughout the state (Abrams 1998, 
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2003). This shift in understory tree seedling composition from oak (Quercus spp.) to a mix of 

oak, birch, and maple is part of a broader trend of “mesophication” of oak forests in the eastern 

United States (Nowacki and Abrams 2008). The cause of “mesophication” is unknown, but 

changes in disturbance regimes are suspected to play a role (Iverson et al. 2017), and researchers 

have suggested additional factors as potential drivers, including browsing by white-tailed deer 

(Nuttle et al. 2013, Thomas-Van Gundy et al. 2014). In the northeast, these shifts have coincided 

with increased concerns about acid deposition and its effect on understory vegetation (Long et al. 

1997, Demchik and Sharpe 2001, Driscoll et al. 2001, Pabian et al. 2012), suggesting that at least 

some of the species associated with “mesophication” (e.g., maples) are tolerant of poor soil 

chemistry.  

Because of their increased occupancy across the study area, I hypothesized that black 

birch and red maple would be tolerant of acid soil conditions (H2). However, because red maple 

and black birch are not considered “acid-loving” like ericaceous taxa, I predicted abundance of 

red maple and black birch would remain constant across changes in pH, extractable base cations 

(Ca and K), and metals (Mn). Oaks (particularly red oak (Quercus rubra)), however, have 

limitations to growth and persistence on high Al, low Ca sites (Demchik and Sharpe 2000, Kobe 

et al. 2002, Bigelow and Canham 2010) despite regular occupancy of acidic soils (pH 2.5 – 5.5; 

Fike 1999, Spira 2011). Due to this sensitivity to Al and reduced Ca, I hypothesized that oak 

seedlings (red oak and chestnut oak (Quercus montana)) would be intolerant of poor soil 

chemistry (H3). I predicted that oak abundance would be positively associated with base cations 

(Ca and K), but negatively associated with pH and extractable metals (Mn).   

Deer-preferred plants, particularly Indian cucumber-root (Medeola virginiana), are 

sensitive to deer browsing. However, previous results from occupancy models (Chapter 1) 

suggest that deer-preferred plants are also sensitive to changes in soil chemistry, particularly 

potentially toxic metals like manganese. Because forest herbs are nutrient-rich and typically 
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exhibit higher efficiency of nutrient reabsorption at low-nutrient sites (Gilliam and Roberts 2003, 

Gilliam 2006), I hypothesized that deer-preferred plants (Indian cucumber-root (Medeola 

virginiana), brambles (Rubus spp.), and greenbrier (Smilax rotundifolia)) would be sensitive to 

poor soil chemistry (H4). I predicted that abundance of deer-preferred plants would be positively 

associated with extractable base cations (Ca and K) and negatively associated with metals (Mn).  

It has been previously documented that the abundance of competing vegetation exhibits a 

negative relationship with tree seedling abundance (Horsley and Marquis 1983, Brose 2016), 

suggesting a competitive interaction. Because of their dominance, I hypothesized that taxa 

considered competing vegetation would outcompete tree seedlings and deer-preferred plant taxa 

(H5). If this hypothesis was supported, I predicted negative correlations between competing 

vegetation taxa (mountain laurel, huckleberry, blueberry, and hay-scented fern) and tree seedling 

taxa (red maple, black birch, red oak, and chestnut oak). I also predict negative correlations 

between competing vegetation taxa and deer-preferred taxa (Indian cucumber-root, brambles, and 

greenbrier). 

Methods 

In 2014, I randomly selected 24 vegetation monitoring plots using a random number 

generator from a list of 100 already established plot locations across two state forests (the 

Rothrock and Bald Eagle State forests) in the Ridge and Valley Physiographic Province of central 

Pennsylvania (Figure 2-1).  

At each of the 24 locations, I established 11 subplots in a network such that a single 

subplot’s center was not more than 36.5 m straight-line distance from the next nearest subplot’s 

center (Figure 2-2). I established 5 of these subplots (numbers 1-5) in 2013 and the other 6 (6-11) 

in 2014. I defined subplots as the 7.32 m radial area around a center stake in the middle of the 
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subplot, and microplots as the 2.07 m radial area around a stake located 3.66 m due east (90˚ 

azimuth) of subplot center. 

 

 

Figure 2-1. Map of the study area and Pennsylvania land cover (agriculture, forest, urban, and 

water), including polygons of state forest (white). The study area is represented by gray polygons 

(Rothrock State Forest, left; Bald Eagle State Forest, right). Open and closed circles on the larger 

map represent 100 potential sampling locations across the entire study area. Open circles indicate 

chosen plot locations for this study. 
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Figure 2-2. Configuration of subplots 1-11 at each plot location. The center of subplot 1 is 

defined as plot center (PC). Subplots outlined in black were established in 2013 while those 

outlined in purple were established in 2014. The area inside each subplot circle represents 1/60
th
 

ha (1/24
th
 acre; 168 m

2
), while the microplot (hollow circle nested within the subplot) represents a 

1/2500
th
 ha (1/1000

th
 acre; 4.05 m

2
).  
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Study Area Characteristics 

Across the study area the climate is temperate, with mean annual precipitation of 104 cm 

and a summer temperature range of 16˚ C at night and 29˚ C during the day (National Oceanic 

and Atmospheric Administration 2017a). The growing season averages 182 days from April 22
nd

 

to October 21
st
 (National Oceanic and Atmospheric Administration 2017b). Topographically, the 

study area is located within the Ridge and Valley Physiographic Province of Pennsylvania, and 

plots ranged in elevation from 400 to 700 m. Based on county-level digital soil survey data 

(Pennsylvania Spatial Access Database 2014), the soils across the study area were split evenly 

into 4 taxonomic classes with several competing soil series: Fine-loamy, mixed, semiactive, 

mesic Typic Hapludults (Ungers, Clymer, Gilpin, Leck Kill, Murrill soil series, 6 sites); Fine-

loamy, mixed, semiactive, mesic Aquic Fragiudults (Buchanan series, 6 sites); Loamy-skeletal, 

siliceous, active, mesic Typic Dystrudepts (Hazleton, Wallen, and Dekalb series, 6 sites); and 

Sandy-skeletal, siliceous, mesic Entic Haplorthods (Leetonia series, 6 sites). All sites were 

forested hardwood stands dominated by red oak (Quercus rubra), chestnut oak (Quercus 

montana), black oak (Quercus velutina), and scarlet oak (Quercus coccinea) at higher elevations, 

and red oak and yellow poplar (Liriodendron tulipifera) at lower elevations (Fike 1999).  

Vegetation Monitoring 

From 27 May – 13 August 2014, I conducted vegetation inventories across all subplots at 

all 24 plot locations. I collected tree seedling data at the microplot scale separately from all other 

understory cover data. Any live, arborescent, woody species that was ≤ 2.54 cm DBH was 

considered a tree seedling. I counted individuals of each species by height class (class categories 

are: 1 = < 0.15 m, 2 = 0.15 – 0.3 m, 3 = 0.3 – 0.9 m, 4 = 0.9 – 1.5 m, 5 = > 1.5 m) and summed 
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them. I excluded tree seedlings less than 0.3 m tall (classes 1 and 2) from analysis to reduce 

variability. 

I defined cover data as any understory vegetative cover that was not considered a tree 

seedling, sapling (single-stemmed woody taxa > 2.54 cm but < 12.7 cm DBH), or canopy tree 

(single-stemmed woody taxa ≥ 12.7 cm DBH). Cover data includes several different types of 

vegetation: shrubs, herbs, ferns, grasses, sedges, rushes, and vines. As with tree seedling data, I 

collected cover data at each microplot. For each taxon, I recorded percent cover in 10% 

increments, ranging from 0-10% (class 0) to 90-100% (class 9). Prior to analysis, I converted 

each class to a midpoint to create a single value for each cover estimate. Because taxa can overlap 

at different heights, the amount of cover in each microplot can exceed 100%. Additionally, due to 

lack of reproductive structure present at the time of sampling, I assigned some taxa to a 

vegetation class rather than species (e.g., grasses (Poaceae), sedges (Cyperaceae), rushes 

(Juncaceae), some polypod ferns (Polypodiaceae), blackberries (Rubus spp.), blueberries 

(Vaccinium spp.), huckleberries (Gaylussacia spp.), goldenrods (Solidago spp.), asters 

(Asteraceae) and violets (Viola spp.)). All taxa in the regional species pool and their associated 

data codes (reported in results) are listed in Appendix H. 

Environmental Covariates Considered During Analysis 

I modeled plant communities as function of several measured environmental covariates 

that explained single-species occupancy of taxa across the study area. These covariates were 

uppermost organic horizon soil pH (pHO), uppermost organic horizon soil extractable calcium 

(CaO), uppermost mineral horizon extractable potassium (KM), both uppermost organic and 

mineral extractable manganese (MnO and MnM), understory microplot openness (pctopen), plot 

basal area (ba), and location (Rothrock or Bald Eagle state forest (sf)). 
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I collected soil samples to 40 cm depth at subplots 1, 5, 6, 7, 8, 9, 10, and 11 at each plot 

location and at subplots 2-4 when time allowed. I subdivided samples according to horizon 

characteristics rather than depth, and most commonly collected two primarily organic horizons 

(Oe/Oi and Oa/A) followed by 1 to 3 mineral horizons to the final sampling depth at each subplot. 

The Oa and A horizons were collected together because the A horizon was thin and 

indistinguishable from the Oa horizon. Following collection, I dried each sample on kraft paper 

and then ground it by hand using mortar and pestle and sieved it to 2mm to remove coarse debris. 

I removed 5.00 g of soil from the sample and sent it to the Ag Analytical Services Laboratory in 

University Park, PA for analysis of pH using 0.01 M CaCl2 with a 1:5 soil-to-solution ratio 

(Hendershot et al. 2008). pH was extracted using the same method for all samples. 

The Kellogg Soil Survey Laboratory (KSSL) in Lincoln, NE extracted Ca and K (cmolc 

kg
-1

) from the remaining samples at unbuffered soil pH using ammonium acetate (NH4OAc) and 

displacement with 2 M KCl (Hendershot et al. 2008, Soil Survey Staff 2014). The lab also 

analyzed extractable metals (Mn (mg kg
-1

)) separately using 1 N KCl (Long et al. 1997, 2011, 

Soon et al. 2008). I have listed the manual reference number for each method (Soil Survey Staff 

2014) in Appendix B and I converted Mn values to cmolc kg
-1

 for consistency. To ensure 

consistency in my assessment of soil chemistry, I only included extracted values from the 

uppermost organic horizon (the Oa/A horizon) and the uppermost mineral horizon (the E or B 

horizon) during analysis. 

For understory openness, I used the proportion of open sky at 1 m above ground level as 

a surrogate for understory light availability for each microplot (Gonsamo et al. 2013). I took 

photos with a Nikon Coolpix 4500 digital camera equipped with a FC-E8 180˚ fisheye lens of the 

forest canopy at 1 m height and analyzed all photos using thresholding in Gap Light Analyzer 

(GLA; (Frazer 1999)). I photographed all microplots at a site in the same two-hour window. After 
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processing, I calculated mean percent sky openness for each microplot from all analyzed photos 

and logit transformed values prior to analysis. 

I assigned state forest as a categorical variable (Rothrock = 1, Bald Eagle = 0) and I 

reported basal area as the sum of tree total area (m
2
 = 0.00007854 * DBH

2
) per subplot 

extrapolated to m
2
 ha

-1
 (the standard reporting unit). Basal area is a surrogate variable for 

overstory light levels because smaller basal areas typically were associated with more recent 

overstory removal (disturbance).   

Data Analysis 

I analyzed a community data matrix of all taxa (cover and tree seedlings) and their 

abundances (cover and counts) as a function of the covariates mentioned above (i.e., pHO, CaO, 

MnO, MnM, pctopen, ba, and sf) using generalized joint attribute models (GJAM) in package 

“gjam” (Clark et al. 2017) in R (R Development Core Team 2016).  GJAM is a modeling 

approach that uses a probabilistic framework to model multiple species distributions in response 

to environmental covariates and posterior simulation is done with Gibbs sampling. It allows the 

use of multifarious ecological data via a partition that links continuous and discrete observed 

community data across two probability spaces, one continuous and one discrete. Community 

responses are considered in the context of a community matrix (𝑌) that is modeled using a 

multivariate normal distribution, and the correlation matrix from the model represents biotic 

interactions between species in the context of a matrix of environmental predictors (𝑋). 

I considered pH, extractable calcium, extractable manganese, extractable potassium, 

understory microplot openness, state forest, and basal area as predictor variables in the following 

model: 
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𝑦𝑖,𝑠 ~ 𝐵0 + 𝛽1𝑝𝐻𝑂𝑖 + 𝛽2𝐶𝑎𝑂𝑖 + 𝛽3𝑀𝑛𝑂𝑖 + 𝛽4𝑀𝑛𝑀𝑖 + 𝛽5𝐾𝑀𝑖 + 𝛽6𝑝𝑐𝑡𝑜𝑝𝑒𝑛𝑖 +

𝛽7𝑠𝑓𝑖 +  𝛽8𝐵𝐴𝑖, 

 

where y is the community data matrix with 𝑖 observations and 𝑠 species, and each predictor is the 

covariate value for each 𝑖 observation. Data in the community matrix were of two types: 

continuous abundance (cover) and count composition (counts of tree seedlings). Each predictor 

comes from matrix 𝑥𝑖𝑞 with 𝑖 observations and 𝑞 predictors. For the model, I set the number of 

Gibbs steps to 500,000 with 100,000 burn in and removed taxa that comprised less than 3% of 

observations. I visually inspected chains for convergence for each taxon and checked whether 

model assumptions were met by plotting the residuals. More details on the model and the 

associated distributions for each component can be found in Clark et al. (2017). 

Results 

Figures 2-3 and 2-4 illustrate taxonomic responses to predictors included in the GJAM 

model. Ericaceous vegetation (kala, gasp, vasp) was negatively associated with pH (Figure 2-3, 

top left) and extractable potassium (Figure 2-4, top left), consistent with my prediction. However, 

mountain laurel (kala) showed a strong negative association with organic horizon manganese, 

which did not support my prediction that ericaceous plants would be positively associated with 

metals. This result did not carry over to the uppermost mineral horizon, where mountain laurel 

showed no association (positive or negative) with mineral horizon extractable manganese (Figure 

2-3, bottom right). Ericaceous taxa were not negatively associated with calcium (Figure 2-3, top 

right). 

Hay-scented fern (depu) was positively associated with pH and microplot openness, and 

negatively associated with potassium and basal area. Tree seedlings showed no response to any 
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modeled predictor, with the exception of red maple (acru) which was more likely to occur in 

Rothrock state forest compared to Bald Eagle, and black birch (bele), which tended to be 

associated with less open understories (Figure 2-4, top right and bottom left, respectively). 

Contrary to my expectation, red oak (quru) and chestnut oak (qumo) showed no associations with 

any soil chemistry variable. 

As expected, all deer-preferred taxa (mevi, rusp, and smro) were negatively associated 

with organic horizon extractable manganese (Figure 2-3, bottom left), but only Indian cucumber-

root (mevi) was also negatively associated with manganese in the uppermost mineral horizon 

(Figure 2-3, bottom right). Contrary to my expectation, brambles (rusp) were positively 

associated with higher levels of mineral horizon manganese and greenbrier (smro) had no 

association (Figure 2-3, bottom right). Brambles were also positively associated with pH (Figure 

2-3, top right), but negatively associated with potassium (2-4, top right). Indian cucumber-root 

and greenbrier showed no relationship with any other soil covariate, including calcium (Figure 2-

3, top right), pH (Figure 2-3, top left) or potassium (Figure 2-4, top left).  

Overall, brambles were more common in Rothrock than Bald Eagle (Figure 2-4, top 

right), and negatively associated with basal area (Figure 2-4, bottom right) and microplot 

openness (Figure 2-4, bottom left). Indian cucumber-root and greenbrier were not associated with 

either state forest (Figure 2-4, top right), but they were both associated with higher overstory 

basal area (Figure 2-4, bottom right). Like brambles, greenbrier was also negatively associated 

with understory openness, while Indian cucumber-root showed no association (Figure 2-3, bottom 

right). All beta coefficients for all modeled species can be found in Appendix I. 
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Figure 2-3. Individual taxonomic relationships with environmental covariates (uppermost 

organic horizon pH, uppermost organic horizon Ca, and uppermost organic and uppermost 

mineral horizon Mn). Error bars represent 95% CIs and different symbols represent different 

groups of taxa (circle = competing vegetation; triangle = deer-preferred plants; square = tree 

seedlings). Taxa codes are: hay-scented fern (depu), mountain laurel (kala), huckleberry (gasp), 

blueberry (vasp), Indian cucumber-root (mevi), brambles (rusp), greenbrier (smro), red maple 

(acru), black birch (bele), red oak (quru), and chestnut oak (qumo). The dashed line indicates a 

coefficient of 0 (no effect) and points on either side of the solid line are graphed on different 

scales. 
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Figure 2-4. Individual taxonomic relationships with environmental covariates (uppermost 

mineral horizon K, state forest, microplot openness, and basal area). Error bars represent 95% CIs 

and different symbols represent different groups of taxa (circle = competing vegetation; triangle = 

deer-preferred plants; square = tree seedlings). Taxa codes are: hay-scented fern (depu), mountain 

laurel (kala), huckleberry (gasp), blueberry (vasp), Indian cucumber-root (mevi), brambles (rusp), 

greenbrier (smro), red maple (acru), black birch (bele), red oak (quru), and chestnut oak (qumo). 

The dashed line indicates a coefficient of 0 (no effect) and points on either side of the solid line 

are graphed on different scales. 
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Table 2-1 shows the correlation matrix of biotic interactions derived from the GJAM 

model that accounts for environmental predictors. Competing vegetation had negative 

interactions with several taxa, but they were inconsistent with my predictions. Hay-scented fern 

showed strong negative interactions with 6 different taxa, including Indian cucumber-root (Table 

2-1), but also showed a negative interaction with two ericaceous taxa (huckleberry and mountain 

laurel). Huckleberry and mountain laurel both had negative interactions with brambles, another 

deer-preferred plant, but had positive interactions with Indian cucumber-root and greenbrier 

(Table 2-1). Blueberry also was associated positively with all three deer-preferred taxa (Indian 

cucumber-root, brambles, and greenbrier; Table 2-1), opposite my prediction of a negative 

interaction.  

Unexpectedly, there were no negative relationships between competing vegetation and 

any tree seedling taxa (Table 2-1). Only two interactions occurred between competing vegetation 

and tree seedlings, and both were positive. Blueberry had a positive association with red maple 

and huckleberry had a positive association with sassafras (Table 2-1). None of the common tree 

seedlings of interest (red maple, black birch, chestnut oak, or red oak) were associated (positively 

or negatively) with hay-scented fern, huckleberry, or mountain laurel. Surprisingly, blueberry had 

strong positive associations with several taxa (Table 2-1). Overall, ericaceous taxa were 

positively associated with other ericaceous taxa (Table 2-1). There were several negative 

interactions between red maple and other taxa, including Indian cucumber-root, black birch, and 

red oak (Table 2-1).  The full correlation matrix (and their associated standard errors) used to 

create Table 2-1 can be found in Appendix J. 
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Table 2-1. Correlation coefficients for all taxa by group where 95% CIs do not overlap zero (no effect = NS). Correlation coefficients for 

the same species (SS) are not reported. Positive correlations are highlighted in green while negative correlations are highlighted in red.  

Group Competing Vegetation Deer-Preferred Plants Tree Seedlings 

Taxon 
Hay-

Scented 

Fern 

Huckle

-berry 

Mountain 

Laurel 

Blue-

berry 

Indian 
Cucumber

-root 

Brambles 
Green-

brier 

Red 

Maple 

Black 

Birch 

Chestnut 

Oak 

Red 

Oak 

White Snakeroot 0.22 NS -0.23 0.19 NS 0.43 0.16 0.22 NS NS NS 

Amelanchier spp. NS NS NS 0.12 0.22 0.21 NS NS NS NS NS 

Hay-Scented Fern SS -0.70 -0.28 NS -0.66 0.35 NS NS NS NS NS 

Teaberry -0.19 0.19 0.34 0.30 NS -0.14 NS NS -0.27 NS NS 

Huckleberry -0.70 SS 0.20 0.26 0.30 -0.30 0.30 NS NS NS NS 

Grasses -0.30 0.09 NS 0.15 NS NS NS NS NS NS NS 

Witch Hazel -0.15 NS NS NS 0.24 NS NS NS NS NS NS 

Mountain Laurel -0.28 0.20 SS 0.33 0.21 -0.18 0.15 NS NS NS NS 

Whorled Loosestrife 0.14 NS NS NS -0.41 0.18 NS 0.22 -0.18 NS NS 

Indian Cucumber-root -0.66 0.30 0.21 0.16 SS -0.37 NS -0.21 NS NS NS 

Brambles 0.35 -0.30 -0.18 0.25 -0.37 SS NS 0.19 NS NS NS 

Sedges 0.29 -0.38 -0.46 NS -0.20 0.35 -0.17 0.17 -0.19 NS NS 

Greenbrier NS 0.30 0.15 NS NS NS SS NS NS NS NS 

Blueberry NS 0.26 0.33 SS 0.16 0.25 NS 0.16 NS NS NS 

Wild Grape 0.19 -0.21 NS NS 0.16 0.38 NS NS NS -0.21 NS 

Red Maple NS NS NS 0.16 -0.21 0.19 NS SS -0.29 NS -0.40 

Black Birch NS NS NS NS NS NS NS -0.29 SS NS NS 

Black Gum NS NS NS NS NS NS NS NS NS NS NS 

Chestnut Oak NS NS NS NS NS NS NS NS NS SS NS 

Red Oak NS NS NS NS NS NS NS -0.40 NS NS SS 

Black Oak NS NS NS NS NS 0.31 NS NS NS NS NS 

Sassafras NS NS 0.26 NS 0.24 -0.22 NS -0.33 NS NS NS 
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Discussion 

Overall, ericaceous vegetation was negatively associated with potassium and pH, 

suggesting a competitive advantage due to efficient base cation extraction at low pH (Cairney and 

Meharg 2003). However, there was mixed support for ericaceous vegetation tolerance of metals, 

which are also associated with poor soil chemistry and pH values < 5 (Ulrich 1983). These results 

are inconsistent with across-the-board ericaceous tolerance of poor soil chemistry (H1) and 

instead suggest that metal tolerances are taxon-specific. None of the taxa modeled (ericaceous or 

otherwise) were significantly related to soil calcium, suggesting that calcium levels met baseline 

nutritional requirements for most species and were not limiting (Burton et al. 2011). 

