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ABSTRACT 

DISCOVERING THE FOREST AMONG THE TREES: TESTING COMMUNITY 

ASSEMBLY THEORY IN THE FORGOTTEN LAYERS OF TEMPERATE AND 

TROPICAL ECOSYSTEMS 

 

Michelle Elise Spicer, Ph.D. 

 

University of Pittsburgh, 2019 

 

 

 

 

Forests are the most diverse and productive terrestrial ecosystems on Earth, so sustainably 

managing them for the future is a major global challenge.  Our understanding of forest plant 

diversity, however, relies almost exclusively on the study of trees.  Here, I show that the other 

growth-forms (shrubs, lianas, herbs, epiphytes) in fact make up the majority of vascular plant 

species in both tropical and temperate forests.  By comparing the distribution of species among 

growth-forms for over 3,400 species in 18 forests in the Americas, I construct a high-resolution 

quantification of growth-form diversity across two important ecological regions.  I also quantify 

the physical distribution of plant species among forest layers, or where among the vertical strata 

plants ultimately live their adult lives.  Plant diversity is strongly concentrated on the forest floor 

in temperate forests, but is evenly distributed among the forest strata in tropical forests.  I then use 

three large-scale field experiments to test drivers of community assembly specifically in these 

understudied yet species-rich plant communities.  First, I simultaneously test the effects of 

browsing pressure, understory competitors, and the controversial practice of salvage logging on 

herb regeneration following a large-scale windthrow in Pennsylvania.  Although salvaging was 

thought to be inimical to forest recovery, my results demonstrate that the herbaceous layer is 

surprisingly resilient to intense salvage logging, interspecific competition, and vertebrate 

browsing.  I also show that salvage logging does not eliminate tip-up mounds, one important 

structural legacy of windthrow.  Importantly, the patterns I show for woody species do not match 
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those of herbaceous plants, which make up 80% of the temperate forest species.  Second, I 

experimentally test hypotheses regarding the assembly of diverse epiphyte communities in a 

Panamanian cloud forest.  In particular, I test the degree to which host tree substrate traits regulate 

the early germination and survival of epiphytes.  All in all, my research provides evidence that the 

major drivers of tree community change do not necessarily drive forest community change. Thus, 

forest management plans that encompass a broader suite of plant growth-forms will be essential to 

global biodiversity conservation efforts. 

  



 vi  

TABLE OF CONTENTS 

PREFACE ................................................................................................................................... xiii 

1.0 INTRODUCTION................................................................................................................... 1 

1.1 Chapter 2: Seeing beyond the trees: A comparison of tropical and temperate plant 

growth-forms and their vertical distribution ..................................................................... 3 

1.2 Chapter 3: Rapid forest understory recovery following combined natural and 

anthropogenic disturbances ................................................................................................. 4 

1.3 Chapter 4: Does salvage logging erase a key physical legacy of a tornado blowdown? 

A case study of tree tip-up mounds ..................................................................................... 5 

1.4 Chapter 5: Substrate texture mediates vascular epiphyte establishment: 

Experimental evidence from a Panamanian cloud forest ................................................. 6 

1.5 Bibliography .................................................................................................................... 8 

2.0 SEEING BEYOND THE TREES: A COMPARISON OF TROPICAL AND 

TEMPERATE PLANT GROWTH-FORMS AND THEIR VERTICAL 

DISTRIBUTION ..................................................................................................................... 10 

2.1 Introduction .................................................................................................................. 10 

2.2 Methods ......................................................................................................................... 13 

2.2.1 Site selection ....................................................................................................... 13 

2.2.2 Physiognomic data collection ........................................................................... 14 

2.2.3 Statistical analysis ............................................................................................. 16 

2.3 Results ............................................................................................................................ 17 

2.4 Discussion ...................................................................................................................... 18 



 vii  

2.5 Conclusions ................................................................................................................... 22 

2.6 Acknowledgements ....................................................................................................... 23 

2.7 Figures and tables ......................................................................................................... 24 

2.8 Bibliography .................................................................................................................. 34 

3.0 RAPID FOREST UNDERSTORY RECOVERY FOLLOWING COMBINED 

NATURAL AND ANTHROPOGENIC DISTURBANCES................................................ 44 

3.1 Introduction .................................................................................................................. 44 

3.2 Methods ......................................................................................................................... 49 