Additionally, while ericaceous taxa abundance was not associated with manganese (a 

metal) in the mineral soil, mountain laurel exhibited a strong negative association with 

manganese in the organic horizon, suggesting that mountain laurel abundance is affected by the 

higher levels of manganese typically associated with organic soils at my study site. The presence 

of an apparent manganese sensitivity suggests that ericoid mycorrhizal fungi associations, which 

allow for efficient extraction of base cations (Cairney and Meharg 2003), likely do not protect 

against uptake of metals for some species (Wasserman et al. 1987). However, a lack of consistent 

response of ericaceous taxa to manganese suggests that there may be some interspecific 

variability in nutrient uptake (Toju et al. 2016) partnered with intraspecific variability due to 

genetic differences in mycorrhizae (Grelet et al. 2009). Future studies interested in understanding 

the mechanism of nutrient uptake and metal tolerance should focus on better understanding 

mycorrhizal relationships with ericaceous taxa and quantifying nutritional effects on plant tissues. 

Red maple and black birch showed no sensitivity to any measured soil chemistry 

covariate, which supported my hypothesis that both species would be tolerant of changes to soil 
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chemistry (H2). Red oak and chestnut oak also were not associated with any measured soil 

chemistry variable, which provided no support for oak intolerance of poor soil chemistry (H3). 

Red maple has increased in abundance throughout the northeast over the last several decades 

(Abrams 1998), and changes in disturbance regimes (Nowacki and Abrams 2008), poor soil 

chemistry (i.e., low pH, low base cations, and high availability of metals) may explain this trend. 

Subsequently, temperate deciduous forests understories previously dominated by oak 

regeneration are shifting to a mix of oak, maple, and birch, signaling a change in oak ecology 

likely related to the ecophysiology of non-oak species (Nowacki and Abrams 2008, Hanberry et 

al. 2012, Albright et al. 2017).  

Deer-preferred plants were not associated with pH or calcium, but abundance was 

associated with soil extractable manganese, suggesting intolerance of some aspects of poor soil 

chemistry (H4). Indian cucumber-root and greenbrier were negatively associated with high levels 

of organic horizon extractable manganese, suggesting a potential sensitivity to this metal, which 

can be phytotoxic (Millaleo et al. 2010). Unlike greenbrier, Indian cucumber-root was also 

associated with low levels of mineral horizon manganese, suggesting that its abundance is limited 

even by the reduced amount of manganese present in the mineral horizon compared to organic 

soils within the study area.  

Brambles were positively associated with pH and high mineral horizon extractable 

manganese, but negatively associated with potassium, suggesting a complicated relationship with 

soil chemistry. Brambles represent a group of early successional species typically associated with 

disturbance and high overstory openness (Rhoads and Block 2007), and this was supported by 

increased bramble abundance at low basal area and low understory cover. The negative 

association between potassium and brambles suggests that brambles are not potassium-limited at 

my study site, and the positive association between bramble abundance and mineral horizon 

extractable manganese suggests metal tolerance. Brambles have often been documented to persist 



75 

 

on sites with high heavy metal concentrations (Marques et al. 2009, Konopinksi and Zuber 2013, 

Angin et al. 2017). The negative association of brambles with high levels of organic horizon 

manganese suggests that the typically higher concentrations of manganese present in the organic 

soil may be above the threshold of tolerance for these taxa.  

There was mixed support for a competitive advantage of ericaceous taxa and hay-scented 

fern over tree seedlings or deer-preferred plants (H5). Strong negative associations between hay-

scented fern and Indian cucumber-root suggest that hay-scented fern may have a competitive 

advantage over Indian cucumber-root. Previous studies on hay-scented fern and hardwood 

seedlings suggest that tree seedlings become light limited following prolonged shading 

underneath a dense fern canopy (Horsley 1993a). Future studies should investigate the shade-

tolerance of Indian cucumber-root to better understand this negative interaction and potential 

light-limitation by hay-scented fern. Even under the most favorable growing conditions, Indian 

cucumber-root would rarely exceed a height that would allow it to grow out of the shade 

produced by dense colonies of hay-scented fern (Rhoads and Block 2007).  

Surprisingly, tree seedlings showed no negative association with hay-scented fern or any 

other type of competing vegetation. This could be related to the relatively low abundances of tree 

seedlings throughout the study area, since past studies have showed relatively strong competitive 

interactions between hay-scented fern, mountain laurel, and tree seedlings (Horsley and Marquis 

1983, Sharpe and Halofsky 1992, Horsley 1993a, Brose 2016). It is also possible that some other 

factor not measured directly (i.e., deer density) is playing a bigger role than competitive 

interactions at my study sites, and inclusion of those factors in the model would explain tree 

seedling distributions better than the current model. Non-linear relationships associated with the 

density of competing vegetation should also be considered, since it is possible that interactions 

could switch from positive to negative as abundance of competing vegetation increases. 
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There were negative associations between red maple and several taxa, suggesting a 

potential competitive advantage for red maple throughout the study area. A favorable competitive 

environment due to changing abiotic conditions (e.g., soil chemistry, climate, insects, disease) 

partnered with a lack of understory disturbance (Nowacki and Abrams 2008) would explain the 

increase in red maple abundance throughout its range (Abrams 1998). Further studies should 

attempt to quantify biotic interactions with red maple through well-controlled studies of growth 

rates and soil feedbacks in the context of changing abiotic conditions. Additionally, because of 

the well-documented effects of deer browsing on plant community composition (Kittredge et al. 

1995, Augustine and Frelich 1998, Rooney and Waller 2003, Royo et al. 2010b, Tanentzap et al. 

2011, Russell et al. 2017, Sabo et al. 2017), future studies should work to include deer density as 

a predictor in assessments of plant community dynamics. 

There was a positive association between ericaceous taxa, greenbrier, and Indian 

cucumber-root, suggesting a potential benefit to deer-preferred taxa when they grow in concert 

with ericaceous plants. Changes in leaf chemistry or soil microclimate could explain this positive 

interaction, especially if mycorrhizae increase nutrient availability at the root interface of 

ericaceous plants (Kjøller et al. 2010). There could also be more favorable moisture regimes 

associated with ericaceous taxa on the sandy soils that dominate the ridges throughout the study 

area (Haskell et al. 2012, Costa et al. 2017, Piayda et al. 2017). Additional studies should 

investigate these potential benefits to better understand the biotic interactions between these taxa. 

In the absence of hay-scented fern and contrary to expectations, ericaceous taxa do not appear to 

be outcompeting deer-preferred plants.   
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Conclusions 

Overall, strong soil chemistry relationships were found across several taxa, suggesting 

that base cation availability, metals, and pH influence plant community composition in central 

Pennsylvania. Additionally, site variables like understory openness and overstory basal area 

explained abundance of several species, highlighting the importance of light limitation and 

disturbance in promoting the dominance of early successional species (e.g., brambles) and some 

competing vegetation (e.g., hay-scented fern). Responses to environmental conditions were 

species-specific and did not follow expected trends among biologically significant groups (i.e., 

competing vegetation, deer-preferred plants, and tree seedlings). In total, soil chemistry and site 

conditions work together to determine species distributions throughout the Ridge and Valley 

Physiographic Province of Pennsylvania, indicating that abiotic conditions must be included in 

assessments of plant community composition. 

In addition to abiotic factors, biotic interactions were prevalent across several taxa. These 

interactions were both positive and negative, suggesting complicated interspecific relationships 

throughout the study area. Competitive interactions were strongest between hay-scented fern and 

several taxa, including Indian cucumber-root. However, relationships between ericaceous taxa 

and most deer-preferred plants were positive, suggesting a potential benefit for taxa associated 

with ericaceous vegetation. Future studies should further investigate mechanisms behind these 

interactions, focusing on potential microclimate benefits associated with ericoid mycorrhizae. 

The relationships between taxa within a plant community are related to both abiotic and 

biotic interactions, and understanding these interactions is often difficult because of the 

complicated nature of ecology. Even with the use of a modeling approach that deals well with 

assessing community data, there were not clear abiotic or biotic interactions that influenced tree 

seedling abundance. Given that past studies have highlighted the effects of white-tailed deer 

browsing on tree seedling occupancy (Marquis and Grisez 1978, Anderson and Katz 1993, 
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Kittredge et al. 1995, Russell et al. 2001, Long et al. 2012), deer density estimates should be 

included in future assessments of tree seedling composition.  

This study has showcased the importance of both abiotic and biotic interactions in 

shaping plant community composition in central Pennsylvania. It has also demonstrated that 

community models like GJAM reveal important relationships between taxa that are not possible 

with traditional multivariate techniques. Researchers interested plant community ecology should 

consider using GJAM to better understand plant community dynamics beyond species-specific 

models. Furthermore, community modeling approaches like GJAM help identify areas of focus 

for future studies that are important in understanding mechanisms behind species interactions.  
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Chapter 3  
 

Evaluation of Short-term (3-year) Understory Plant Community Responses to 

Deer Exclusion, Herbicide, and Lime Application 

Introduction  

Abundant literature is available on plant community responses to nutrient availability 

(Gilliam 2006, Iversen et al. 2008), insect and mammalian herbivory (Karban and Myers 1989, 

Webster et al. 2005, Hood and Bayley 2009, Reese et al. 2016), pests and disease (Mordecai 

2011, Cobb et al. 2013, Chupp and Battaglia 2017), invasive species (Kaye and Hone 2016), and 

a host of other topics. While these studies address questions relevant to the challenges facing 

ecologists today, their study design often limits the applicability of results to everyday land 

managers. Additionally, the complicated nature of ecological communities usually makes results 

from well-controlled, single-factor studies irreproducible at large spatial scales (Haag and 

Matschonat 2001, Roeselers et al. 2006, Gaertner et al. 2010).  

In order to provide applicable, scale-appropriate management recommendations to land 

managers, well-controlled, single-factor studies need to be followed up with larger-scale 

experimental studies that account for ecological interactions and variability with adequate sample 

size (Barley and Meeuwig 2017). Several studies have already done this, ranging from 

understanding trophic cascades in intertidal zones (Connell 1972) to relationships between deer 

and invasive plants (Webster et al. 2008, Averill et al. 2016, Martinod and Gorchov 2017). In 

order to better understand ecological processes and the complex, interconnected web of 

relationships that exist in ecological communities, studies of interactions must continue. Most 
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importantly, these studies need to bridge the gap between testing ecological theory and being 

relevant to today’s land managers.  

Here, I present the results of a large-scale, landscape-level experiment aimed assessing 

the interactive effects of deer exclusion, competing vegetation removal, and raised soil pH on 

forest understory plant community composition in central Pennsylvania. White-tailed deer, 

competing vegetation, and soil chemistry are all possible explanations for low tree seedling 

recruitment, lack of understory diversity, and a reduction in forest herb abundance throughout the 

region. 

The History of White-tailed Deer Effects on Plant Communities 

Throughout the northeast, particularly in the oak-hickory and northern hardwood forests 

of Pennsylvania, there is concern about an eventual shift in forest composition due to failed 

regeneration of oak and other hardwoods to replace an aging overstory (Albright et al. 2017, 

McWilliams et al. 2017). There are several potential causes of the regeneration issue in hardwood 

forests, including disease and pests (Castello et al. 1995, Mordecai 2011, Cobb et al. 2013), 

drought (Demchik and Sharpe 2000, Webster et al. 2008), changes in soil chemistry from acid 

deposition (Horsley et al. 2000, Demchik and Sharpe 2001, Drohan et al. 2002, Long et al. 2012), 

persistent layers of interfering (competing) vegetation (Horsley 1993a, Clinton and Boring 1994, 

Lyon and Sharpe 1996, Brose 2016), and excessive browsing by white-tailed deer (Odocoileus 

virginanus).  

White-tailed deer have well-documented effects on forest vegetation (Tilghman 1989, 

Augustine and McNaughton 1998, Augustine and Frelich 1998, Horsley et al. 2003). As selective 

herbivores, they preferentially browse on many species of economic and biological importance, 

including valuable northern hardwoods (Tierson et al. 1966, Marquis 1981), oaks (Quercus spp., 
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Rooney & Waller 2003), and flowering forest herbs (Waller and Alverson 1997).  In areas with 

unmanaged deer herds, excessive browsing pressure can alter forest communities, resulting in the 

dominance of less-palatable species like graminoids and ferns (Wiegmann and Waller 2006, 

Rooney 2009).  These direct changes to the forest also have indirect effects at a variety of trophic 

levels, including, but not limited to, reduced food and habitat availability for songbirds and 

invertebrates, decreased competition between understory plants, and altered nutrient cycling 

(Rooney and Waller 2003, Côté et al. 2004).  

Given the extensive research documenting the relationship between deer and their habitat, 

it was expected that reducing deer density would allow plant communities to recover in heavily 

browsed areas over time. However, research into the recovery of forest herbs and tree seedlings 

shows that it is often slow or inadequate even where deer density is low (Stromayer and Warren 

1997, Royo et al. 2010b, Goetsch et al. 2011). In areas across the United States that experienced 

deer browsing effects during the species’ population boom in the early to mid-20
th

 century, 

browse-resistant vegetation, such as ferns and graminoids, increased in abundance as deer 

consumed all other types of preferred vegetation (Rooney 2001, 2009, Frerker et al. 2013, Nuttle 

et al. 2014).  

Several researchers have suggested that the lack of recovery of plant communities in 

areas with reduced deer density is evidence of a “legacy effect” of past deer herbivory (Griggs et 

al. 2006, Royo et al. 2010b, Goetsch et al. 2011, White 2012, Nuttle et al. 2014, McWilliams et 

al. 2017). In particular, these researchers argue that deer have created an alternative state of 

competing vegetation (ferns and graminoids) that will continue to limit recovery until it is 

removed. The mechanism of this competing vegetation effect, however, remains uncertain. Light 

limitation through shading, competition for desired resources, and lack of adequate seeding for 

tree seedlings and slowly dispersed forest herbs are all possible concerns in areas with near 

monocultures of dominant vegetation. Poor soil chemistry, direct competition for space, light, or 



93 

 

nutrients, and current deer browsing levels could also explain a lack of vegetation recovery and 

persistence of this dominant vegetation.  

Recently, some research has demonstrated the interactive effects of deer browsing and 

other forest processes. Specifically, Royo et al. (2010) found canopy gaps and fire disturbance, in 

combination with moderate deer browsing, increased plant species richness compared to canopy 

gaps and fire alone. Long et al. (2012) investigated the effects of soil acidification and deer 

exclusion on red oak (Quercus rubra) seedlings, finding significant effects of liming on foliar 

chemistry, but not seedling growth. Deer exclusion, however, significantly increased red oak 

seedling height and basal diameter, while a combined treatment of fencing and liming did not. 

These studies are the start of a new approach to understanding vegetation dynamics across eastern 

deciduous forests, focusing on the interactive processes governing plant community composition 

and growth.  

Acid Deposition and Changes to Soil Chemistry 

In Pennsylvania, deer density reductions (and lack of vegetation recovery) have coincided 

with increased concern regarding acid deposition and its effect on plant communities through 

altered soil chemistry (Drohan and Sharpe 1997, Drohan et al. 2002, Bailey et al. 2005, Pabian et 

al. 2012). Additionally, competing vegetation and its ability to limit tree seedling and herbaceous 

plant growth is also cause for concern, especially in areas with a history of high deer impact 

(Griggs et al. 2006, Royo et al. 2010b, Pennsylvania Bureau of Forestry 2013, McWilliams et al. 

2017).  

Acid deposition is likely responsible for the changes to soil chemistry in poorly buffered 

soils across Pennsylvania over the last 50 years (Drohan and Sharpe 1997, Bailey et al. 2005). In 

addition to declines in pH, concentrations of metals like aluminum and manganese have increased 
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in the soil solution due to increased solubility (Ulrich 1983, Marschner 1991, Levin 1994). Unlike 

manganese, which is an essential plant micronutrient, aluminum exhibits no nutritional value to 

plants. It is a well-documented root growth inhibitor, particularly in acidic soils (Delhaize and 

Ryan 1995). Manganese has been implicated as a potential limiter to root growth in sugar maple 

(Acer saccharum; McQuattie & Schier 2000); however, in a study of multiple eastern deciduous 

forest tree species, the mechanism of toxicity was reduced photosynthetic efficiency within leaf 

tissues (St Clair and Lynch 2005).  

 In addition to increased metal solubility, the influx of hydrogen ions into the soil solution 

from acid deposition has stripped base cations (calcium, magnesium, potassium, and sodium) 

from the soil exchange complex (Ulrich 1983). Hydrogen ions deposited during an acid rain event 

have a stronger affinity for negatively charged exchange sites, reducing the availability of 

essential plant macronutrients in the soil (Helling et al. 1964, Cronan 1994, Altland et al. 2008, 

Moore and Houle 2013). Several studies have investigated the potential effects of these soil 

changes on vegetation growth and survival (Wasserman et al. 1987, Cronan and Grigal 1995, 

Horsley et al. 2000, Kobe et al. 2002, Vanguelova et al. 2007, Long et al. 2011). 

There is generally agreement across the literature that adding either limestone (CaCO3) or 

dolomitic limestone (CaMg(CO3)2) will raise soil pH, increasing soil base cation concentrations 

(Houle et al. 1999, Moore et al. 2008, Saarsalmi et al. 2011, Guckland et al. 2012), and foliar 

cation concentrations in plants (Wilmot et al. 1996, Moore and Ouimet 2006, Long et al. 2011, 

2012, Pabian and Brittingham 2012). There is, however, disagreement about how liming affects 

plant growth, vigor, and survival of some plant species. Some studies have found raising soil pH 

increased aspen (Populus tremuloides) seedling survival (van den Driessche et al. 2005), and 

growth and crown vigor of sugar maple (Acer saccharum) trees (Long et al. 1997, Moore and 

Ouimet 2006, Moore et al. 2008). Others suggest, however, that liming decreases survival and 

vigor in some species like black cherry (Prunus serotina; Long et al. 2011) and American beech 
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(Fagus grandifolia; Moore et al. 2008). Further still, some studies have found no effect of liming 

on red oak (Quercus rubra; (Long et al. 2012), yellow birch (Betula alleghaniensis), or sugar 

maple (Gasser et al. 2010).  

In short, the literature suggests species-specific responses to changes in soil chemistry, 

and that further studies are needed to separate those effects. Additionally, despite the amount of 

literature available on the subject, most studies are heavily skewed toward the effects of soil 

chemistry on woody plants. Herbaceous plants, while comprising very little biomass, are 

important to nutrient cycling and ecosystem productivity (Gilliam and Roberts 2003). Several 

forest herbs, including Indian cucumber-root (Medeola virginiana), Canada mayflower 

(Maianthemum canadense), false Solomon’s seal (Maianthemum racemosum), true Solomon’s 

seal (Polygonatum spp.), and trillium (Trillium spp.)) are used as phyto-indicators of deer 

browsing effects (Rooney and Gross 2003, Kirschbaum and Anacker 2005) and may be sensitive 

to changes in soil chemistry (Demchik and Sharpe 2001, Thompson and Sharpe 2005, Horsley et 

al. 2008, Pabian and Brittingham 2012). 

Competing Vegetation 

In the eastern deciduous forests of North America, it is long-known that light limitation is 

a potential barrier to forest regeneration (Collins and Pickett 1988, Canham et al. 1990, Pacala et 

al. 1994, Ricard et al. 2003, Cowden et al. 2014). In closed-canopy, mature forests, a substantial 

amount of the light energy entering the system is intercepted before it reaches the forest floor 

(Chazdon and Pearcy 1991, Ellsworth and Reich 1993), resulting in an understory dominated 

mainly by shade-tolerant plants (e.g., Witch hazel (Hamamelis virginiana), mountain laurel 

(Kalmia latifolia), wild geranium (Geranium maculatum); Canham 1989). Many hardwood 

species (e.g., black cherry (Prunus serotina), oak) are not shade-tolerant, and they do not persist 
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in a heavily shaded understory (Gottschalk 1994). Therefore, removal of overstory trees and 

competing vegetation, whether due to mechanical removal or natural disturbance, should increase 

light availability, germination, and plant growth of these hardwoods and other shade-intolerant 

species.  