3.2.1 Study site ............................................................................................................ 49 

3.2.2 Experimental design ......................................................................................... 50 

3.2.3 Data collection ................................................................................................... 51 

3.2.4 Statistical analyses ............................................................................................. 52 

3.3 Results ............................................................................................................................ 54 

3.4 Discussion ...................................................................................................................... 57 

3.4.1 The importance of differentiating plant growth-forms ................................. 57 

3.4.2 The combined effects of salvage logging, deer, and competitors on understory 

regeneration ................................................................................................................ 58 

3.4.3 Plant community differences ............................................................................ 59 

3.5 Conclusions ................................................................................................................... 60 

3.6 Acknowledgements ....................................................................................................... 61 

3.7 Authorship statement ................................................................................................... 62 

3.8 Figures and tables ......................................................................................................... 63 

3.9 Bibliography .................................................................................................................. 74 



 viii  

4.0 DOES SALVAGE LOGGING ERASE A KEY PHYSICAL LEGACY OF A 

TORNADO BLOWDOWN: A CASE STUDY OF TREE TIP-UP MOUNDS ................. 80 

4.1 Introduction .................................................................................................................. 80 

4.2 Materials and methods ................................................................................................. 82 

4.2.1 Study site ............................................................................................................ 82 

4.2.2 Quantifying mound density, dimensions, orientation, and vegetation ......... 83 

4.2.3 Data analysis: Physical tip-up mound characteristics and “tipping down” 84 

4.2.4 Data analysis: Plant community metrics ........................................................ 85 

4.3 Results ............................................................................................................................ 86 

4.3.1 Physical characteristics of tip-up mounds ...................................................... 87 

4.3.2 Effects of microsite and salvage logging on plant diversity and community 

composition ................................................................................................................. 87 

4.4 Discussion ...................................................................................................................... 89 

4.5 Conclusions ................................................................................................................... 92 

4.6 Acknowledgements ....................................................................................................... 92 

4.7 Authorship statement ................................................................................................... 93 

4.8 Figures and tables ......................................................................................................... 94 

4.9 Bibliography ................................................................................................................ 102 

5.0 SUBSTRATE TEXTURE MEDIATES VASCULAR EPIPHYTE 

ESTABLISHMENT: EXPERIMENTAL EVIDENCE FROM A PANAMANIAN 

CLOUD FOREST ................................................................................................................. 106 

5.1 Introduction ................................................................................................................ 106 

5.2 Methods ....................................................................................................................... 108 



 ix  

5.2.1 Study site .......................................................................................................... 108 

5.2.2 Artificial substrate construction .................................................................... 109 

5.2.3 Collection of epiphyte seeds ........................................................................... 110 

5.2.4 Application of epiphyte seeds and data collection ........................................ 111 

5.2.5 Statistical analyses ........................................................................................... 112 

5.3 Results .......................................................................................................................... 113 

5.4 Discussion .................................................................................................................... 113 

5.4.1 Substrate rugosity as a regulator of epiphyte establishment ...................... 113 

5.4.2 Epiphyte removal processes ........................................................................... 114 

5.5 Conclusions ................................................................................................................. 117 

5.6 Acknowledgements ..................................................................................................... 117 

5.7 Figures and tables ....................................................................................................... 119 

5.8 Bibliography ................................................................................................................ 132 

APPENDIX A: CHAPTER 2 SUPPLEMENTAL REVIEW METHODS .......................... 138 

 

  



 x  

LIST OF TABLES 

Table 2-1. Site details for the 18 tropical and temperate forests used in the study. ............. 31 

Table 2-2. The extent to which forest physiognomy traits differ between temperate and 

tropical sites. ............................................................................................................................ 33 

Table 3-1. Results of linear models: All species combined. ..................................................... 70 

Table 3-2. Results of linear models: Herbaceous species. ....................................................... 71 

Table 3-3. Results of linear models: Woody species. ............................................................... 72 

Table 3-4. Results of indicator species analyses. ...................................................................... 73 

Table 4-1. Results of (generalized) linear mixed models. ...................................................... 101 

Table 4-2. Results of indicator species analyses. .................................................................... 101 

Table 4-3. Mean cover of indicator species. ............................................................................ 101 

Table 5-1. Mean temperature and relative humidity. ........................................................... 131 