This phenomenon has been clearly demonstrated in the northern hardwood forests of 

Pennsylvania, where dense mats of hay-scented fern limit black cherry regeneration. Several 

studies investigating the mechanism of interference by fern found competition for light, rather 

than allelopathy (Horsley 1993c), to be the factor most limiting to black cherry seedling growth 

and persistence (Horsley 1993a). Fortunately, where overstory seeding is still present, 

regeneration conditions can be improved with application of a broadcast herbicide (Horsley 1981, 

Ristau et al. 2011). In other state forest types (i.e. oak-hickory forest), however, the effect of 

competing vegetation has been less studied. 

In oak-hickory forests, land managers consider mountain laurel (Kalmia latifolia), 

huckleberry (Gaylussacia spp.) and blueberry (Vaccinium spp.) understory competing vegetation 

(Emily Just, Pennsylvania Department of Conservation and Natural Resources, pers. comm.). All 

three taxa are shrubs belonging to the heath family (Ericaceae), which is a family well-known for 

its ability to tolerate dry, acidic soils (Rhoads and Block 2007). Such soils are common 

throughout the region, resulting in dense understories of ericaceous taxa. For managers 

attempting to regenerate forest stands following timber harvest, this vegetation can inhibit 

regeneration through competition for nutrients, water, or light. 

Of these three taxa, mountain laurel is by far the most common in oak-hickory forests. 

Mountain laurel is a native evergreen shrub found abundantly in the Appalachians, and has long 

been proposed as a potential barrier to tree regeneration (Clinton and Boring 1994). In mixed-oak 

forests, the abundance of hardwood seedlings declines as the proportion of mountain laurel 

increases, suggesting a competitive interaction (Brose 2016). The mechanism of interference, 
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however, has not been as extensively studied. Thus far, research suggests the potential for mixed 

stressors related to light or nutrient limitation rather than chemical interference through 

allelopathy (Eppard et al. 2005). Mountain laurel’s persistent leaves, potential height (up to 4 m), 

and dense canopy specifically support potential competition through light limitation. 

Unlike mountain laurel, huckleberry and blueberry have not been explicitly described as 

barriers to regeneration in mixed-oak forests in the scientific literature. Both taxa encompass 

several species that can be deciduous or evergreen, typically reaching heights < 2 m. Several of 

these species will often co-occur with mountain laurel, but they can also form dense thickets of 

vegetation on their own (Rhoads and Block 2007). These thickets, like with any dense vegetation, 

also restrict light and nutrient availability. 

Too few studies have directly explored competing vegetation as a potential limiter of tree 

seedling regeneration in oak-hickory forests. During early growth stages, oak seedlings invest 

heavily in root development, making them more stress-tolerant than true shade-intolerants like 

yellow-poplar (Liriodendron tulipifera; Kolb et al. 1990). Oak is also generally more shade 

tolerant than black cherry, and can persist in shaded understories for 2 to 5 years waiting for 

favorable light conditions (Dey and Parker 1997). Oak, however, is not capable of persisting 

indefinitely in shaded areas, making light a critical limiting factor to regeneration. Given the lack 

of apparent allelopathy and potential for shading, the presence of competing vegetation (i.e., 

mountain laurel, huckleberry, and blueberry) should be further investigated as a potential 

alternative explanation for lack of vegetation recovery and barrier to tree seedling regeneration in 

mixed-oak forests.   
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Testing Interactions through Experimental Manipulation 

Each of the hypotheses described above, browsing by white-tailed deer, unfavorable soil 

conditions, and competing vegetation, has equal potential to explain current vegetation conditions 

in forested habitats across central Pennsylvania. Oak-hickory forests face a variety of 

environmental filters related to soil chemistry and soil structure, as well as biotic interactions 

related to deer herbivory and interspecific competition. Plant communities rarely respond to 

abiotic conditions exclusively, and are more likely to be influenced by a combination of 

environmental filtering and species coexistence mechanisms (Kraft et al. 2007). Support for this 

idea was presented in chapter 2, where oak-hickory plant community composition was affected 

by both biotic interactions between taxa and species-specific relationships with abiotic factors. 

To assess species interactions across heterogeneous environmental conditions, 

experimental manipulation of community composition and environmental gradients must occur. 

Expanding on chapter 2, this chapter further assesses the relative importance of abiotic factors 

(environmental filtering) and biotic influences (interspecific competition and herbivory) on plant 

community assembly using a large-scale, manipulative experiment over a 3-year time frame. To 

test the relative effect of environmental filtering, soil chemistry was adjusted through liming 

application. The relative effect of plant interspecific competition was assessed by removing 

species considered “superior competitors” (huckleberry, blueberry, mountain laurel), while the 

effect of deer herbivory was assessed through deer exclusion of plant communities.  

Most importantly, this research evaluated the interactions of interspecific competition, 

herbivory, and environmental filtering on understory plant community composition. Combination 

treatments of deer exclusion (fencing), competing vegetation removal (herbicide application), and 

soil chemistry manipulation (liming) were also tested. This approach makes it possible to assess 

the effects of each factor and combination of factors on community assembly over time using 

small-scale vegetation treatments that are replicated across a 10,000-ha area. Replication across a 
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landscape scale accounts for spatial variability in vegetation composition and increases the 

likelihood that results could be replicated by land managers at larger scales. 

Hypotheses and Predictions 

Treatment applications directly tested whether environmental filtering, biotic 

relationships (herbivory/interspecific competition from woody species), or their interactions drive 

plant community composition in oak-hickory forests of central Pennsylvania. To assess 

community changes over the short term (3 years), plants were grouped into 4 categories: 

ericaceous competing vegetation, indicator plants, all tree seedlings, and a subset of tree seedling 

species considered “desirable” regeneration by the Pennsylvania Department of Conservation and 

Natural Resources Bureau of Forestry (BoF) (Appendix A).  I chose these categories because they 

best represent broad changes that should occur to communities in response to liming, herbicide 

application, and fencing. Indicator species (Indian cucumber-root, Canada mayflower, false 

Solomon’s seal, true Solomon’s seal, and trillium) are forest herbs preferred by deer, and they can 

be used to assess deer herbivory effects at a site. Reproductive output of these species is generally 

tied to size, and browsed individuals tend to be smaller and flower less frequently than 

individuals less-affected by deer (Augustine and Frelich 1998, Rooney and Gross 2003, McGraw 

and Furedi 2005).  

Ericaceous vegetation (mountain laurel, huckleberry, and blueberry), as described above, 

is often considered a barrier to regeneration in areas where it is dominant. Species in this family 

are typically associated with acidic, nutrient-poor soils due to ericoid mycorrhizal fungi 

associations that allow them to more efficiently extract required nutrients (Cairney and Meharg 

2003). Tree seedlings, unlike indicator plants, vary widely in their resistance to herbivory, and 

susceptibility to competition from ericaceous vegetation. Species considered desirable 
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regeneration are species that have both economic value to land managers and biological value to 

wildlife, especially deer. Hardwoods like oak and maple are considered preferred browse for deer 

(Bay et al. 2004), and the income from timber harvesting of oak exceeds the income from any 

other genus across Pennsylvania (McWilliams et al. 2017). Dividing tree seedlings into two 

categories (all, and those considered desirable regeneration) is an important distinction for 

making management recommendations. Lastly, to assess full community changes in response to 

treatment, diversity of all understory non-woody vegetation, tree seedling diversity, and 

taxonomic richness (tree seedling and understory non-woody vegetation combined) also were 

compared between treatments.  

I tested two competing hypotheses to explain plant community patterns using these 4 

different vegetation categories. The first (H1) is that an individual, independent factor 

(environmental filtering, herbivory, or interspecific competition from ericaceous taxa) is the 

primary driving force behind plant community patterns. The second, alternative hypothesis, (H2) 

is that interactions of environmental filtering and biotic relationships (herbivory and interspecific 

competition) best explain plant community patterns. 

If independent factors are at play, I would predict one of the following to be true: 1) as 

evidence for an environmental filter, liming alone will decrease competing vegetation abundance 

and increase tree seedling and cover diversity from 2014 to 2016, 2) as evidence for an effect of 

deer herbivory, fencing will increase tree seedling abundance and flowering status of indicator 

plants, as well as tree seedling and cover diversity from 2014 to 2016, or 3) as evidence for 

interspecific competition, herbicide application will increase indicator species and tree seedling 

abundance, as well as tree seedling and cover diversity over the long-term (> 5 years). However, 

in the short-term, it is likely that herbicide effects will outweigh competitive release. Therefore, it 

is expected that herbicide application will decrease competing vegetation abundance and tree 

seedling and cover diversity from 2014 to 2016.  
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Alternatively, if interactions of these independent factors best explain plant community 

patterns, I would expect support for each of the above treatments in concert, and for combinations 

of liming, fencing, and herbicide application to increase indicator and tree seedling abundance, 

and cover and tree seedling diversity more than liming, fencing, and herbicide application alone. 

Methods 

Beginning in 2014, I selected 24 vegetation monitoring plots using a random number 

generator from a list of 100 already established plot locations across two state forests (the 

Rothrock and Bald Eagle State forests) in the Ridge and Valley Physiographic Province of central 

Pennsylvania (Figure 3-1).  

At each of the 24 locations, I established 11 subplots in a network such that a single 

subplot’s center was not more than 36.5 m straight-line distance from the next nearest subplot’s 

center (Figure 3-2). I established 5 of these subplots (numbers 1-5) in 2013 and the other 6 (6-11) 

in 2014. I defined subplots as the 7.32 m radial area around a center stake in the middle of the 

subplot, and microplots as the 2.07 m radial area around a stake located 3.66 m due east (90˚ 

azimuth) of subplot center. 
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Figure 3-1. Map of the study area and Pennsylvania land cover (agriculture, forest, urban, and 

water), including polygons of state forest (white). The study area is represented by gray polygons 

(Rothrock State Forest, left; Bald Eagle State Forest, right). Open and closed circles on the larger 

map represent 100 potential sampling locations across the entire study area. Open circles indicate 

chosen plot locations for this study.  
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Figure 3-2.Configuration of subplots 1-11 at each plot location. The center of subplot 1 is defined 

as plot center (PC). Subplots outlined in black were established in 2013 while those outlined in 

purple were established in 2014. The area inside each subplot circle represents 1/60
th
 ha (1/24

th
 

acre; 168 m
2
). Microplots represent two scales: 1/2500

th
 ha (small red circle only; 1/1000

th
 acre; 

4.05 m
2
), and 1/750

th
 ha (black and red circles combined; 1/300

th
 acre; 13.5 m

2
). 
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Study Area Characteristics 

Across the study area the climate is temperate, with mean annual precipitation of 104 cm 

and a summer temperature range of 16˚ C at night and 29˚ C during the day (National Oceanic 

and Atmospheric Administration 2017a). The growing season averages 182 days from April 22
nd

 

to October 21
st
 (National Oceanic and Atmospheric Administration 2017b). Topographically, the 

study area is located within the Ridge and Valley Physiographic Province of Pennsylvania, and 

plots ranged in elevation from 400 to 700 m. Based on county-level digital soil survey data 

(Pennsylvania Spatial Access Database 2014), the soils across the study area were split evenly 

into 4 taxonomic classes with several competing soil series: Fine-loamy, mixed, semiactive, 

mesic Typic Hapludults (Ungers, Clymer, Gilpin, Leck Kill, Murrill soil series, 6 sites); Fine-

loamy, mixed, semiactive, mesic Aquic Fragiudults (Buchanan series, 6 sites); Loamy-skeletal, 

siliceous, active, mesic Typic Dystrudepts (Hazleton, Wallen, and Dekalb series, 6 sites); and 

Sandy-skeletal, siliceous, mesic Entic Haplorthods (Leetonia series, 6 sites). All sites were 

forested hardwood stands dominated by red oak (Quercus rubra), chestnut oak (Quercus 

montana) black oak (Quercus velutina), and scarlet oak (Quercus coccinea) at higher elevations, 

and red oak and yellow poplar (Liriodendron tulipifera) at lower elevations (Fike 1999).  

Treatment Applications 

I assigned 1 of 7 vegetation treatment combinations of fence, lime, and herbicide to 

subplots 5-11 at each location. These treatments were fence alone, herbicide alone, lime alone, 

combinations of fence + herbicide, fence + lime, lime + herbicide, or a three-way combination of 

fence + lime + herbicide. Subplots 1-4 served as controls throughout the study and did not have 

any treatment applied.  
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I installed fencing and applied liming treatments in the summer of 2014 (May 27 – Aug 

14) following a full vegetation inventory (described below). Dates of liming and fence installation 

coincided with plot visits for vegetation monitoring. Fences were constructed out of 1.8 m tall 

heavy duty poly deer fence attached to 2.1 m U-posts and surrounding overstory trees, 

encompassing the entire 1/750
th
 ha microplot with a minimum of a 0.75 m buffer between the 

fence and the microplot. I monitored and repaired fences yearly to ensure they were still 

functioning deer exclosures at the time of data collection. I applied lime to each microplot by 

hand at a rate of 5000 kg ha
-1

 (or 6.7 kg per microplot) using pelletized dolomitic limestone 

(CaMg(CO2)3). This rate of application is consistent with other studies interested in the effects of 

lime application on plant growth (Houle et al. 1999, Moore et al. 2008, Saarsalmi et al. 2011, 

Long et al. 2012), but is much less than the 22000 kg ha
-1
 applied during a long-term study of 

liming effects on the Allegheny High Plateau Section of the Appalachian Plateau Province (Long 

et al. 1997, 2011). 

I applied herbicide treatments following the 2015 summer vegetation monitoring season 

over an 11-day period from Aug 17 – Aug 28 2015. To ensure dieback of competing vegetation 

after only one treatment, I used a non-targeted, broadcast oil-water emulsification tank mix of 

1.5% v/v ester triclopyr (Element 4
TM 

) and 3.0% v/v amine glyphosate (Rodeo
TM

) combined with 

a 1.5% v/v emulsifier (Triton X-100
TM

) and 0.05% v/v non-ionic surfactant (RRSI NIS
TM

) to 

target both woody and herbaceous competing vegetation. A total of 1.9 L of tank-mix herbicide 

was applied to each microplot. 

Vegetation Monitoring 

I conducted full vegetation inventories at each subplot across all 24 plot locations before 

treatment application in 2014 and after treatment application in 2016. I conducted all vegetation 
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monitoring at two scales (a 1/2500
th
 ha and 1/750

th
 ha) for each microplot and collected tree 

seedling data separately from all other understory cover data. I considered any live, arborescent, 

woody species that was ≤ 2.54 cm DBH a tree seedling and counted individuals of each species 

by height class (class categories are: 1 = < 0.15 m, 2 = 0.15 – 0.3 m, 3 = 0.3 – 0.9 m, 4 = 0.9 – 1.5 

m, 5 = > 1.5 m). I excluded tree seedlings less than 0.3 m tall (classes 1 and 2) from analysis to 

reduce variability, and pooled all tree seedlings 0.3 m or taller across height class by species and 

scale. A subset of tree seedling data considered desirable regeneration by the Pennsylvania’s BoF 

was analyzed as a separate category in addition to all pooled tree seedling data.  

I defined cover data as any understory vegetative cover that was not considered a tree 

seedling, sapling (single-stemmed woody taxa > 2.54 cm but < 12.7 cm DBH), or canopy tree 

(single-stemmed woody taxa ≥ 12.7 cm DBH). It included several different types of vegetation: 

shrubs, herbs, ferns, grasses, sedges, rushes, and vines. As with tree seedling data, I collected 

cover data at each microplot across two scales (1/2500
th
 ha and 1/750

th
 ha). For each taxon, I 

recorded percent cover in 10% increments, ranging from 0-10% (class 0) to 90-100% (class 9). 

Prior to analysis, I converted each class to a midpoint to create a single value for each cover 

estimate. Because taxa can overlap at different heights, the amount of cover in each microplot can 

exceed 100%. Additionally, due to lack of reproductive structure present at the time of sampling, 

I assigned some taxa to a vegetation class rather than species (e.g., grasses (Poaceae), sedges 

(Cyperaceae), rushes (Juncaceae), some polypod ferns (Polypodiaceae), blackberries (Rubus 

spp.), blueberries (Vaccinium spp.), huckleberries (Gaylussacia spp.), goldenrods (Solidago spp.), 

asters (Asteraceae) and violets (Viola spp.)). All taxa in the regional species pool and their 

associated data codes (reported in results) are listed in Appendix H. 

In addition to percent cover estimates, I counted both flowering and non-flowering 

individuals of species considered indicators of intensity of deer herbivory (Indian cucumber-root, 
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Canada mayflower, false Solomon’s seal, true Solomon’s seal, and trillium. I treated both scales 

of data (1/2500
th
 ha and 1/750

th
 ha) as separate data sets during analysis. 

Data Analysis 

I evaluated 4 categories of vegetation data for an effect of treatment using generalized 

linear mixed effects models in program R (R Development Core Team 2016). Categories 

included all indicator plants (total percent cover and counts of both flowering and non-flowering 

individuals), competing vegetation (total percent cover of ericaceous taxa (mountain laurel 

(Kalmia latifolia), huckleberry (Gaylussacia spp.), blueberry (Vaccinium spp.)), and 2 tree 

seedling groups (total counts of all tree seedlings > 0.3 m tall and a subset group of tree seedlings 

> 0.3 m tall considered desirable regeneration (Appendix A)). I calculated the proportion of 

indicators flowering at a subplot by dividing the number of flowering individuals by the total 

count of all individuals. Flowering proportion replaced flower count as a response variable during 

analysis. 

I log and logit transformed percent cover estimates and proportion data, respectively, and 

evaluated them using lmer in the “lme4” package (Bates et al. 2015). Fixed effects in the model 

included a Treatment × Year interaction to account for repeated measures across microplot (𝑖) 

and a random effect of plot (the parameter estimate for 2016 controls is labeled as year only—

β92016i):   

𝑦𝑖 =  𝛽1𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑖 + 𝛽2𝑓𝑒𝑛𝑐𝑒𝑖 + 𝛽3𝑓𝑒𝑛𝑐𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒𝑖 + 𝛽4𝑓𝑒𝑛𝑐𝑒_𝑙𝑖𝑚𝑒𝑖 +

𝛽5𝑓𝑒𝑛𝑐𝑒_𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒𝑖 + 𝛽6ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒𝑖 + 𝛽7𝑙𝑖𝑚𝑒𝑖 +  𝛽8𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒𝑖 + 𝛽92016𝑖 +

 𝛽10𝑓𝑒𝑛𝑐𝑒_2016𝑖 + 𝛽11𝑓𝑒𝑛𝑐𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝛽12𝑓𝑒𝑛𝑐𝑒_𝑙𝑖𝑚𝑒_2016𝑖 +

 𝛽13𝑓𝑒𝑛𝑐𝑒_𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝛽14ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝛽15𝑙𝑖𝑚𝑒_2016𝑖 +

𝛽16𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝜀𝑖 +  𝛼𝑝𝑙𝑜𝑡𝑖
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where 𝜀𝑖~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 𝜎2) 

and  𝛼𝑝𝑙𝑜𝑡𝑖
~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 𝜏2) 

I assessed counts of tree seedlings using a negative binomial regression (glmmadmb) with 

the same mixed effects to deal with overdispersion (Fournier et al. 2012, Skaug et al. 2016): 

𝑌𝑖~ 𝑁𝐵(𝑟𝑖 , 𝑝𝑖) 

log(𝑟𝑖) = 𝛽1𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑖 … + 𝛽16𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝛼𝑝𝑙𝑜𝑡𝑖
 

where  𝛼𝑝𝑙𝑜𝑡𝑖
~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 𝜏2)  

and 𝑝𝑖 =  𝑟𝑖 ∗ (1 +
𝑟𝑖

𝜎
) 

 Lastly, to assess broader plant community responses to treatment, I calculated Shannon 

diversity (H’) and species richness (SR) of both cover and tree seedling data from abundance 

estimates (total percent cover or count) for all taxa at each microplot using package “vegan” 

(Oksanen et al. 2017). Tree seedling and cover SR were combined to yield a single taxonomic 

richness value per microplot. I modeled cover H’, tree seedling H’ and total SR separately with 

the same Treatment × Year interaction and plot random effect using a mixed effects linear model 

(lmer) for diversity and a Poisson regression (glmer) for richness: 

𝑌𝑖~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆𝑖) 

log(𝑦𝑖) =  𝛽1𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑖 … + 𝛽16𝑙𝑖𝑚𝑒_ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒_2016𝑖 + 𝛼𝑝𝑙𝑜𝑡𝑖
  

where  𝛼𝑝𝑙𝑜𝑡𝑖
~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 𝜏2) 

In my results, individual fixed effects represent mean values for each treatment group. 

Statistically significant (α = 0.05) fixed effects in the main model output indicate differences in 

mean values between groups, but they do not adequately address the hypotheses outlined above 

and are outside the scope of this chapter. Instead, differences in plant communities before and 

after treatment were assessed using post-hoc pairwise comparisons of least-squares means using 

the “lsmeans” function in the Least-Squares Means package (Lenth and Love 2016). P values 
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were adjusted using the Tukey method. Only comparisons between years within a single 

treatment combination are reported.  

Analysis of Abiotic Responses to Treatment Application 

In addition to evaluating plant community responses to treatment, I also assessed two 

subplot-level covariates, soil pH and understory microplot openness at 1 m, using the same linear 

mixed effects model with a Treatment × Year fixed effect and a plot random effect to determine 

if there were changes to soil chemistry or light levels following treatment application.  

To evaluate pH, I collected soil samples to 40 cm depth at subplots 1, 5, 6, 7, 8, 9, 10, and 

11 at each plot location and at subplots 2-4 when time allowed. I subdivided samples according to 

horizon characteristics rather than depth, and most commonly collected two primarily organic 

horizons (Oe/Oi and Oa/A) followed by 1 to 3 mineral horizons to the final sampling depth at 

each subplot. The Oa and A horizons were collected together because the A horizon was thin and 

indistinguishable from the Oa horizon. Following collection, I dried each sample on kraft paper 

and then ground it by hand using mortar and pestle and sieved it to 2mm to remove coarse debris. 

I removed 5.00 g of soil from the sample and sent it to the Ag Analytical Services Laboratory in 

University Park, PA for analysis of pH using 0.01 M CaCl2 with a 1:5 soil-to-solution ratio 

(Hendershot et al. 2008). pH was extracted using the same method for all samples, and for brevity 

only the uppermost organic and mineral horizon results are reported. 

For openness, I used the proportion of open sky at 1 m above ground level as a surrogate 

for light availability for each microplot (Gonsamo et al. 2013). I took photos with a Nikon 

Coolpix 4500 digital camera equipped with a FC-E8 180˚ fisheye lens of the forest canopy at 1 m 

height and analyzed all photos using thresholding in Gap Light Analyzer (GLA; (Frazer 1999)). I 

photographed all microplots at a site in the same two-hour window. After processing, I calculated 
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mean percent sky openness for each microplot from all analyzed photos and logit transformed 

values prior to analysis. 

Results 

Means varied between treatment groups for both years across a variety of plant 

community metrics (Tables 1, 3, and 5, Appendix K). For ericaceous competing vegetation 

(Figure 3-3; Table 2, Appendix K), abundance remained unchanged from 2014-2016 in control, 

fenced, limed, and fenced + limed areas at both scales (1/2500
th
 ha and 1/750

th
 ha). At the 

1/2500
th
 ha scale, herbicide application (regardless of treatment combination) decreased 

abundance of ericaceous vegetation (FH: P < 0.001; FLH: P = < 0.001; H: P < 0.001; LH: P < 

0.001). In the 750
th
 ha, ericaceous competing vegetation abundance was also reduced where 

herbicide was applied, but the result was not statistically significant (FH: P = 0.37; FLH: P = 

0.12; H: P = 0.40; LH: P = 0.45).  
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Figure 3-3. Changes in ericaceous competing vegetation abundance (total percent cover to 1.5 m) 

across scale (1/2500
th
 ha (top); 1/750

th
 ha (bottom)) by year (2014 or 2016) and vegetation 

treatment (“C” = control (no treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = 

herbicide). Dashed lines separate treatment groups and their respective labels, while error bars 

represent 95% confidence intervals. 

 

Despite trends suggesting an increase in indicator species abundance and flowering 

proportion in response to liming (Figures 3-4 and 3-5, respectively), the result was not 

statistically significant for either response variable across any liming treatment combination at 

either scale (1/2500
th
 ha or 1/750

th
 ha; Table 2, Appendix K). However, the most apparent non-
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significant trend in response to liming suggested an increase in the proportion of flowering 

individuals in limed areas alone across both scales (1/2500
th
 ha, L: P = 0.984; 1/750

th
 ha, L: P = 

0.327). Fencing responses were variable across scale and treatment combination, but abundances 

were not different between 2014 and 2016 for either response variable.  

 

Figure 3-4. Changes in indicator species abundance (total percent cover to 1.5 m) across scale 

(1/2500
th
 ha (top); 1/750

th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = 

control (no treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed 

lines separate treatment groups and their respective labels, while error bars represent 95% 

confidence intervals. 
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Figure 3-5. Changes in the proportion of flowering indicator species (%) across scale (1/2500
th
 ha 

(top); 1/750
th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no 

treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate 

treatment groups and their respective labels, while error bars represent 95% confidence intervals. 

 

Indicator species also appeared resistant to herbicide application. Despite trends 

suggesting declines in indicator species abundance across all herbicide treatments, differences 

were not statistically significant (Table 2, Appendix K and Figure 3-4). Flowering status 

responses to herbicide combination treatments were also variable and were not statistically 

significant at either scale (Table 2, Appendix K and Figure 3-5). However, trends suggest the 



114 

 

potential for herbicide treatment alone to increase the proportion of flowering indicators at both 

scales. 

Compared to indicator plants, tree seedling responses to treatment were more variable 

across scale. Despite trends suggesting that herbicide application reduced counts of all tree 

seedlings in fence + herbicide and lime + herbicide combination treatments at both the 1/2500
th
 

and 1/750
th
 ha scale (Figure 3-6), the results were not statistically significant (Appendix K, Table 

4). Similarly, the herbicide alone and fence + lime + herbicide treatment combination appeared to 

increase tree seedling abundance, but, again, the result was not statistically significant. Control 

areas and fenced areas alone showed no change in tree seedling abundance from 2014 to 2016, 

and overall tree seedling counts did not change across any treatment category from 2014 to 2016 

at the 1/2500
th
 ha scale or the 1/750

th
 ha scale. 
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Figure 3-6. Changes in the abundance of all tree seedlings (count) across scale (1/2500
th
 ha (top); 

1/750
th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no 

treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate 

treatment groups and their respective labels, while error bars represent 95% confidence intervals. 

 

In addition to total tree seedling abundance, there were highly variable responses for tree 

seedlings classified as desirable to treatment application. The abundance of tree seedlings 

classified as desirable was reduced in areas that received herbicide only, herbicide + fence, and 

herbicide + lime treatments at both scales (Appendix K, Table 4), but reductions were not 

statistically significant for any herbicide treatment combinations. Despite an increase in mean 

desirable tree seedling counts, control and fenced areas alone saw no statistically significant 

change in desirable tree seedling counts from 2014 to 2016 (Appendix K, Table 4) at the 1/2500
th
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ha scale (Figure 3-7, top). At the 1/750
th
 ha scale (Figure 3-7, bottom), all treatment combinations 

with the exception of the fence + lime + herbicide treatment and the lime only treatment appeared 

to decrease abundance of desirable tree seedlings. However, none of these reductions was 

statistically significant (Appendix K, Table 4). Trends of increasing abundance in response to 

fence + lime + herbicide combination treatment and lime only treatment were also not statistically 

significant. Overall, despite variable trends, abundance of desirable tree seedlings in all treatment 

combinations did not change from 2014 to 2016 (Appendix K, Table 4). 

 

Figure 3-7. Changes in the abundance of tree seedling regeneration (count) across scale (1/2500
th
 

ha (top); 1/750
th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no 

treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate 

treatment groups and their respective labels, while error bars represent 95% confidence intervals. 

 



117 

 

 Community metrics also remained unchanged in their response to treatment. For cover 

diversity (H’), none of the trends in mean understory cover H’ from 2014 to 2016 were 

statistically significant for any treatment combination or control at the 1/2500
th
 ha scale 

(Appendix K, Table 2 and Figure 3-8, top). However, the fence + herbicide treatment showed a 

trend toward decreasing H’ (P = 0.761). At the 1/750
th
 ha scale (Appendix K, Table 2 and Figure 

3-8, bottom), the herbicide alone and fence + lime + herbicide treatment combination appeared to 

increase H’, but these differences were not statistically significant (H: P = 0.297; FLH: P = 0.12). 

H’ in all other control and treatment combinations did not change between 2014 and 2016 at the 

1/750
th
 ha scale. 

 Tree seedling H’ tended to decrease in areas that received herbicide application, 

regardless of treatment combination, but the result was not statistically significant at either scale 

(1/2500
th
 ha or 1/750

th
 ha; Appendix K, Table 2 and Figure 3-9). In the 1/2500

th
 ha, mean 

differences in tree seedling H’ suggested an increase in diversity from 2014 to 2016 in response 

to fencing and liming treatment combinations, but again the result was not statistically significant 

for any fencing or liming treatment (F: P = 0.975; L: P = 0.994, FL: P = 0.993). At the 1/750
th
 ha 

scale, fencing alone (P = 0.623), lime alone (P = 1.00), and the fence + lime combination 

treatment (P = 0.954) also appeared to increase tree seedling H’, but again, the result was not 

statistically significant (Appendix K, Table 2 and Figure 3-9, bottom). Overall, despite trends 

suggesting otherwise, tree seedling H’ in all control and treatment areas at both scales did not 

differ between 2014 and 2016. 
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Figure 3-8. Changes in Shannon diversity (H’) of all cover taxa across scale (1/2500
th
 ha (top); 

1/750
th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no 

treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate 

treatment groups and their respective labels, while error bars represent 95% confidence intervals. 
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Figure 3-9. Changes in Shannon diversity (H’) of all tree seedling taxa across scale (1/2500
th
 ha 

(top); 1/750
th
 ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no 

treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate 

treatment groups and their respective labels, while error bars represent 95% confidence intervals. 

 

Total taxonomic richness (SR) responses to treatment also did not differ across scale 

(Appendix K, Table 4), despite trends suggesting potential responses to treatment long-term 

(Figure 3-10). At the 1/2500
th
 ha scale, SR appeared to decrease where herbicide application was 

applied (Figure 3-10, top), regardless of treatment combination, but the result was not statistically 

significant (FH: P = 0.110; FLH: P = 0.488; H: P = 0.198: LH: P = 0.40). SR in control, fenced 
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alone, limed alone, and the fence + lime combination treatment also remained unchanged from 

2014 to 2016, despite trends suggesting an increase in SR in response to fencing and liming. At 

the 1/750
th
 ha scale, trends were similar to the 1/2500

th
 ha scale, but again, there were no 

differences in mean SR across any control or treatment regardless of treatment combination. 

 

Figure 3-10. Changes in species richness (SR) of all taxa across scale (1/2500
th
 ha (top); 1/750

th
 

ha (bottom)) by year (2014 or 2016) and vegetation treatment (“C” = control (no treatment), “F” 

= fence (deer exclusion), “L” = lime, and “H” = herbicide). Dashed lines separate treatment 

groups and their respective labels, while error bars represent 95% confidence intervals. 

  

 Lastly, there were some changes in microplot abiotic conditions in response to treatment 

application. Microplot openness tended to be greater across control and all treatment areas in 

2016 compared to 2014 (Appendix K, Table 6 and Figure 3-11, top), however the differences 
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were not statistically significant, even for areas that received herbicide application (C: P = 917; F: 

P = 1.00; FH: P = 0.972; FL: P = 1.00; FLH: P = 0.961; H: P = 1.00; L: P = 0.952; LH: P = 

0.866). pH did increase across all liming treatments for both the organic and mineral uppermost 

horizons (Appendix K, Table 6), however the difference was only statistically significant for the 

organic horizon (Figure 3-11, middle; FL: P < 0.0001, FLH: P < 0.0001, L: P < 0.0001, LH: P < 

0.0001) and not the mineral horizon (Figure 3-11, bottom; FL: P = 0.411, FLH: P = 0.300, L: P = 

0.109, LH: P = 0.488). 

 

 



122 

 

 

Figure 3-11. Changes in microplot environmental conditions (openness (top), organic horizon pH 

(middle), and mineral horizon pH (bottom)) by year (2014 or 2016) and vegetation treatment 

(“C” = control (no treatment), “F” = fence (deer exclusion), “L” = lime, and “H” = herbicide). 

Dashed lines separate treatment groups and their respective labels, while error bars represent 95% 

confidence intervals. 
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Discussion 

Plant community responses to single factors were limited, minimizing support for 

environmental filtering, deer herbivory, or interspecific competition as independent drivers of 

community composition (H1). Specifically, liming alone did not decrease competing vegetation 

abundance or increase tree seedling and cover diversity from 2014 to 2016 (prediction 1), despite 

large changes to soil chemistry of the organic soil horizon over the same time frame. Liming 

application raised pH levels by an average of more than 1 pH unit for the organic soil horizon 

across all liming treatment combinations. In northern Pennsylvania, such changes in pH have 

been linked with a nearly 3-fold increase in surface (0-5 cm) exchangeable calcium and 

magnesium, a 50% reduction in extractable aluminum after 2 years, and a 50% reduction in 

exchangeable manganese after 3 years (Long et al. 1997). Additionally, plant community 

responses have been shown to occur in oak-hickory forests in response to a similar liming 

treatment after 2 years (Demchik and Sharpe 2001). 

Deer exclusion did not change tree seedling abundance (desirable or otherwise) and did 

not increase the proportion of flowering individuals for indicator species from 2014 to 2016 

(prediction 2). Fencing also had no effect on diversity of understory cover taxa, but trends in tree 

seedling diversity suggested a potential increase in response to exclusion alone at both scales after 

3 years. A meta-analysis of plant community responses to deer exclusion across North America 

suggested that recovery of site diversity and understory forest herbs is slower and influenced 

more by local deer density than that of woody plants (Habeck and Schultz 2015). The short time 

since exclusion combined with dispersal limitations of many forest herbs (Ehrlen and Eriksson 

2000, Brudvig et al. 2011, Burton et al. 2011) could explain the disparity between understory 

cover and trends of tree seedling responses in this study.  

Herbicide application reduced the abundance of competing vegetation across all herbicide 

treatments, supporting the potential for competitive release of surviving taxa (prediction 3). 
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However, herbicide treatments did not increase microplot openness despite reductions in 

competing vegetation abundance, suggesting any responses to herbicide treatment for surviving 

taxa would be driven primarily by below-ground interactions. Understory openness likely 

remained unchanged in herbicide treated areas because the standing structure of competing shrubs 

remained intact following broadcast herbicide application. My method of assessing microplot 

openness is inversely related to the proportion of sky blocked by vegetation (openness = 1 – 

photo area covered by vegetation), and is not a direct measure of incoming solar radiation. 

Despite these limitations, there was a clear reduction in shrub canopy cover and leaf area 

following herbicide application, which is reflected in changes in abundance estimates of 

competing vegetation. 

In addition to reductions in competing vegetation, some taxa appeared resistant to 

herbicide application. Resistance increases the probability that a taxon will benefit from 

competitive release following removal of dominant vegetation (Iglay et al. 2010). Despite the use 

of a broadcast non-targeted herbicide mix, indicator plant abundance remained unchanged from 

2014 to 2016 across all herbicide treatment combinations. Additionally, the proportion of 

indicators that were flowering also did not change, suggesting that herbicide application did not 

affect underground energy stores enough to affect reproductive output (Gilliam and Roberts 

2003). This is probably related to the timing of herbicide application, which was applied at the 

end of the growing season. 

Abundance for both desirable and all tree seedlings did not change in response to any 

treatment category from 2014 to 2016. However, there was considerable variability surrounding 

abundance estimates in response to treatment application. This variability suggests susceptibility 

differences between taxa and/or differences in susceptibility across site. The current grouping 

categories ignore differences in individual species’ vulnerability to herbicide application 

(Willoughby et al. 2007), and potential sheltering from herbicide application for tree seedlings 
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growing under a dense understory canopy. Overall, variability across and within sites should 

lessen over time as sites recover from herbicide application and tree seedlings < 0.3 m tall are 

recruited into the plant community. Because tree seedlings < 0.3 m were excluded from data 

analysis, tree seedling responses related to regeneration from the seedbank are unlikely to be 

included in this short-term evaluation. Tree seedlings are well-known for their slow response to 

management activities (Long et al. 2012, McWilliams et al. 2017, Miller et al. 2017). A full 

evaluation of treatment efficacy will require continued long-term monitoring (> 5 years). 

As expected, the short-term mortality from herbicide application was greater than the 

growth response following treatment, however not all taxa responded strongly to herbicide 

application at both scales. As discussed above, ericaceous taxa were significantly reduced at the 

1/2500
th
 ha scale when herbicide was applied, but herbicide application did not significantly 

decrease indicator plant abundance or flowering status or tree seedling abundance. Despite these 

differences, tree seedling and cover diversity did not change in response to herbicide treatment. 

Taxonomic richness responses to herbicide application were inconsistent across scale, remaining 

unchanged in the 1/750
th
 ha but nearly decreasing significantly in the fence + herbicide treated 

areas 1/2500
th
 ha scale. This disparity illustrates how sensitive diversity and richness metrics are 

to species composition and relative abundance. Herbicide treatments were much more effective at 

controlling competing vegetation at the smaller scale, nearly reducing overall species richness. 

However, at the larger scale, competing vegetation abundance was reduced but not eliminated. 

This reduction increased species evenness (a component of H’) across all taxa in the 1/750
th
 ha 

plots.  

While not statistically significant, trends suggesting interactions between treatment 

combinations were prevalent, providing preliminary support for interactions between 

environmental filtering, herbivory, and interspecific competition (H2). For indicator plants, the 

proportion of flowering individuals appeared to increase with liming application, indicating a 
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potential relationship between soil chemistry and reproductive status of indicator species. Given 

the extensive literature available on white-tailed deer herbivory and its effect on reproduction and 

demography of several forest herbs (Balgooyen and Waller 1995, Beardall and Gill 2001, Rooney 

and Gross 2003, Ruhren and Handel 2003, Kraft et al. 2004, Whigham 2004, McGraw and Furedi 

2005), the lack of flowering responses to deer exclusion was surprising. A past study of trillium 

across similar soil types suggested a relationship between soil fertility and herbivory for common 

trillium species (Thompson and Sharpe 2005), which could explain why exclusion alone had 

minimal effect on indicator flowering status. The relationship between lime application and 

increased flowering of indicator plants suggests that soil chemistry effects extend beyond a single 

genus. Most importantly, however, when considered in the context of past research on herbivory, 

the results implicate both deer and soil chemistry as simultaneous drivers of indicator plant 

reproduction. 

Tree seedling responses also implicated potential interactions across treatment 

combinations. Deer exclusion and lime application both increased tree seedling diversity, 

however neither response to treatment was large enough to be statistically significant. The trend 

toward an increase in diversity across multiple “independent” factors partnered with an increase 

in diversity in the fencing and liming combination further supports interactions of environmental 

filtering, deer exclusion, and interspecific competition as drivers of plant community composition 

(H2). These increases in species diversity across multiple treatment combinations were likely 

driven by both shifts in relative abundance and changes in tree seedling richness across 

microplots. Overall taxonomic richness also tended to increase (albeit not significantly) in fenced 

and lime treatments alone, but this increase was greater in fenced and lime combination 

treatments compared to treatments alone.  

Typically, abundance of desirable tree seedlings tended to decrease in response to 

herbicide application alone and across all two-way treatment combinations that included 
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herbicide. However, where there was a three-way treatment combination of herbicide, fence, and 

lime there was a trend toward increasing abundance. This increase suggests a potential three-way 

influence of soil chemistry, competing vegetation, and herbivory on desirable tree seedling 

communities. The relative strength of each factor is still unknown, but preliminary results suggest 

that effect of deer exclusion and increases in pH sped up the effect of competitive release on 

desirable tree seedlings in the short-term. This result presents yet another case in support of biotic 

and abiotic interactions shaping forest plant community composition. 

Conclusions 

 Trends across several community metrics, including indicator flowering status, tree 

seedling diversity, and desirable tree seedling abundance, suggest environmental filtering, deer 

herbivory, and interspecific competition interact to shape plant community composition. 

However, most of the trends seen in response to combination treatments across this short-term, 3-

year study were not statistically significant, making a strong case for continued long-term 

monitoring. Furthermore, removal of competing vegetation also supports the potential for release 

of interspecific competition that has long-term implications, particularly below-ground, but 

community responses in the short term were mostly overshadowed by direct effects of herbicide 

application.  

 Plant communities are notorious for their slow response to experimental manipulation 

(Wahren et al. 2005, Báez et al. 2013, Barthelemy et al. 2015, Mark et al. 2015), and 3 years of 

monitoring in response to treatment is not enough time to realize the full extent of interactions 

present across different vegetation categories (including shrubs, herbs, and tree seedlings). The 

value of long-term studies comes from the ability to look at responses through time, which may 

change with stochastic events like drought or disease (Horsley et al. 2000, Smith et al. 2014). 



128 

 

Additionally, plant community responses to liming may change over time in response to 

continued changes in soil chemistry (Bailey et al. 2005), and some long-term effects may even be 

negative for some species (Long et al. 2011). 

 The results of this study should be considered preliminary, but encouraging for land 

managers interested in understanding how several factors work together to shape plant 

community composition and desirable tree seedling regeneration. By continuing to monitor these 

vegetation plots over the next several years, I would expect to see community metrics diverge in 

response to different treatment combinations. Only then can I start to separate and understand the 

relative relationships of soil chemistry, deer herbivory, and interspecific competition on 

understory plant community dynamics.  
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Appendix A: Tree Species Considered Regeneration by District Foresters in 

the Rothrock and Bald Eagle State Forests (DCNR Districts 5 and 7, 

respectively) 

DCNR Data Code Common Name Scientific Name DFS Database Code 

580 American basswood Tilia americana tiam 

630 Bigtooth aspen Populus grandidentata pogr4 

560 Black ash Fraxinus nigra frni 

760 Black cherry Prunus serotina prse 

310 Black oak Quercus velutina quve 

480 Chestnut oak Quercus prinus qumo 

840 Cucumbertree Magnolia acuminata maac 

570 Green ash Fraxinus pennsylvanica frpe 

060 Hemlock Tsuga canadensis tsca 

600 Hickory (genus) Carya spp. casp 

530 Paper birch Betula papyrifera bepa 

090 Pitch pine Pinus rigida piri 

640 Quaking aspen Populus tremuloides potr5 

210 Red maple Acer rubrum acru 

300 Red oak Quercus rubra quru 

320 Scarlet oak Quercus coccinea quco 

200 Sugar maple Acer saccharum acsa 

550 White ash Fraxinus americana fram 

400 White oak Quercus alba qual 

010 White pine Pinus strobus pist 

500 Yellow birch Betula alleghaniensis beal 

590 Yellow poplar Liriodendron tulipifera litu 
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Appendix B: Kellogg Soil Survey Laboratory Manual Reference Numbers for 

Soil Extraction Methods 

KSSL  

Method Name 
Units 

Extraction 

Solution 
Category Comments 

Manual Reference 

Number 

ECEC cmolc/kg NH4OAc 

Cation 

Exchange 

Capacity 

Sum of the measure 

of Exchangeable 
Cations (Ca, Mg, K) 

and Na and Al 

4B1a1a 

Extractable Ca cmolc/kg NH4OAc 
Extractable 

Bases 

Unbuffered and 
extracted using 2M 

KCl displacement at 

soil pH 

4B1a1a 

Extractable 

Mg 
cmolc/kg NH4OAc 

Extractable 

Bases 

Unbuffered and 
extracted using 2M 

KCl displacement at 

soil pH 

4B1a1a 

Extractable K cmolc/kg NH4OAc 
Extractable 

Bases 

Unbuffered and 
extracted using 2M 

KCl displacement at 

soil pH 

4B1a1a 

Extractable Al cmolc/kg 1 N KCl 
Extractable 

Metals 

Measures “active” 

acidity present in 

soils at soil pH if that 

pH in 1:1 water is 
<5.5. 

4B3a1a 

Extractable 

Mn 
mg/kg 1 N KCl 

Extractable 

Metals 

Approximates 

exchangeable Mn 
4B3a1a 

Aluminum 
Saturation 

Percent Calculated 
Metal 

Saturation 
Extractable 

Aluminum/ECEC 
4B1a1a 
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Appendix C: Variance Comparisons of Covariate Values within and Between 

Plots 

Covariate 

Variance 

Within 

Plots 

Variance 

Between 

Plots 

Variance Within 

< Variance 

Between 

Organic Horizon pH (pHO) 0.003 0.110 TRUE 

Mineral Horizon pH (pHM) 0.002 0.058 TRUE 

Organic Horizon Calcium (CaO) 0.318 6.613 TRUE 

Mineral Horizon Calcium (CaM) 0.002 0.040 TRUE 

Organic Horizon Magnesium (MgO) 0.024 0.304 TRUE 

Mineral Horizon Magnesium (MgM) 0.000 0.004 TRUE 

Organic Horizon Potassium (KO) 0.006 0.086 TRUE 

Mineral Horizon Potassium (KM) 0.000 0.005 TRUE 

Organic Horizon Manganese (MnO) 0.000 0.008 TRUE 

Mineral Horizon Manganese (MnM) 0.000 0.001 TRUE 

Organic Horizon Effective Cation Exchange Capacity (ECECO) 0.449 7.803 TRUE 

Mineral Horizon Effective Cation Exchange Capacity (ECECM) 0.085 2.775 TRUE 

Organic Horizon Sum of Bases (SumBasesO) 0.508 7.662 TRUE 

Mineral Horizon Sum of Bases (SumBasesM) 0.003 0.067 TRUE 

Microplot Elevation (elevation) 32.563 71174.271 TRUE 

Subplot Basal Area (ba) 3.332 59.624 TRUE 

Organic Horizon Aluminum Saturation (AlSatO) 0.010 0.134 TRUE 

Mineral Horizon Aluminum Saturation (AlSatM) 0.033 0.380 TRUE 

Microplot Openness (pctopen) 0.001 0.037 TRUE 

Microplot Slope (slope) 0.012 0.376 TRUE 
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Appendix D: Full Model Output for All 10 Taxa Considered during Occupancy Modeling at Both Scales (1/2500
th

 ha 

(2500) and 1/750
th

 ha (750)) 

Species Scale Model AICc 

Delta 

AICc 

AICc 

Weight 

Model 

Likelihood 

No. 

Parameters Deviance -2Log(L) 

Model 

Rank 

KALA 2500 {p(.) Psi(pHO + MnO)} 280.24 0.000 0.999 1.000 4 370.562 272.075 1 

KALA 2500 {p(.) Psi(pHO)} 294.10 13.866 0.001 0.001 3 288.007 288.007 2 

KALA 2500 {p(.) Psi(MnO)} 311.08 30.840 0.000 0.000 3 304.981 304.981 3 

KALA 2500 {p(.) Psi(CaO)} 311.93 31.689 0.000 0.000 3 305.830 305.830 4 

GASP 2500 {p(.) Psi(pHO + KM)} 314.65 0.000 1.000 1.000 4 306.487 306.487 1 

GASP 2500 {p(.) Psi(pHO)} 333.74 19.086 0.000 0.000 3 327.638 327.638 2 

GASP 2500 {p(.) Psi(CaM)} 347.04 32.389 0.000 0.000 3 340.942 340.942 3 

GASP 2500 {p(.) Psi(KM)} 348.45 33.799 0.000 0.000 3 342.352 342.352 4 

VASP 2500 {p(.) Psi(MnO + KM)} 350.57 0.000 0.980 1.000 4 342.406 342.406 1 

VASP 2500 {p(.) Psi(MnO)} 359.89 9.322 0.009 0.010 3 353.793 353.793 2 

VASP 2500 {p(.) Psi(KM)} 360.11 9.537 0.008 0.009 3 354.009 354.009 3 

DEPU 2500 {p(.) Psi(pHO)} 134.69 0.000 1.000 1.000 3 128.596 128.596 1 

RUSP 2500 {p(.) Psi(ba + MnM)} 36.43 0.000 0.690 1.000 3 30.336 30.336 1 

RUSP 2500 {p(.) Psi(ba + pHO)} 38.07 1.641 0.304 0.440 3 31.977 31.977 2 

RUSP 2500 {p(.) Psi(ba)} 45.84 9.410 0.006 0.009 2 41.795 41.795 3 

MEVI 2500 {p(.) Psi(MnO + pctopen)} 109.13 0.000 0.974 1.000 4 100.971 100.971 1 

MEVI 2500 {p(.) Psi(MnO + AlSatO)} 118.44 9.250 0.010 0.010 4 110.273 110.273 2 

MEVI 2500 {p(.) Psi(MnO)} 118.54 9.941 0.009 0.009 3 112.441 112.441 3 

MEVI 2500 {p(.) Psi(MnO + sf)} 137.46 27.944 0.000 0.000 4 131.366 131.366 4 
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Table (continued)         

ACRU 2500 {p(.) Psi(sf + ECECM)} 322.45 0.000 0.943 1.000 4 314.290 314.290 1 

ACRU 2500 {p(.) Psi(sf)} 328.50 6.051 0.046 0.049 3 322.407 322.407 2 

ACRU 2500 {p(.) Psi(ECECM)} 331.56 9.111 0.010 0.011 3 325.467 325.467 3 

ACRU 2500 {p(.) Psi(MgM)} 337.08 14.626 0.001 0.001 3 330.982 330.982 4 

QURU 2500 {p(.) Psi(sf)} 164.30 0.000 0.948 1.000 3 158.198 158.198 1 

QURU 2500 {p(.) Psi(MgM)} 170.13 5.833 0.051 0.054 3 164.032 164.032 2 

QURU 2500 {p(.) Psi(AlSatM)} 185.36 21.062 0.000 0.000 3 179.260 179.260 3 

BELE 2500 {p(.) Psi(MnO)} 176.94 0.000 0.117 1.000 3 170.846 170.846 1 

BELE 2500 {p(.) Psi(.)} 178.26 7.459 0.060 0.517 2 174.216 174.216 2 

QUMO 2500 {p(.) Psi(CaO + pctopen + sf)} 209.21 0.000 0.912 1.000 5 198.967 198.967 1 

QUMO 2500 {p(.) Psi(CaO + pctopen)} 214.55 5.452 0.060 0.066 4 206.501 206.501 2 

QUMO 2500 {p(.) Psi(CaO)} 218.74 9.529 0.008 0.009 3 212.644 212.644 3 

QUMO 2500 {p(.) Psi(sf)} 219.04 9.824 0.007 0.007 3 212.939 212.939 4 

KALA 750 {p(.) Psi(pHO + MnO)} 268.67 0.000 0.979 1.000 4 260.512 260.512 1 

KALA 750 {p(.) Psi(pHO)} 276.32 7.642 0.021 0.022 3 270.219 270.219 2 

KALA 750 {p(.) Psi(CaO)} 293.74 25.070 0.000 0.000 3 287.647 287.647 3 

KALA 750 {p(.) Psi(MnO)} 299.01 30.331 0.000 0.000 3 292.908 292.908 4 

GASP 750 {p(.) Psi(pHO + KM)} 325.82 0.000 1.000 1.000 4 317.657 317.657 1 

GASP 750 {p(.) Psi(KM)} 352.50 26.684 0.000 0.000 3 346.407 346.407 2 

GASP 750 {p(.) Psi(pHO)} 364.65 38.835 0.000 0.000 3 358.557 358.557 3 

GASP 750 {p(.) Psi(MnO)} 374.33 48.507 0.000 0.000 3 368.229 368.229 4 

VASP 750 {p(.) Psi(MnO + KM)} 301.97 0.000 0.960 1.000 4 293.803 293.803 1 

VASP 750 {p(.) Psi(KM)} 308.39 0.039 0.039 0.040 3 302.293 302.293 2 

VASP 750 {p(.) Psi(MnO)} 317.18 15.210 0.000 0.001 3 311.079 311.079 3 

DEPU 750 {p(.) Psi(pHO)} 166.88 0.000 0.999 1.000 3 160.790 169.790 1 
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Table (continued)         

RUSP 750 {p(.) Psi(ba + MnM)} 51.56 0.000 0.761 1.000 3 45.460 45.460 1 

RUSP 750 {p(.) Psi(pHO + ba)} 53.91 2.354 0.235 0.308 3 47.815 47.815 2 

RUSP 750 {p(.) Psi(ba)} 61.78 10.217 0.005 0.006 2 57.727 57.727 3 

MEVI 750 {p(.) Psi(MnO + pctopen)} 182.99 0.000 0.819 1.000 4 174.785 174.785 1 

`MEVI 750 {p(.) Psi(AlSatO + MnO)} 187.89 4.641 0.080 0.098 4 179.470 179.470 2 

MEVI 750 {p(.) Psi(MnO)} 187.81 4.861 0.074 0.090 3 181.712 181.712 3 

MEVI 750 {p(.) Psi(MnO + sf)} 189.79 6.843 0.027 0.033 4 181.629 181.629 4 

ACRU 750 {p(.) Psi(sf + ECECM)} 380.37 0.000 0.849 1.000 4 372.206 372.206 1 

ACRU 750 {p(.) Psi(ECECM)} 385.58 5.215 0.063 0.074 3 379.487 379.487 2 

ACRU 750 {p(.) Psi(sf)} 386.06 5.687 0.049 0.058 3 379.958 379.958 3 

ACRU 750 {p(.) Psi(sf + MgM)} 387.87 7.499 0.020 0.024 4 379.705 379.705 4 

QURU 750 {p(.) Psi(sf)} 186.10 0.000 0.997 1.000 3 179.999 179.999 1 

QURU 750 {p(.) Psi(MgM)} 197.42 11.321 0.003 0.004 3 191.319 191.319 2 

QURU 750 {p(.) Psi(ECECM)} 210.19 24.089 0.000 0.000 3 204.088 204.088 3 

BELE 750 {p(.) Psi(slope)} 230.31 0.000 0.139 1.000 3 224.210 224.210 1 

BELE 750 {p(.) Psi(MgM)} 230.80 0.490 0.109 0.783 3 224.700 224.700 2 

BELE 750 {p(.) Psi(.)} 232.61 2.306 0.044 0.316 2 228.565 228.565 8 

QUMO 750 {p(.) Psi(CaO + pctopen + sf)} 227.82 0.000 0.836 1.000 5 217.573 217.573 1 

QUMO 750 {p(.) Psi(CaO + pctopen)} 231.35 3.535 0.143 0.171 3 223.191 223.191 2 

QUMO 750 {p(.) Psi(CaO)} 236.52 8.704 0.011 0.013 3 230.425 230.425 3 

QUMO 750 {p(.) Psi(CaM)} 239.40 11.580 0.003 0.003 3 233.302 233.302 4 

 

 



 

 

    

1
4

9
 

Appendix E: Parameter Estimates for Single-Species Occupancy Models at both the 1/2500
th

 ha and 1/750
th

 ha Scale 

Species Scale Parameter Beta SE 95% LCI 95% UCI Scale Beta SE 95% LCI 95% UCI 

Mountain 

Laurel 2500 

p 3.79 0.58 2.66 4.93 

750 

3.62 0.50 2.64 4.59 

Psi 9.27 1.48 6.37 12.18 9.49 1.49 6.57 12.41 

pHO -2.45 0.48 -3.40 -1.51 -2.43 0.48 -3.37 -1.49 

MnO -6.52 1.74 -9.94 -3.11 -5.20 1.77 -8.67 -1.74 

Huckleberry 2500 

p 3.34 0.59 2.19 4.49 

750 

2.57 0.36 1.86 3.28 

Psi 8.29 1.46 5.43 11.15 8.65 1.48 5.74 11.56 

pHO -2.44 0.48 -3.39 -1.50 -2.23 0.47 -3.15 -1.32 

KM -7.00 1.83 -10.58 -3.43 -11.02 2.25 -15.43 -6.60 

Blueberry 2500 

p 3.14 0.45 2.24 4.03 

750 

3.74 0.58 2.60 4.87 

Psi 2.00 0.34 1.33 2.67 2.48 0.37 1.76 3.20 

MnO -4.40 1.37 -7.08 -1.72 -3.85 1.37 -6.54 -1.16 

KM -4.31 1.33 -6.92 -1.70 -5.41 1.38 -8.12 -2.70 

Hay-scented 

Fern 2500 

p 2.49 0.73 1.06 3.93 

750 

3.45 1.01 1.46 5.44 

Psi -15.47 2.44 -20.24 -10.70 -13.00 1.84 -16.61 -9.39 

pHO 4.14 0.72 2.72 5.55 3.51 0.56 2.42 4.60 

Red Oak 2500 

p 0.68 0.55 -0.40 1.76 

750 

0.74 0.47 -0.18 1.66 

Psi -4.52 1.02 -6.52 -2.52 -4.54 1.02 -6.53 -2.55 

SF 3.33 1.04 1.30 5.36 3.60 1.03 1.58 5.63 

Chestnut 

Oak 2500 

p 0.83 0.43 -0.02 1.68 

750 

1.69 0.46 0.79 2.60 

Psi -5.04 1.58 -8.14 -1.95 -4.63 1.42 -7.40 -1.85 

CaO -0.25 0.10 -0.45 -0.05 -0.25 0.09 -0.43 -0.07 

pctopen -1.97 0.82 -3.57 -0.38 -1.90 0.74 -3.35 -0.46 

SF 1.21 0.47 0.29 2.14 0.91 0.41 0.11 1.71 

Red Maple 2500 

p 1.30 0.34 0.64 1.96 

750 

1.93 0.34 1.27 2.58 

Psi -2.22 0.35 -2.91 -1.53 -1.40 0.28 -1.95 -0.85 

SF 1.13 0.35 0.45 1.81 0.79 0.29 0.21 1.36 

ECECM 0.22 0.08 0.06 0.38 0.20 0.07 0.05 0.34 
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Table (continued) 

Brambles 2500 

p 23.06 0.00 23.06 23.06 

750 

21.86 0.00 21.86 21.86 

Psi -1.36 0.90 -3.12 0.39 -1.52 0.73 -2.96 -0.08 

ba -0.37 0.12 -0.60 -0.14 -0.23 0.07 -0.37 -0.10 

MnM 21.08 6.82 7.72 34.44 17.91 5.26 7.59 28.22 

Indian 

Cucumber-

root 2500 

p 1.22 0.59 0.06 2.38 

750 

1.23 0.45 0.34 2.11 

Psi 3.36 1.37 0.67 6.05 2.16 1.05 0.11 4.20 

MnO -31.94 8.33 -48.27 -15.61 -18.46 4.24 -26.76 -10.15 

pctopen 1.97 0.72 0.56 3.38 1.23 0.58 0.08 2.37 
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Appendix F: Full Model Output for All Taxa Considered during Two Species Occupancy Modeling at Both Scales 

(1/2500
th

 ha (2500) and 1/750
th

 ha (750); Table 1: Mountain Laurel (Kalmia latifolia), Table 2: Huckleberry 

(Gaylussacia spp.)) 

 
Table 1: Mountain laurel (Kalmia latifolia) model output for two-species occupancy models at the 1/2500

th
 ha (2500) and 1/750

th
 ha (750) scale. 

Species B Scale 

Mountain Laurel (Species A) 

Best Model* AICc 

Delta 

AICc 

AICc 

Weight 

Model 

Likelihood 

No. 

Par. Deviance -2Log(L) Rank 

ACRU 2500 {PsiA(pHO+MnO) PsiBA(ECECM+sf) 

PsiBa(ECECM+sf)} 

600.11 0.000 0.775 1.000 9 581.36 581.36 1 

ACRU 2500 {PsiA(pHO+MnO) 

PsiBA(ECECM+sf)=PsiBa(ECECM+sf)} 

602.59 2.478 0.225 0.290 8 585.99 585.99 2 

ACRU 750 {PsiA(pHO+MnO) PsiBA(ECECM+sf) 
PsiBa(ECECM+sf)} 

638.34 0.000 0.996 1.000 9 619.58 619.58 1 

ACRU 750 {PsiA(pHO+MnO) 

PsiBA(ECECM+sf)=PsiBa(ECECM+sf)} 

649.13 10.799 0.004 0.004 8 649.13 649.13 2 

BELE 2500 {PsiA(pHO+MnO) PsiBA(.)=PsiBa(.)} 458.27 0.000 0.718 1.000 6 445.92 445.92 1 

BELE 2500 {PsiA(pHO+MnO) PsiBA(.) PsiBa(.)} 460.14 1.869 0.282 0.393 7 445.67 445.67 2 

BELE 750 {PsiA(pHO+MnO) PsiBA(.) PsiBa(.)} 500.88 0.000 0.545 1.000 7 486.41 486.41 1 

BELE 750 {PsiA(pHO+MnO) PsiBA(.)=PsiBa(.)} 501.24 0.363 0.455 0.834 6 488.89 488.89 2 

DEPU 2500 {PsiA(pHO+MnO) 
PsiBA(pHO)=PsiBa(pHO)} 

414.76 0.000 0.708 1.000 7 400.30 400.30 1 

DEPU 2500 {PsiA(pHO+MnO) PsiBA(pHO) 

PsiBa(pHO)} 

416.54 1.776 0.292 0.412 8 399.94 399.94 2 

DEPU 750 {PsiA(pHO+MnO) 

PsiBA(pHO)=PsiBa(pHO)} 

430.48 0.000 0.703 1.000 7 416.02 416.02 1 

DEPU 750 {PsiA(pHO+MnO) PsiBA(pHO) 

PsiBa(pHO)} 

432.21 1.723 0.297 0.422 8 415.61 415.61 2 
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Table 1 (continued)         

MEVI 2500 
{PsiA(pHO+MnO) 

PsiBA(MnO+open)=PsiBa(MnO+open)}  393.95 0.000 0.740 1.000 8 377.35 377.35 1 

MEVI 2500 

{PsiA(pHO+MnO) PsiBA(MnO+open) 

PsiBa(MnO+open)} 396.05 2.10 0.260 0.350 9 377.30 377.30 2 

MEVI 750 

{PsiA(pHO+MnO) 

PsiBA(MnO+open)=PsiBa(MnO+open} 454.26 0.000 0.560 1.000 8 437.68 437.68 1 

MEVI 750 

{PsiA(pHO+MnO) PsiBA(MnO+open) 

PsiBa(MnO+open)} 454.76 0.486 0.440 0.784 9 436.01 436.01 2 

QURU 2500 {PsiA(pHO+MnO) PsiBA(sf) PsiBa(sf)} 444.35 0.000 0.502 1.000 8 427.75 427.75 1 

QURU 2500 {PsiA(pHO+MnO) PsiBA(sf)=PsiBa(sf)} 444.37 0.016 0.498 0.992 7 429.90 429.90 2 

QURU 750 {PsiA(pHO+MnO) PsiBA(sf) PsiBa(sf)} 452.59 0.000 0.751 1.000 8 435.99 435.99 1 

QURU 750 {PsiA(pHO+MnO) PsiBA(sf)=PsiBa(sf)} 454.79 2.203 0.249 0.332 7 440.33 440.33 2 

QUMO 2500 

{PsiA(pHO+MnO) 

PsiBA(sf+CaO+open)=PsiBa(sf+CaO+open)} 490.00 0.000 0.514 1.000 9 471.25 471.25 1 

QUMO 2500 
{PsiA(pHO+MnO) PsiBA(sf+CaO+open) 

PsiBa(sf+CaO+open)} 490.11 0.116 0.486 0.946 10 469.18 469.18 2 

QUMO 750 

{PsiA(pHO+MnO) PsiBA(sf+CaO+open) 

PsiBa(sf+CaO+open)} 497.36 0.000 0.532 1.000 10 476.44 476.44 1 

QUMO 750 
{PsiA(pHO+MnO) 

PsiBA(sf+CaO+open)=PsiBa(sf+CaO+open)} 497.62 0.258 0.468 0.879 9 478.87 477.87 2 

* All detection probabilities are equal for species A (mountain laurel) and species B for each model regardless of species A presence and detection 

(pA(.)=rA(.) pB(.)=rBA(.)=rBa(.)) 
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Table 2: Huckleberry (Gaylussacia spp.) model output for two-species occupancy models at the 1/2500
th
 ha (2500) and 1/750

th
 ha (750) scale. 

Species 

B Scale 

Huckleberry (Species A) 

Best Model* AICc 

Delta 

AICc 

AICc 

Weight 

Model 

Likelihood 

No. 

Par. Deviance -2Log(L) Rank 

ACRU 2500 

{PsiA(pHO+KM) PsiBA(ECECM+sf) 

PsiBa(ECECM+sf)} 634.77 0.000 0.784 1.000 9 616.02 616.02 1 

ACRU 2500 

{PsiA(pHO+KM) 

PsiBA(ECECM+sf)=PsiBa(ECECM+sf)} 637.35 2.576 0.216 0.276 8 620.75 620.75 2 

ACRU 750 

{PsiA(pHO+KM) PsiBA(ECECM+sf) 

PsiBa(ECECM+sf)} 697.93 0.000 0.987 1.000 9 679.18 679.18 1 

ACRU 750 

{PsiA(pHO+KM) 

PsiBA(ECECM+sf)=PsiBa(ECECM+sf)} 706.57 8.643 0.013 0.013 8 689.98 689.98 2 

BELE 2500 {PsiA(pHO+KM) PsiBA(.)=PsiBa(.)} 493.02 0.000 0.713 1.000 6 480.68 480.68 1 

BELE 2500 {PsiA(pHO+KM) PsiBA(.) PsiBa(.)} 494.84 1.818 0.287 0.403 7 480.38 480.38 2 

BELE 750 {PsiA(pHO+KM) PsiBA(.) PsiBa(.)} 558.06 0.000 0.576 1.000 7 543.60 543.60 1 

BELE 750 {PsiA(pHO+KM) PsiBA(.)=PsiBa(.)} 558.68 0.616 0.424 0.735 6 546.33 546.33 2 

DEPU 2500 {PsiA(pHO+KM) PsiBA(pHO)=PsiBa(pHO)} 449.52 0.000 0.627 1.000 7 435.06 435.06 1 

DEPU 2500 {PsiA(pHO+KM) PsiBA(pHO) PsiBa(pHO)} 450.56 1.037 0.373 0.596 8 433.96 433.96 2 

DEPU 750 {PsiA(pHO+KM) PsiBA(pHO)=PsiBa(pHO)} 487.92 0.000 0.698 1.000 7 473.46 473.46 1 

DEPU 750 {PsiA(pHO+KM) PsiBA(pHO) PsiBa(pHO)} 489.60 1.674 0.302 0.433 8 473.00 473.00 2 

MEVI 2500 

{PsiA(pHO+KM) 

PsiBA(MnO+open)=PsiBa(MnO+open)} 424.42 0.000 0.530 1.000 8 407.82 407.82 1 

MEVI 2500 

{PsiA(pHO+KM) PsiBA(MnO+open) 

PsiBa(MnO+open)} 424.65 0.238 0.470 0.888 9 405.90 405.90 2 

MEVI 750 
{PsiA(pHO+KM) 

PsiBA(MnO+open)=PsiBa(MnO+open)} 511.72 0.000 0.743 1.000 8 495.12 495.12 1 

MEVI 750 

{PsiA(pHO+KM) PsiBA(MnO+open) 

PsiBa(MnO+open)} 513.84 2.124 0.257 0.346 9 495.09 495.09 2 
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Table 2 (continued)         

QUMO 2500 
{PsiA(pHO+KM) PsiBA(sf+CaO+open) 

PsiBa(sf+CaO+open)} 524.62 0.000 0.518 1.000 10 503.70 503.70 1 

QUMO 2500 

{PsiA(pHO+KM) 

PsiBA(sf+CaO+open)=PsiBa(sf+CaO+open)} 524.76 0.145 0.482 0.930 9 506.01 506.01 2 

QUMO 750 

{PsiA(pHO+KM) 

PsiBA(sf+CaO+open)=PsiBa(sf+CaO+open)} 555.06 0.000 0.523 1.000 9 536.31 536.31 1 

QUMO 750 

{PsiA(pHO+KM) PsiBA(sf+CaO+open) 

PsiBa(sf+CaO+open)} 555.24 0.018 0.477 0.914 10 534.32 534.32 2 

QURU 2500 {PsiA(pHO+KM) PsiBA(sf)=PsiBa(sf)} 479.12 0.000 0.571 1.000 7 464.66 464.66 1 

QURU 2500 {PsiA(pHO+KM) PsiBA(sf) PsiBa(sf)} 479.69 0.568 0.429 0.753 8 463.09 463.09 2 

QURU 750 {PsiA(pHO+KM) PsiBA(sf) PsiBa(sf)} 511.98 0.000 0.532 1.000 8 495.38 495.38 1 

QURU 750 {PsiA(pHO+KM) PsiBA(sf)=PsiBa(sf)} 512.23 0.253 0.468 0.881 7 497.77 497.77 2 

* All detection probabilities are equal for species A (huckleberry) and species B for each model regardless of species A presence and detection 

(pA(.)=rA(.) pB(.)=rBA(.)=rBa(.)) 
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Appendix G: Parameter Estimates from Two-Species Occupancy Models at both the 1/2500
th

 and 1/750
th

 ha Scale 

 
Species A Species B Scale Parameter Beta SE 95% LCL 95% UCL Scale Beta SE 95% LCL 95% UCL 

Mountain 

Laurel 
Red Oak 2500 

PsiA 9.24 1.48 6.35 12.14 

750 

9.43 1.48 6.53 12.33 

pHO -2.44 0.48 -3.39 -1.50 -2.41 0.48 -3.35 -1.48 

MnO -6.57 1.73 -9.96 -3.17 -5.21 1.75 -8.64 -1.77 

PsiBA -4.30 1.03 -6.31 -2.28 -4.35 1.02 -6.34 -2.35 

PsiBa -5.09 1.11 -7.27 -2.91 -5.51 1.15 -7.77 -3.26 

SF 3.35 1.04 1.31 5.38 3.70 1.04 1.66 5.73 

pA 3.82 0.58 2.68 4.95 3.65 0.50 2.68 4.63 

rBA 0.64 0.55 -0.45 1.72 0.69 0.47 -0.23 1.61 

Huckleberry Red Oak 2500 

PsiA 8.3 1.5 5.4 11.2 

750 

8.65 1.48 5.74 11.56 

pHO -2.4 0.5 -3.4 -1.5 -2.23 0.47 -3.15 -1.32 

KM -7.0 1.8 -10.6 -3.4 -10.96 2.24 -15.34 -6.57 

PsiB -4.5 1.0 -6.5 -2.5 -4.54 1.02 -6.53 -2.55 

SF 3.3 1.0 1.3 5.4 3.60 1.03 1.58 5.63 

pA 3.3 0.6 2.2 4.5 2.57 0.36 1.86 3.28 

rBA 0.7 0.6 -0.4 1.8 0.74 0.47 -0.18 1.66 

Mountain 
Laurel 

Chestnut 
Oak 

2500 

PsiA 9.23 1.47 6.34 12.12 

750 

9.40 1.47 6.52 12.29 

pHO -2.44 0.48 -3.38 -1.49 -2.40 0.48 -3.34 -1.47 

MnO -6.56 1.73 -9.95 -3.16 -5.20 1.75 -8.63 -1.77 

PsiBA -5.18 1.60 -8.33 -2.04 -4.68 1.41 -7.46 -1.91 

PsiBa -5.99 1.76 -9.43 -2.55 -5.57 1.56 -8.62 -2.51 

SF 1.26 0.48 0.32 2.20 0.97 0.41 0.16 1.78 

CaO -0.19 0.11 -0.41 0.02 -0.21 0.10 -0.40 -0.01 

pctopen -2.03 0.82 -3.63 -0.42 -1.90 0.73 -3.34 -0.47 

pA 3.83 0.58 2.70 4.97 3.67 0.50 2.69 4.65 

rBA 0.82 0.43 -0.02 1.66 1.68 0.46 0.78 2.59 
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Huckleberry 
Chestnut 

Oak 
2500 

PsiA 8.29 1.46 5.43 11.15 

750 

8.65 1.48 5.74 11.56 

pHO -2.44 0.48 -3.39 -1.50 -2.23 0.47 -3.15 -1.32 

KM -7.00 1.82 -10.56 -3.43 -10.83 2.22 -15.18 -6.57 

PsiB -5.04 1.58 -8.14 -1.95 -4.63 1.42 -7.40 -1.85 

SF 1.21 0.47 0.29 2.14 0.91 0.41 0.11 1.71 

CaO -0.25 0.10 -0.45 -0.05 -0.25 0.09 -0.43 -0.07 

pctopen -1.97 0.82 -3.57 -0.38 -1.90 0.74 -3.35 -0.46 

pA 3.34 0.59 2.19 4.49 2.57 0.36 1.86 3.28 

rBA 0.83 0.43 -0.02 1.68 1.69 0.46 0.79 2.59 

Mountain 

Laurel 

Indian 

Cucumber-
root 

2500 

PsiA 9.26 1.48 6.36 12.17 

750 

9.47 1.49 6.55 12.38 

pHO -2.45 0.48 -3.39 -1.50 -2.42 0.48 -3.36 -1.48 

MnO -6.58 1.74 -9.99 -3.18 -5.24 1.76 -8.70 -1.79 

PsiB 3.30 1.36 0.63 5.96 -2.12 1.04 0.08 4.17 

MnO -31.81 8.33 -48.14 -15.47 -18.41 4.23 -26.71 -10.13 

pctopen 1.94 0.72 0.54 3.35 1.21 0.58 0.07 2.35 

pA 3.80 0.58 2.67 4.93 3.62 0.50 2.65 4.60 

rBA 1.22 0.59 0.06 2.38 1.22 0.45 0.34 2.11 

Huckleberry 

Indian 

Cucumber-
root 

2500 

PsiA 8.29 1.46 5.43 11.15 

750 

8.65 1.48 5.74 11.56 

pHO -2.44 0.48 -3.39 -1.50 -2.23 0.47 -3.15 -1.32 

KM -7.00 1.82 -10.56 -3.43 -10.96 2.24 -15.34 -6.57 

PsiB 3.30 1.36 0.63 5.96 -2.12 1.04 -0.08 4.17 

MnO -31.81 8.33 -48.14 -15.47 -18.42 4.23 -26.71 -10.13 

pctopen 1.94 0.72 0.54 3.35 1.21 0.58 0.07 2.35 

pA 3.34 0.59 2.19 4.49 2.57 0.36 1.86 3.28 

rBA 1.22 0.59 0.06 2.38 1.22 0.45 0.34 2.11 
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Mountain 

Laurel 

Hay-

scented 
Fern 

2500 

PsiA 9.26 1.48 6.36 12.17 

750 

9.47 1.49 6.55 12.38 

pHO -2.45 0.48 -3.39 -1.50 -2.42 0.48 -3.36 -1.48 

MnO -6.58 1.74 -9.99 -3.18 -5.24 1.76 -8.70 -1.79 

PsiB -15.47 2.44 -20.24 -10.70 -13.00 1.84 -16.61 -9.39 

pHO 4.14 0.72 2.72 5.55 3.51 0.56 2.42 4.60 

pA 3.80 0.58 2.67 4.93 3.62 0.50 2.65 4.60 

rBA 2.49 0.73 1.06 3.93 3.45 1.01 1.46 5.44 

Huckleberry 

Hay-

scented 
Fern 

2500 

PsiA 8.29 1.46 5.43 11.15 

750 

8.65 1.48 5.74 11.56 

pHO -2.44 0.48 -3.39 -1.50 -2.23 0.47 -3.15 -1.32 

KM -7.00 1.82 -10.56 -3.43 -10.96 2.24 -15.34 -6.57 

PsiB -15.47 2.44 -20.24 -10.70 -13.00 1.84 -16.61 -9.39 

pHO 4.14 0.72 2.72 5.55 3.51 0.56 2.42 4.60 

pA 3.34 0.59 2.19 4.49 2.57 0.36 1.86 3.28 

rBA 2.49 0.73 1.06 3.93 3.45 1.01 1.46 5.44 

Mountain 

Laurel 
Red Maple 2500 

PsiA 9.22 1.47 6.34 12.11 

750 

9.28 1.44 6.45 12.11 

pHO -2.44 0.48 -3.38 -1.50 -2.37 0.47 -3.29 -1.45 

MnO -6.52 1.73 -9.91 -3.14 -5.14 1.73 -8.52 -1.75 

PsiBA -2.11 0.36 -2.82 -1.41 -1.35 0.30 -1.93 -0.77 

PsiBa -2.95 0.52 -3.97 -1.92 -2.72 0.52 -3.75 -1.69 

ECECM 0.28 0.09 0.10 0.45 0.28 0.08 0.12 0.45 

SF 1.13 0.35 0.44 1.82 0.87 0.31 0.27 1.47 

pA 3.85 0.58 2.71 4.99 3.74 0.50 2.76 4.73 

rBA 1.28 0.33 0.63 1.94 1.91 0.33 1.26 2.55 
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Huckleberry Red Maple 2500 

PsiA 8.25 1.45 5.41 11.09 

750 

8.60 1.47 5.71 11.49 

pHO -2.43 0.48 -3.37 -1.50 -2.21 0.46 -3.12 -1.30 

KM -6.97 1.81 -10.52 -3.41 -11.03 2.25 -15.43 -6.62 

PsiBA -2.03 0.36 -2.74 -1.33 -1.23 0.29 -1.81 -0.66 

PsiBa -2.83 0.48 -3.77 -1.89 -2.36 0.45 -3.24 -1.48 

ECECM 0.29 0.09 0.11 0.46 0.28 0.08 0.12 0.44 

SF 1.11 0.35 0.43 1.80 0.84 0.30 0.24 1.43 

pA 3.39 0.59 2.24 4.54 2.55 0.36 1.85 3.26 

rBA 1.30 0.33 0.65 1.96 1.94 0.33 1.29 2.59 

Mountain 

Laurel 
Black Birch 2500 

PsiA 9.26 1.48 6.36 12.17 

750 

9.47 1.49 6.55 12.38 

pHO -2.45 0.48 -3.39 -1.50 -2.42 0.48 -3.36 -1.48 

MnO -6.58 1.74 -9.99 -3.18 -5.24 1.76 -8.70 -1.79 

PsiB -2.14 0.24 -2.60 -1.67 -1.66 0.20 -2.06 -1.26 

pA 3.80 0.58 2.67 4.93 3.62 0.50 2.65 4.60 

rBA 1.40 0.59 0.24 2.56 1.42 0.54 0.36 2.47 

Huckleberry Black Birch 2500 

PsiA 8.29 1.46 5.43 11.15 

750 

8.65 1.48 5.74 11.56 

pHO -2.44 0.48 -3.39 -1.50 -2.23 0.47 -3.15 -1.32 

KM -7.00 1.82 -10.56 -3.43 -10.96 2.24 -15.34 -6.57 

PsiB -2.14 0.24 -2.60 -1.67 -1.66 0.20 -2.06 -1.26 

pA 3.34 0.59 2.19 4.49 2.57 0.36 1.86 3.28 

rBA 1.40 0.59 0.24 2.56 1.42 0.54 0.36 2.47 
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Appendix H: List of All Study Taxa in the Regional Species Pool, Including 

Common Names, and Data Codes 

 
Scientific Name Common Name Code 

Ageratina altissima White-snakeroot agal 

Alliaria petiolata Garlic Mustard alpe 

Aralia nudicaulis Wild Sarsaparilla arnu 

Aronia spp. Chokeberry arsp 

Asclepias spp. Milkweed ascl 

Asteraceae Composite Family aster 

Berberis thunbergii Japanese Barberry beth 

Ceanothus americanus New Jersey Tea ceam 

Celastrus orbiculatus Oriental Bittersweet ceor 

Chimaphilia maculata Spotted Wintergreen chma 

Comptonia peregrina Sweetfern cope 

Cornus alternifolia Alternate-leaf Dogwood coal 

Cyperaceae Sedge sedge 

Dennstaedtia punctilobula Hay-scented fern depu 

Dryopteris spp. Wood fern drsp 

Elaegnus umbellata Autumn Olive elum 

Epigaea repens Trailing Arbutus epre 

Erechtites hieraciifolius American Burnweed erhi 

Eurybia divaricata White wood aster eudi 

Fallopia scandens Climbing false buckwheat fasc 

Galium spp.  Bedstraw galiu 

Gaultheria procumbens Teaberry gapr 

Gaylussacia spp. Huckleberry gasp 

Hamamelis virginiana Witch hazel havi 

Huperzia lucidula Shining firmoss hulu 

Ilex montana Mountain Holly ilmo 

Isotria verticillata Large Whorled Pogonia isve 

Juncaceae Rushes rush 

Kalmia latifolia Mountain laurel kala 

Lonicera maackii Amur Honeysuckle loma 

Lonicera spp. Honeysuckle losp 

Lycopodium spp. Clubmoss/Ground pine lysp 

Lysimachia quadrifolia Whorled Yellow Loosestrife lyqu2 

Maianthemum canadense Canada mayflower maca 

Maianthemum racemosum False Solomon's seal/Solomon's plume mara 

Medeola virginiana Indian cucumber root  mevi 

Melampyrum lineare Narrow Leaf Cow Wheat meli 
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Microstegium vimineum Japanese Stiltgrass mivi 

Mitchella repens Partridgeberry mire 

Monotropa uniflora Indian pipe moun 

Moss Moss moss 

Paronychia canadensis Smooth Forked Nailwort paca 

Parthenocissus quinquefolia Virginia creeper paqu 

Persicaria longiseta Oriental Lady's Thumb pelo 

Persicaria virginiana Jumpseed pevi 

Phytolacca americana American Pokeweed pham 

Poaceae Grass grass 

Polygonatum biflorum Smooth Solomon's seal pobi 

Polygonatum pubescens Hairy Solomon's Seal popu 

Polypodiaceae Unidentifiable Species of True Fern poly 

Polystichum acrostichoides Christmas fern poac 

Potentilla spp. Cinquefoil/Stinky Bob poten 

Prunus virginiana Choke Cherry prvi 

Pteridium aquilinum Northern Bracken Fern ptaq 

Quercus ilicifolia Scrub/Bear oak quil 

Rhododendron maximum Great Laurel rhma 

Rhododendron prinophyllum Early Azalea rhpr 

Rhododendron spp. Rhododendron Azalea rhaz 

Ribes spp. Gooseberry/Currant risp 

Rock Rock rock 

Rosa multiflora Multiflora rose romu 

Rubus spp. Blackberry/Raspberry rubus 

Sambucus racemosa Red elderberry  sara 

Smilax rotundifolia Roundleaf Greenbrier smro 

Smilax spp. Smilax smsp 

Solidago spp. Goldenrod sosp 

Stellaria spp. Chickweed stsp 

Taraxacum officinale Dandelion taof 

Trientalis borealis Starflower trbo 

Trifolium spp. Clover trsp 

Vaccinium spp. Blueberry vasp 

Veronica officinalis Common Speedwell veof 

Viola spp. Violet visp 

Vitis spp. Wild Grape vitis 
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Appendix I: Beta Coefficients and their 95% Credible Intervals for all Model Predictors (GJAM) 

 
Organic horizon pH, calcium, manganese, and mineral horizon manganese coefficients (see Appendix H for taxon codes). 

Taxon pHO 

95% 

LCL 

95% 

UCL CaO 

95% 

LCL 

95% 

UCL MnO 

95% 

LCL 

95% 

UCL MnM 

95% 

LCL 

95% 

UCL 

depu 46.69 25.61 67.78 -3.92 -23.78 15.95 -11.06 -30.43 8.31 3.53 -15.32 22.38 

kala -59.19 -94.95 -23.43 14.79 -14.80 44.39 -63.96 -93.58 -34.34 -16.53 -46.22 13.16 

gasp -48.37 -75.81 -20.93 12.91 -12.90 38.71 -20.04 -45.26 5.18 -8.44 -32.98 16.11 

vasp -14.58 -22.77 -6.40 0.16 -7.57 7.89 -5.35 -12.90 2.20 7.21 -0.13 14.55 

mevi 1.19 -0.52 2.90 0.45 -1.18 2.07 -3.33 -4.90 -1.76 -2.13 -3.66 -0.61 

rusp 23.79 19.12 28.46 -1.24 -5.88 3.39 -8.75 -13.10 -4.40 6.44 2.14 10.74 

smro -0.65 -2.60 1.30 1.24 -0.61 3.09 -5.08 -6.90 -3.25 -0.12 -1.86 1.62 

acru 0.02 -0.07 0.12 -0.02 -0.12 0.07 0.02 -0.07 0.11 -0.01 -0.10 0.07 

bele -0.01 -0.11 0.10 0.02 -0.09 0.12 0.00 -0.09 0.10 -0.04 -0.14 0.05 

quru 0.01 -0.08 0.10 -0.02 -0.11 0.07 -0.02 -0.11 0.06 0.03 -0.04 0.10 

qumo 0.04 -0.05 0.13 -0.05 -0.15 0.04 -0.01 -0.10 0.07 0.03 -0.04 0.11 

gapr -20.58 -30.38 -10.77 3.53 -5.81 12.87 -11.48 -20.71 -2.26 14.34 5.69 22.99 

grass 0.76 -0.02 1.54 1.30 0.56 2.03 -1.43 -2.14 -0.72 1.05 0.36 1.75 

havi 6.10 -22.04 34.24 -30.99 -53.70 -8.27 2.82 -19.27 24.90 -19.96 -42.51 2.58 

lyqu2 0.51 -0.04 1.06 0.20 -0.30 0.70 0.13 -0.36 0.62 0.35 -0.12 0.82 

sedge 1.97 0.67 3.26 1.08 -0.13 2.29 -1.86 -3.05 -0.67 0.58 -0.57 1.73 

vitis 1.81 0.15 3.48 1.01 -0.58 2.61 0.29 -1.27 1.84 1.41 -0.06 2.88 

nysy -0.03 -0.13 0.08 -0.03 -0.12 0.07 0.07 -0.01 0.15 -0.02 -0.11 0.07 

quve -0.02 -0.09 0.06 0.03 -0.05 0.12 -0.02 -0.10 0.06 0.03 -0.04 0.10 

saal -0.06 -0.15 0.03 0.05 -0.04 0.14 -0.05 -0.13 0.03 -0.02 -0.10 0.06 
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Mineral horizon potassium, state forest, openness, basal area coefficients (see Appendix H for taxon codes). 

Taxon KM 

95% 

LCL 

95% 

UCL SF 

95% 

LCL 

95% 

UCL pctopen 

95% 

LCL 

95% 

UCL ba 

95% 

UCL 

95% 

UCL 

depu -21.24 -38.15 -4.32 -17.07 -45.55 11.42 30.50 15.82 45.17 -33.79 -48.05 -19.53 

kala -32.42 -56.95 -7.89 8.92 -31.75 49.59 -9.41 -30.72 11.89 16.68 -5.05 38.42 

gasp -42.42 -64.43 -20.42 57.56 20.52 94.60 18.90 -0.23 38.03 15.79 -2.73 34.31 

vasp -10.69 -17.27 -4.11 33.83 22.76 44.90 4.56 -1.15 10.27 -6.58 -12.13 -1.03 

mevi -1.11 -2.48 0.26 0.88 -1.43 3.19 -0.21 -1.40 0.98 1.51 0.35 2.67 

rusp -4.22 -7.97 -0.47 22.04 15.62 28.46 -17.14 -20.44 -13.85 -13.98 -17.15 -10.82 

smro -0.91 -2.48 0.65 -2.10 -4.75 0.55 -3.37 -4.73 -2.02 3.14 1.82 4.46 

acru 0.00 -0.07 0.08 0.22 0.08 0.35 0.00 -0.07 0.07 -0.01 -0.08 0.06 

bele -0.03 -0.12 0.05 -0.02 -0.16 0.13 -0.08 -0.15 0.00 0.01 -0.07 0.08 

quru -0.01 -0.08 0.06 0.02 -0.13 0.17 0.05 -0.02 0.11 0.01 -0.05 0.07 

qumo 0.06 -0.01 0.14 0.03 -0.10 0.17 0.02 -0.04 0.09 -0.01 -0.08 0.05 

gapr -2.78 -10.73 5.18 41.98 28.93 55.03 19.41 12.66 26.16 -2.18 -8.76 4.40 

grass -0.66 -1.29 -0.03 1.16 0.12 2.19 -0.09 -0.63 0.45 0.22 -0.30 0.74 

havi -13.38 -33.66 6.90 -0.73 -33.96 32.49 -7.25 -24.55 10.04 0.48 -17.15 18.10 

lyqu2 0.07 -0.35 0.50 1.03 0.29 1.77 -0.37 -0.76 0.02 -0.47 -0.86 -0.08 

sedge 1.98 0.94 3.02 -4.91 -6.65 -3.16 -0.07 -0.97 0.82 -1.86 -2.73 -0.99 

vitis -1.14 -2.43 0.15 -1.37 -3.59 0.85 -3.25 -4.42 -2.08 -2.59 -3.70 -1.47 

nysy -0.02 -0.11 0.07 -0.10 -0.25 0.06 0.01 -0.06 0.07 -0.01 -0.08 0.07 

uve 0.03 -0.03 0.10 0.06 -0.09 0.22 0.01 -0.06 0.08 -0.02 -0.09 0.04 

saal 0.05 -0.03 0.13 0.00 -0.13 0.13 0.07 0.01 0.13 0.01 -0.06 0.07 
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Appendix J: Full GJAM Correlation Matrix for All Taxa (Correlation is Top Diagonal; Standard Errors Bottom 

Diagonal) 

 

 
agal amsp depu gapr gasp grass havi kala lyqu2 mevi rusp sedge smro vasp vitis acru bele nysy qumo quru quve saal 

agal NA 0.48 0.22 0.03 -0.08 -0.26 -0.07 -0.23 0.11 -0.11 0.43 0.38 0.16 0.19 0.44 0.22 -0.08 -0.06 -0.11 -0.1 0.24 -0.16 

amsp 0.06 NA -0.04 -0.03 -0.06 -0.02 -0.01 0.06 -0.44 0.22 0.21 -0.13 0.07 0.12 0.23 -0.09 0.1 -0.06 0.01 -0.04 0.01 0 

depu 0.06 0.07 NA -0.19 -0.7 -0.3 -0.15 -0.28 0.14 -0.66 0.35 0.29 -0.02 -0.05 0.19 0.15 0.03 -0.09 0.04 -0.05 0.07 -0.12 

gapr 0.06 0.06 0.07 NA 0.19 0.16 0.03 0.34 0.05 0.09 -0.14 0.15 0.03 0.3 -0.33 0.1 -0.27 0.12 0.13 0.03 -0.1 0.31 

gasp 0.07 0.06 0.03 0.06 NA 0.09 0.02 0.2 -0.03 0.3 -0.3 -0.38 0.3 0.26 -0.21 0.05 -0.02 -0.02 0.04 0.13 -0.1 -0.1 

grass 0.07 0.07 0.06 0.06 0.07 NA 0.23 0.08 0.04 -0.05 0.11 0.09 0.09 0.15 -0.48 -0.06 -0.06 0.12 0.13 0.02 -0.14 0.01 

havi 0.08 0.07 0.07 0.07 0.07 0.11 NA 0.04 -0.04 0.24 0.04 0.01 -0.06 0.07 -0.03 -0.06 -0.01 0.06 0.07 0.01 -0.07 -0.01 

kala 0.07 0.06 0.06 0.06 0.06 0.07 0.08 NA -0.11 0.21 -0.18 -0.46 0.15 0.33 -0.1 -0.09 -0.02 -0.02 0.11 0.04 0.01 0.26 

lyqu2 0.07 0.07 0.06 0.08 0.06 0.08 0.07 0.06 NA -0.41 0.18 0.43 -0.06 0.05 -0.24 0.22 -0.18 0.04 0.01 0.05 0.08 -0.08 

mevi 0.06 0.06 0.04 0.07 0.06 0.07 0.06 0.06 0.05 NA -0.37 -0.2 0.12 0.16 0.16 -0.21 -0.02 0.06 -0.05 -0.06 0.03 0.24 

rusp 0.05 0.07 0.07 0.06 0.06 0.07 0.07 0.06 0.07 0.06 NA 0.35 0.07 0.25 0.38 0.19 -0.06 -0.09 -0.18 -0.06 0.31 -0.22 

sedge 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.05 0.07 0.07 0.06 NA -0.17 -0.09 -0.09 0.17 -0.19 0.08 -0.1 -0.08 0.09 0 

smro 0.07 0.07 0.07 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.06 0.07 NA 0.08 0.06 0.02 -0.05 -0.08 0.04 -0.08 0.24 -0.16 

vasp 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.06 NA 0.05 0.16 -0.15 -0.02 0.12 0.04 0.02 0.1 

vitis 0.06 0.07 0.06 0.07 0.07 0.06 0.08 0.07 0.08 0.07 0.06 0.06 0.06 0.07 NA 0.01 0.09 -0.19 -0.21 -0.04 0.33 -0.14 

acru 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.08 0.07 0.08 0.08 0.07 0.08 NA -0.29 0.14 0.27 -0.4 0.1 -0.33 

bele 0.09 0.1 0.09 0.1 0.09 0.09 0.1 0.1 0.09 0.1 0.09 0.09 0.09 0.09 0.09 0.13 NA -0.2 -0.14 -0.02 -0.05 -0.08 

nysy 0.11 0.1 0.11 0.09 0.1 0.11 0.11 0.1 0.1 0.09 0.1 0.11 0.11 0.1 0.1 0.32 0.27 NA 0.03 -0.02 -0.1 0.01 

qumo 0.1 0.11 0.09 0.11 0.09 0.09 0.09 0.11 0.09 0.09 0.1 0.09 0.09 0.09 0.1 0.19 0.11 0.16 NA -0.07 -0.2 -0.1 

quru 0.08 0.09 0.09 0.09 0.09 0.08 0.08 0.1 0.08 0.1 0.09 0.09 0.1 0.09 0.08 0.12 0.11 0.12 0.15 NA -0.07 0.07 

quve 0.09 0.11 0.1 0.1 0.12 0.12 0.12 0.11 0.11 0.12 0.14 0.11 0.16 0.12 0.13 0.13 0.1 0.13 0.16 0.2 NA -0.25 

saal 0.08 0.11 0.08 0.09 0.1 0.09 0.09 0.1 0.1 0.09 0.1 0.1 0.1 0.1 0.1 0.11 0.1 0.15 0.12 0.16 0.17 NA 
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Appendix K: Summary Tables of Results for Linear Mixed Effects Models 

 
Table 1. Summary of group means from linear mixed effects models across scale (1/2500

th
 ha and 1/750

th
 ha). Each vegetation category 

and scale represents a separate model. Statistically significant fixed effects (P < 0.05) indicate that mean values differ between groups. Pairwise 

comparisons of significant treatment effects within year are reported in Table 2. 

Linear Mixed Effects Model 1/2500
th

 ha 1/750
th

 ha 

Vegetation 

Category Fixed Effect Estimate 

Std. 

Error df t value Pr(>|t|) Estimate 

Std. 

Error df t value Pr(>|t|) 

Ericaceous 

Competing 

Vegetation 

TreatmentC 4.390 0.420 53.03 10.46 <0.001 4.687 0.402 43.09 11.661 <0.001 

TreatmentF 4.015 0.453 70.13 8.86 <0.001 4.233 0.430 55.54 9.847 <0.001 

TreatmentFH 3.978 0.426 56.21 9.34 <0.001 4.146 0.409 46.03 10.139 <0.001 

TreatmentFL 3.293 0.426 56.01 7.74 <0.001 3.819 0.408 45.88 9.350 <0.001 

TreatmentFLH 3.552 0.421 53.97 8.43 <0.001 3.978 0.405 44.48 9.819 <0.001 

TreatmentH 4.207 0.422 54.12 9.98 <0.001 4.453 0.405 44.60 10.981 <0.001 

TreatmentL 3.757 0.426 56.16 8.82 <0.001 4.000 0.409 46.00 9.784 <0.001 

TreatmentLH 4.287 0.426 56.15 10.06 <0.001 4.443 0.409 45.99 10.870 <0.001 

Year2016 -0.026 0.359 284.34 -0.07 0.943 0.120 0.306 285.20 0.392 0.696 

TreatmentF:Year2016 0.012 0.560 284.29 0.02 0.983 -0.131 0.481 285.18 -0.272 0.786 

TreatmentFH:Year2016 -2.284 0.527 284.34 -4.34 <0.001 -1.002 0.452 285.22 -2.217 0.027 

TreatmentFL:Year2016 -0.066 0.523 284.32 -0.13 0.900 0.055 0.449 285.20 0.122 0.903 

TreatmentFLH:Year2016 -2.011 0.523 284.32 -3.84 <0.001 -1.157 0.449 285.20 -2.575 0.011 

TreatmentH:Year2016 -2.584 0.519 284.29 -4.98 <0.001 -0.966 0.446 285.18 -2.168 0.031 

TreatmentL:Year2016 0.016 0.523 284.32 0.03 0.975 -0.011 0.449 285.20 -0.024 0.981 

TreatmentLH:Year2016 -2.265 0.527 284.35 -4.30 <0.001 -0.961 0.452 285.22 -2.125 0.035 

Indicator 

Plant 

Abundance 

TreatmentC 0.545 0.169 120.57 3.22 0.002 0.906 0.197 78.91 4.599 <0.001 

TreatmentF 0.150 0.192 167.63 0.78 0.434 0.245 0.220 113.70 1.112 0.268 

TreatmentFH 0.200 0.174 130.44 1.15 0.251 0.230 0.203 87.51 1.132 0.261 

TreatmentFL 0.146 0.173 130.52 0.84 0.400 0.351 0.203 87.31 1.731 0.087 
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Table 1 (continued) 

Indicator 

Plant 

Abundance 

TreatmentFLH 0.238 0.170 124.66 1.40 0.164 0.450 0.200 83.40 2.249 0.027 

TreatmentH 0.271 0.171 124.56 1.59 0.115 0.362 0.200 83.54 1.808 0.074 

TreatmentL 0.064 0.174 130.40 0.37 0.714 0.285 0.203 87.44 1.403 0.164 

TreatmentLH 0.353 0.174 130.39 2.03 0.044 0.418 0.203 87.43 2.060 0.042 

Year2016 0.049 0.189 285.24 0.26 0.798 -0.097 0.198 285.68 -0.491 0.624 

TreatmentF:Year2016 -0.035 0.296 285.12 -0.12 0.905 0.122 0.311 285.63 0.391 0.696 

TreatmentFH:Year2016 -0.145 0.278 285.26 -0.52 0.601 0.090 0.293 285.72 0.308 0.759 

TreatmentFL:Year2016 0.100 0.276 285.19 0.36 0.718 0.079 0.291 285.67 0.274 0.785 

TreatmentFLH:Year2016 -0.143 0.276 285.19 -0.52 0.605 0.044 0.291 285.67 0.151 0.880 

TreatmentH:Year2016 -0.055 0.274 285.12 -0.20 0.840 0.107 0.289 285.62 0.371 0.711 

TreatmentL:Year2016 0.122 0.276 285.18 0.44 0.659 0.242 0.291 285.67 0.833 0.405 

TreatmentLH:Year2016 -0.005 0.278 285.26 -0.02 0.985 0.163 0.293 285.72 0.558 0.577 

Proportion of 

Flowering 

Indicators 

TreatmentC -4.573 0.116 207.20 -39.60 <0.001 -4.517 0.148 266.92 -30.563 <0.001 

TreatmentF 0.222 0.161 287.90 1.38 0.169 -0.020 0.221 291.00 -0.092 0.927 

TreatmentFH 0.154 0.149 286.70 1.04 0.300 -0.069 0.204 289.32 -0.336 0.737 

TreatmentFL 0.121 0.149 287.90 0.81 0.419 0.204 0.204 290.73 0.999 0.319 

TreatmentFLH -0.028 0.148 288.80 -0.19 0.847 -0.036 0.203 292.67 -0.176 0.860 

TreatmentH -0.027 0.147 287.50 -0.19 0.853 -0.085 0.202 291.21 -0.418 0.676 

TreatmentL -0.030 0.149 287.40 -0.20 0.842 -0.085 0.204 290.39 -0.418 0.676 

TreatmentLH 0.126 0.149 287.40 0.85 0.398 0.070 0.204 290.35 0.340 0.734 

Year2016 0.000 0.145 286.00 0.00 0.999 0.080 0.199 286.76 0.405 0.686 

TreatmentF:Year2016 -0.120 0.226 285.80 -0.53 0.597 -0.035 0.312 286.50 -0.113 0.910 

TreatmentFH:Year2016 -0.009 0.213 286.00 -0.04 0.965 -0.089 0.293 287.00 -0.302 0.763 

TreatmentFL:Year2016 0.037 0.211 285.90 0.18 0.859 -0.189 0.291 286.76 -0.650 0.516 

TreatmentFLH:Year2016 0.046 0.211 285.90 0.22 0.828 -0.049 0.291 286.76 -0.168 0.867 

TreatmentH:Year2016 0.092 0.210 285.80 0.44 0.660 0.025 0.289 286.52 0.086 0.932 

TreatmentL:Year2016 0.228 0.211 285.90 1.08 0.282 0.497 0.291 286.74 1.707 0.089 

TreatmentLH:Year2016 -0.165 0.213 286.00 -0.78 0.439 0.097 0.293 287.02 0.332 0.740 

Cover 

Diversity 

TreatmentC 1.104 0.078 226.15 14.14 <0.001 1.328 0.069 172.97 19.172 <0.001 

TreatmentF 1.185 0.091 269.54 12.96 <0.001 1.348 0.081 232.47 16.604 <0.001 
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Table 1 (continued) 

Cover 

Diversity 

TreatmentFH 1.122 0.081 239.07 13.88 <0.001 1.313 0.072 192.23 18.135 <0.001 

TreatmentFL 1.033 0.081 240.58 12.79 <0.001 1.383 0.072 193.22 19.134 <0.001 

TreatmentFLH 1.085 0.079 235.03 13.72 <0.001 1.248 0.071 186.29 17.611 <0.001 

TreatmentH 1.030 0.079 233.80 13.01 <0.001 1.261 0.071 185.48 17.766 <0.001 

TreatmentL 1.130 0.081 239.40 13.98 <0.001 1.254 0.072 192.39 17.322 <0.001 

TreatmentLH 1.061 0.081 239.45 13.13 <0.001 1.151 0.072 192.41 15.898 <0.001 

Year2016 0.056 0.100 284.64 0.56 0.579 0.006 0.085 284.59 0.075 0.940 

TreatmentF:Year2016 -0.103 0.156 284.34 -0.66 0.512 -0.035 0.134 284.44 -0.264 0.792 

TreatmentFH:Year2016 -0.282 0.147 284.68 -1.92 0.056 0.039 0.126 284.70 0.311 0.756 

TreatmentFL:Year2016 0.122 0.146 284.52 0.84 0.403 0.050 0.125 284.58 0.397 0.692 

TreatmentFLH:Year2016 0.017 0.146 284.52 0.12 0.906 0.281 0.125 284.57 2.252 0.025 

TreatmentH:Year2016 -0.073 0.145 284.35 -0.51 0.614 0.243 0.124 284.44 1.959 0.051 

TreatmentL:Year2016 -0.096 0.146 284.50 -0.66 0.512 -0.021 0.125 284.56 -0.165 0.869 

TreatmentLH:Year2016 -0.125 0.147 284.69 -0.85 0.397 0.176 0.126 284.72 1.396 0.164 

Tree Seedling 

Diversity 

TreatmentC 0.095 0.055 140.25 1.73 0.086 0.113 0.065 103.93 1.743 0.084 

TreatmentF 0.138 0.063 192.59 2.19 0.029 0.180 0.074 151.10 2.438 0.016 

TreatmentFH 0.052 0.057 151.86 0.91 0.362 0.150 0.067 116.27 2.230 0.028 

TreatmentFL 0.154 0.056 152.27 2.73 0.007 0.160 0.067 116.25 2.390 0.018 

TreatmentFLH 0.043 0.055 145.66 0.77 0.442 0.119 0.066 110.87 1.807 0.074 

TreatmentH 0.112 0.056 145.31 2.02 0.046 0.144 0.066 110.87 2.185 0.031 

TreatmentL 0.173 0.057 151.89 3.06 0.003 0.302 0.067 116.22 4.493 0.000 

TreatmentLH 0.134 0.057 151.89 2.37 0.019 0.190 0.067 116.21 2.834 0.005 

Year2016 -0.042 0.064 283.61 -0.65 0.517 -0.041 0.071 285.39 -0.577 0.564 

TreatmentF:Year2016 0.161 0.100 283.44 1.61 0.109 0.239 0.111 285.31 2.142 0.033 

TreatmentFH:Year2016 -0.017 0.094 283.63 -0.18 0.859 -0.087 0.105 285.44 -0.835 0.404 

TreatmentFL:Year2016 0.134 0.094 283.54 1.43 0.153 0.181 0.104 285.38 1.741 0.083 

TreatmentFLH:Year2016 0.002 0.094 283.54 0.02 0.981 -0.025 0.104 285.37 -0.238 0.812 

TreatmentH:Year2016 -0.062 0.093 283.44 -0.67 0.507 -0.039 0.103 285.30 -0.374 0.709 

TreatmentL:Year2016 0.133 0.094 283.53 1.42 0.156 0.114 0.104 285.37 1.096 0.274 

TreatmentLH:Year2016 -0.065 0.094 283.63 -0.69 0.490 -0.084 0.105 285.45 -0.806 0.421 
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Table 2. Summary of pairwise comparisons from linear mixed effects models across scale (1/2500
th
 ha and 1/750

th
 ha). Each vegetation 

category and scale represents a separate model. Statistically significant contrasts (P < 0.05) have their estimates bolded and P values underlined, 

indicating values that are different within treatments between years. 

Linear Mixed Effects Model Pairwise 
Comparisons 

1/2500
th

 ha 1/750
th

 ha 

Vegetation 

Category Contrasts Estimate 

Std. 

Error df t ratio Pr(>|t|) Estimate 

Std. 

Error df t ratio Pr(>|t|) 

Ericaceous 

Competing 

Vegetation 

C,2014 - C,2016 0.03 0.36 284.34 0.072 1.000 -0.120 0.306 285.20 -0.392 1.000 

F,2014 - F,2016 0.01 0.43 284.26 0.032 1.000 0.011 0.371 285.16 0.029 1.000 

FH,2014 - FH,2016 2.31 0.39 284.34 5.993 <.0001 0.882 0.333 285.22 2.653 0.366 

FL,2014 - FL,2016 0.09 0.38 284.3 0.241 1.000 -0.175 0.328 285.19 -0.533 1.000 

FLH,2014 - FLH,2016 2.04 0.38 284.4 5.338 <.0001 1.037 0.329 285.27 3.149 0.121 

H,2014 - H,2016 2.61 0.38 284.35 6.939 <.0001 0.846 0.325 285.23 2.608 0.397 

L,2014 - L,2016 0.01 0.38 284.29 0.025 1.000 -0.109 0.328 285.19 -0.333 1.000 

LH,2014 - LH,2016 2.29 0.39 284.35 5.944 <.0001 0.841 0.333 285.22 2.528 0.454 

Indicator 

Plant 

Abundance 

C,2014 - C,2016 -0.05 0.19 285.24 -0.257 1.000 0.097 0.198 285.68 0.491 1.000 

F,2014 - F,2016 -0.01 0.23 285.03 -0.059 1.000 -0.024 0.240 285.59 -0.101 1.000 

FH,2014 - FH,2016 0.10 0.20 285.26 0.476 1.000 0.007 0.215 285.74 0.034 1.000 

FL,2014 - FL,2016 -0.15 0.20 285.14 -0.740 1.000 0.018 0.212 285.66 0.084 1.000 

FLH,2014 - FLH,2016 0.09 0.20 285.4 0.468 1.000 0.053 0.213 285.83 0.251 1.000 

H,2014 - H,2016 0.01 0.20 285.28 0.034 1.000 -0.010 0.210 285.75 -0.047 1.000 

L,2014 - L,2016 -0.17 0.20 285.12 -0.850 1.000 -0.145 0.212 285.65 -0.682 1.000 

LH,2014 - LH,2016 -0.04 0.20 285.26 -0.214 1.000 -0.066 0.215 285.74 -0.307 1.000 
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Table 2 (continued) 

Proportion 

of 

Flowering 

Indicators 

C,2014 - C,2016 0.00 0.14 285.99 -0.001 1.000 -0.080 0.199 286.76 -0.405 1.000 

F,2014 - F,2016 0.12 0.17 285.58 0.688 1.000 -0.045 0.241 286.32 -0.188 1.000 

FH,2014 - FH,2016 0.01 0.16 286.02 0.058 1.000 0.008 0.216 287.14 0.038 1.000 

FL,2014 - FL,2016 -0.04 0.15 285.79 -0.246 1.000 0.109 0.213 286.70 0.511 1.000 

FLH,2014 - FLH,2016 -0.05 0.15 286.29 -0.299 1.000 -0.032 0.213 287.58 -0.148 1.000 

H,2014 - H,2016 -0.09 0.15 286.05 -0.609 1.000 -0.105 0.210 287.15 -0.5 1.000 

L,2014 - L,2016 -0.23 0.15 285.76 -1.484 0.984 -0.577 0.213 286.67 -2.714 0.327 

LH,2014 - LH,2016 0.16 0.16 286.03 1.059 1.000 -0.178 0.216 287.14 -0.825 1.000 

Cover 

Diversity 

C,2014 - C,2016 -0.06 0.10 284.64 -0.555 1.000 -0.006 0.085 284.59 -0.075 1.000 

F,2014 - F,2016 0.05 0.12 284.12 0.391 1.000 0.029 0.103 284.34 0.281 1.000 

FH,2014 - FH,2016 0.23 0.11 284.69 2.105 0.761 -0.046 0.093 284.76 -0.492 1.000 

FL,2014 - FL,2016 -0.18 0.11 284.39 -1.675 0.952 -0.056 0.091 284.54 -0.613 1.000 

FLH,2014 - FLH,2016 -0.07 0.11 285.02 -0.684 1.000 -0.288 0.092 285.01 -3.144 0.122 

H,2014 - H,2016 0.02 0.11 284.71 0.168 1.000 -0.249 0.090 284.79 -2.762 0.297 

L,2014 - L,2016 0.04 0.11 284.36 0.380 1.000 0.014 0.091 284.52 0.155 1.000 

LH,2014 - LH,2016 0.07 0.11 284.69 0.642 1.000 -0.182 0.093 284.76 -1.967 0.841 

Tree 

Seedling 

Diversity 

C,2014 - C,2016 0.04 0.06 283.61 0.649 1.000 0.041 0.071 285.39 0.577 1.000 

F,2014 - F,2016 -0.12 0.08 283.32 -1.550 0.975 -0.198 0.086 285.26 -2.302 0.623 

FH,2014 - FH,2016 0.06 0.07 283.63 0.848 1.000 0.128 0.077 285.47 1.667 0.954 

FL,2014 - FL,2016 -0.09 0.07 283.46 -1.356 0.993 -0.140 0.076 285.35 -1.843 0.899 

FLH,2014 - FLH,2016 0.04 0.07 283.82 0.578 1.000 0.066 0.076 285.61 0.862 1.000 

H,2014 - H,2016 0.10 0.07 283.65 1.537 0.977 0.080 0.075 285.48 1.058 1.000 

L,2014 - L,2016 -0.09 0.07 283.45 -1.341 0.994 -0.073 0.076 285.34 -0.961 1.000 

LH,2014 - LH,2016 0.11 0.07 283.63 1.548 0.976 0.125 0.077 285.47 1.627 0.962 
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Table 3. Summary of group means from a mixed effects Poisson regression (Taxonomic 

Richness) or Negative Binomial regression (All Tree Seedling and Desirable Tree Seedling Counts) 

across scale (1/2500
th
 ha and 1/750

th
 ha). Each vegetation category and scale represents a separate model. 

Statistically significant main effects (P < 0.05) indicate that mean values are different between groups. 

Pairwise comparisons of significant treatment effects within year are reported in Table 4. 

Poisson or Negative Binomial 

Regression 1/2500
th

 ha 1/750
th

 ha 

Vegetation 

Category Effect Est. 
Std. 

Error 
z 

value Pr(>|z|) Est. 
Std. 

Error 
z 

value Pr(>|z|) 

Taxonomic 

Richness 

TreatmentC 1.617 0.113 14.36 <0.001 2.005 0.095 21.05 <0.001 

TreatmentF 1.718 0.123 13.97 <0.001 1.896 0.113 16.81 <0.001 

TreatmentFH 1.609 0.115 14.03 <0.001 1.908 0.101 18.94 <0.001 

TreatmentFL 1.627 0.114 14.30 <0.001 1.970 0.099 19.97 <0.001 

TreatmentFLH 1.602 0.114 14.05 <0.001 1.847 0.102 18.07 <0.001 

TreatmentH 1.591 0.113 14.03 <0.001 1.909 0.099 19.29 <0.001 

TreatmentL 1.703 0.111 15.32 <0.001 1.897 0.101 18.80 <0.001 

TreatmentLH 1.652 0.113 14.59 <0.001 1.824 0.104 17.59 <0.001 

Year2016 0.020 0.129 0.16 0.877 -0.004 0.106 -0.04 0.972 

TreatmentF:Year2016 0.062 0.192 0.32 0.749 0.082 0.169 0.49 0.626 

TreatmentFH:Year2016 -0.514 0.203 -2.53 0.011 -0.158 0.162 -0.98 0.329 

TreatmentFL:Year2016 0.168 0.181 0.93 0.352 0.143 0.152 0.94 0.346 

TreatmentFLH:Year2016 -0.400 0.200 -2.00 0.046 -0.082 0.164 -0.50 0.619 

TreatmentH:Year2016 -0.467 0.200 -2.34 0.019 -0.097 0.159 -0.61 0.543 

TreatmentL:Year2016 0.033 0.181 0.18 0.856 0.083 0.156 0.54 0.593 

TreatmentLH:Year2016 -0.405 0.197 -2.06 0.039 -0.147 0.166 -0.89 0.376 

All Tree 

Seedling 

Counts 

TreatmentC 0.130 0.480 0.27 0.790 0.224 0.498 0.45 0.653 

TreatmentF -0.472 0.570 -0.83 0.410 0.580 0.583 1.00 0.319 

TreatmentFH 0.034 0.531 0.06 0.950 1.799 0.517 3.48 0.001 

TreatmentFL 0.189 0.473 0.40 0.690 0.681 0.502 1.36 0.175 

TreatmentFLH -0.648 0.533 -1.22 0.220 -0.159 0.555 -0.29 0.774 

TreatmentH -0.067 0.494 -0.14 0.890 0.965 0.501 1.93 0.054 

TreatmentL -0.072 0.491 -0.15 0.880 0.518 0.516 1.00 0.315 

TreatmentLH 0.139 0.497 0.28 0.780 0.752 0.519 1.45 0.147 

Year2016 -0.074 0.560 -0.13 0.900 0.725 0.546 1.33 0.185 

TreatmentF:Year2016 0.264 0.868 0.30 0.760 -1.224 0.859 -1.42 0.154 

TreatmentFH:Year2016 -0.616 0.849 -0.73 0.470 -2.743 0.820 -3.34 0.001 

TreatmentFL:Year2016 -0.713 0.794 -0.90 0.370 -1.397 0.778 -1.80 0.072 

TreatmentFLH:Year2016 0.465 0.845 0.55 0.580 0.371 0.826 0.45 0.653 

TreatmentH:Year2016 -0.381 0.847 -0.45 0.650 -1.274 0.820 -1.55 0.120 

TreatmentL:Year2016 -0.258 0.805 -0.32 0.750 -0.391 0.799 -0.49 0.624 

TreatmentLH:Year2016 -0.985 0.844 -1.17 0.240 -1.796 0.838 -2.14 0.032 
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Table 3 (continued) 

Desirable 

Tree 

Seedling 

Abundance 

TreatmentC -0.920 0.590 -1.56 0.119 -0.062 0.571 -0.11 0.913 

TreatmentF -1.552 0.699 -2.22 0.026 0.112 0.671 0.17 0.868 

TreatmentFH -0.627 0.635 -0.99 0.323 1.133 0.607 1.87 0.062 

TreatmentFL -0.955 0.582 -1.64 0.101 0.221 0.576 0.38 0.701 

TreatmentFLH -2.598 0.762 -3.41 0.001 -1.596 0.666 -2.40 0.017 

TreatmentH -0.783 0.596 -1.32 0.188 0.185 0.576 0.32 0.748 

TreatmentL -0.358 0.572 -0.63 0.531 0.208 0.578 0.36 0.719 

TreatmentLH -0.518 0.586 -0.88 0.377 0.397 0.603 0.66 0.510 

Year2016 0.346 0.627 0.55 0.581 0.614 0.643 0.96 0.339 

TreatmentF:Year2016 0.240 0.989 0.24 0.809 -1.027 1.007 -1.02 0.308 

TreatmentFH:Year2016 -1.792 1.006 -1.78 0.075 -2.923 0.989 -2.96 0.003 

TreatmentFL:Year2016 -0.389 0.902 -0.43 0.666 -0.994 0.923 -1.08 0.282 

TreatmentFLH:Year2016 1.305 1.067 1.22 0.221 1.631 0.998 1.63 0.102 

TreatmentH:Year2016 -2.157 1.080 -2.00 0.046 -1.827 0.996 -1.83 0.067 

TreatmentL:Year2016 -1.292 0.891 -1.45 0.147 -0.198 0.936 -0.21 0.833 

TreatmentLH:Year2016 -1.307 0.932 -1.40 0.161 -1.724 0.989 -1.74 0.081 
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Table 4. Summary of pairwise comparisons from Poisson or negative binomial mixed effects 

regression across scale (1/2500
th
 ha and 1/750

th
 ha). Each vegetation category and scale represents a 

separate model. Statistically significant contrasts (P < 0.05) have their estimates bolded and P values 

underlined, indicating values that are different within treatments between years. 

Poisson or Negative Binomial 
Regression Pairwise Comparisons 1/2500

th 
ha 1/750

th
 ha 

Vegetation 

Category Contrasts Estimate 

Std. 

Error z ratio Pr(>|z|) Estimate 

Std. 

Error z ratio Pr(>|z|) 

All Tree 

Seedlings 

C,2014 - C,2016 0.074 0.560 0.132 1.000 -0.725 0.546 -1.326 0.995 

F,2014 - F,2016 -0.190 1.010 -0.188 1.000 0.499 1.023 0.488 1.000 

FH,2014 - FH,2016 0.690 1.035 0.666 1.000 2.018 0.984 2.050 0.797 

FL,2014 - FL,2016 0.787 0.938 0.839 1.000 0.672 0.923 0.729 1.000 

FLH,2014 - FLH,2016 -0.391 1.029 -0.38 1.000 -1.096 1.013 -1.081 1.000 

H,2014 - H,2016 0.455 1.022 0.445 1.000 0.550 0.989 0.556 1.000 

L,2014 - L,2016 0.332 0.953 0.348 1.000 -0.333 0.947 -0.352 1.000 

LH,2014 - LH,2016 1.059 1.027 1.032 1.000 1.071 1.021 1.049 1.000 

Desirable 

Tree 

Seedlings 

C,2014 - C,2016 -0.346 0.627 -0.552 1.000 -0.614 0.643 -0.956 1.000 

F,2014 - F,2016 -0.585 1.145 -0.511 1.000 0.413 1.196 0.345 1.000 

FH,2014 - FH,2016 1.446 1.209 1.196 0.998 2.309 1.191 1.938 0.858 

FL,2014 - FL,2016 0.043 1.034 0.042 1.000 0.380 1.080 0.352 1.000 

FLH,2014 - FLH,2016 -1.651 1.297 -1.273 0.997 -2.245 1.226 -1.830 0.906 

H,2014 - H,2016 1.812 1.336 1.356 0.994 1.213 1.197 1.013 1.000 

L,2014 - L,2016 0.947 1.061 0.892 1.000 -0.416 1.116 -0.373 1.000 

LH,2014 - LH,2016 0.961 1.128 0.852 1.000 1.110 1.202 0.924 1.000 

Taxonomic 

Richness 

C,2014 - C,2016 -0.020 0.129 -0.155 1.000 0.004 0.106 0.036 1.000 

F,2014 - F,2016 -0.082 0.143 -0.573 1.000 -0.079 0.132 -0.596 1.000 

FH,2014 - FH,2016 0.494 0.156 3.161 0.110 0.162 0.122 1.321 0.995 

FL,2014 - FL,2016 -0.188 0.127 -1.485 0.984 -0.139 0.109 -1.281 0.997 

FLH,2014 - FLH,2016 0.380 0.153 2.478 0.488 0.086 0.126 0.681 1.000 

H,2014 - H,2016 0.447 0.152 2.934 0.198 0.100 0.118 0.850 1.000 

L,2014 - L,2016 -0.053 0.127 -0.417 1.000 -0.080 0.114 -0.696 1.000 

LH,2014 - LH,2016 0.385 0.148 2.597 0.400 0.151 0.127 1.182 0.999 
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Table 5. Summary of Treatment, Year, and Treatment*Year fixed effects from linear mixed effects models across the entire microplot. Each 

covariate category represents a separate model. Statistically significant main effects (P < 0.05) indicate that mean values are different between groups. 

Pairwise comparisons of significant treatment effects within year are reported in Table 6. 

Linear Mixed Effects 

Model Microplot Openness Organic Horizon pH Mineral Horizon pH 

Fixed Effect  Est. 

Std. 

Error df t value 

Pr 

(>|t|)  Est. 

Std. 

Error df 

t 

value 

Pr 

(>|t|)  Est. 

Std. 

Error df 

t 

value 

Pr 

(>|t|) 

TreatmentC -1.93 0.078 116.70 -24.76 <0.001 3.01 0.120 127.26 25.06 <0.001 3.55 0.076 149.84 46.44 <0.001 

TreatmentF -1.95 0.088 163.28 -22.13 <0.001 3.09 0.138 182.06 22.33 <0.001 3.52 0.088 202.88 40.18 <0.001 

TreatmentFH -1.93 0.080 126.39 -24.15 <0.001 3.04 0.125 142.54 24.40 <0.001 3.53 0.079 161.91 44.84 <0.001 

TreatmentFL -1.88 0.080 126.46 -23.53 <0.001 3.12 0.125 142.79 25.07 <0.001 3.62 0.079 162.42 46.13 <0.001 

TreatmentFLH -1.85 0.079 120.69 -23.53 <0.001 2.99 0.122 136.46 24.45 <0.001 3.46 0.077 155.67 44.93 <0.001 

TreatmentH -1.93 0.079 120.61 -24.54 <0.001 2.91 0.123 136.23 23.77 <0.001 3.44 0.077 155.22 44.63 <0.001 

TreatmentL -1.89 0.080 126.36 -23.63 <0.001 3.05 0.125 142.53 24.49 <0.001 3.51 0.079 161.95 44.70 <0.001 

TreatmentLH -1.95 0.080 126.35 -24.32 <0.001 3.01 0.125 142.53 24.16 <0.001 3.52 0.079 161.96 44.74 <0.001 

Year2016 0.16 0.087 284.52 1.79 0.074 0.02 0.138 285.29 0.16 0.871 -0.10 0.090 284.16 -1.15 0.252 

TreatmentF:Year2016 -0.05 0.136 284.39 -0.38 0.705 -0.07 0.217 285.19 -0.32 0.747 -0.10 0.141 283.98 -0.70 0.484 

TreatmentFH:Year2016 -0.01 0.128 284.54 -0.07 0.944 0.14 0.204 285.36 0.67 0.502 -0.01 0.133 284.18 -0.07 0.943 

TreatmentFL:Year2016 -0.10 0.127 284.47 -0.81 0.418 1.15 0.202 285.28 5.68 <0.001 0.35 0.132 284.09 2.67 0.008 

TreatmentFLH:Year16 -0.01 0.127 284.47 -0.04 0.971 1.25 0.202 285.27 6.16 <0.001 0.37 0.132 284.09 2.80 0.006 

TreatmentH:Year2016 -0.06 0.126 284.39 -0.46 0.649 0.16 0.201 285.19 0.80 0.424 0.06 0.131 283.98 0.43 0.667 

TreatmentL:Year2016 -0.01 0.127 284.46 -0.01 0.989 1.16 0.202 285.27 5.73 <0.001 0.41 0.132 284.08 3.11 0.002 

TreatmentLH:Year16 0.02 0.128 284.54 0.18 0.855 1.21 0.204 285.37 5.94 <0.001 0.35 0.133 284.19 2.60 0.010 
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Table 6. Summary of pairwise comparisons from linear mixed effects models across scale (1/2500
th
 ha and 1/750

th
 ha). Each vegetation category 

and scale represents a separate model. Statistically significant contrasts (P < 0.05) have their estimates bolded and P values underlined, indicating values 

that are different within treatments between years. 

Linear Mixed Effects 

Model Microplot Openness Organic Horizon pH Mineral Horizon pH 

Contrasts Est. 

Std. 

Error df t ratio 

Pr 

(>|t|) Est. 

Std. 

Error df t ratio 

Pr 

(>|t|) Est. 

Std. 

Error df t ratio 

Pr 

(>|t|) 

C,2014 - C,2016 -0.16 0.087 284.52 -1.80 0.917 -0.02 0.138 285.29 -0.16 1.000 0.10 0.090 284.16 1.15 0.999 

F,2014 - F,2016 -0.11 0.104 284.30 -1.00 1.000 0.05 0.167 285.12 0.28 1.000 0.20 0.108 283.86 1.87 0.886 

FH,2014 - FH,2016 -0.15 0.094 284.54 -1.57 0.972 -0.16 0.150 285.39 -1.06 1.000 0.11 0.097 284.18 1.17 0.999 

FL,2014 - FL,2016 -0.05 0.092 284.41 -0.58 1.000 -1.17 0.148 285.25 -7.93 <.0001 -0.25 0.096 284.01 -2.59 0.411 

FLH,2014 - FLH,2016 -0.15 0.093 284.69 -1.64 0.961 -1.27 0.148 285.57 -8.56 <.0001 -0.27 0.096 284.38 -2.76 0.300 

H,2014 - H,2016 -0.10 0.091 284.55 -1.08 1.000 -0.18 0.146 285.41 -1.25 0.997 0.05 0.095 284.20 0.50 1.000 

L,2014 - L,2016 -0.15 0.092 284.40 -1.67 0.952 -1.18 0.148 285.23 -7.99 <.0001 -0.31 0.096 283.99 -3.19 0.109 

LH,2014 - LH,2016 -0.18 0.094 284.54 -1.92 0.866 -1.23 0.150 285.40 -8.23 <.0001 -0.24 0.097 284.18 -2.48 0.488 
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