 



 xi  

LIST OF FIGURES 

Figure 2-1 The Forest Physiognomy Concept. ......................................................................... 24 

Figure 2-2. Two physiognomic differences between tropical and temperate forests. ........... 25 

Figure 2-3. Map of tropical and temperate sites used in the study. ....................................... 26 

Figure 2-4. Affirmation of 20% subsampling technique. ........................................................ 27 

Figure 2-5. Phenology of temperate forest herbs. .................................................................... 28 

Figure 2-6. The contrasting herbaceousness of temperate versus tropical forests. .............. 29 

Figure 2-7. Bias towards trees.................................................................................................... 30 

Figure 3-1. Species-accumulation curves. ................................................................................. 63 

Figure 3-2. Overall plant responses to salvaging, deer, and competitors. ............................. 64 

Figure 3-3. Herbaceous plant responses to salvaging. ............................................................. 65 

Figure 3-4. Woody plant responses to deer and competitors. ................................................. 66 

Figure 3-5. Plant community composition. ............................................................................... 67 

Figure 3-6. Intact forest versus disturbance matrix. ............................................................... 68 

Figure 3-7. Site diversity differences. ........................................................................................ 69 

Figure 3-8. Interaction plot for woody plant responses........................................................... 69 

Figure 4-1. Tip-up mounds schematic. ...................................................................................... 94 

Figure 4-2. Measurements of tip-up mounds. .......................................................................... 95 

Figure 4-3. Physical characteristics of vertical tip-up mounds between salvaged and 

unsalvaged areas. .................................................................................................................... 96 

Figure 4-4. Species richness, diversity, and cover: Tip-up mounds versus reference plots. 97 



 xii  

Figure 4-5. Species richness, diversity, and cover: Intact tip-up mounds, inclined mounds, 

and reference plots within salvaged sites. ............................................................................. 98 

Figure 4-6. Plant community composition differences. ........................................................... 99 

Figure 4-7. Plant community composition differences, by growth-form. ............................ 100 

Figure 5-1. Experimental design and predictions for one plot. ............................................ 119 

Figure 5-2. Seed photographs. ................................................................................................. 120 

Figure 5-3. Epiphyte seedling photograph.............................................................................. 121 

Figure 5-4. Epiphyte establishment versus continuous measured substrate rugosity. ....... 122 

Figure 5-5. Epiphyte establishment versus categorical substrate rugosity treatments. ..... 123 

Figure 5-6. Complete epiphyte removal at two months......................................................... 124 

Figure 5-7. Cohort epiphyte abundances through time. ....................................................... 125 

Figure 5-8. Affirmation that rugosity treatments corresponded to increasing measured 

rugosity................................................................................................................................... 126 

Figure 5-9. Epiphyte recruits. .................................................................................................. 127 

Figure 5-10. Total epiphyte abundance through time, separated by rugosity treatment. . 128 

Figure 5-11. Pooled epiphyte survival, based on first survey period. .................................. 129 

Figure 5-12. Seedling removal photograph. ........................................................................... 130 

 



 xiii  

PREFACE 

I would like to thank the many members of my own community who facilitated the 

assembly of this dissertation. First, to my academic community: your criticism, guidance, 

mentorship, and colorful personalities have certainly shaped my development as a scholar and 

person.  To Walt Carson, my advisor, who offered me a smorgasbord of project ideas my first year, 

then let me follow my passion to a whole new system for us thereafter; who had faith in my 

judgement on my ambitious adventure setting up an experiment in the treetops of rural Panama; 

who called upon his vast network of colleagues to support me; who provided endless critique to 

improve my writing; and who, over the course of six years and many more laughs and tears, has 

become a friend and colleague. To John Wenzel, the Powdermill Nature Reserve staff, and 

associates, especially Alex Royo and Katie Barry, who provided support and mentorship while I 

tumbled through the spiny plants of the windthrown forest.  To my committee members, present 

(Cori Richards-Zawacki, Mark Rebeiz, Stefan Schnitzer, and Justin Kitzes), and past (Jonathan 

Pruitt and Nathan Morehouse), who encouraged me to think broadly and think ahead. To the Pruitt 

lab and Carson lab members, who have continuously supplied support, wisdom, critique, 

motivation, and hilarity to my PhD career.  I appreciate the Pitt E&E community, who offered 

insight at joint lab meetings, career advice, and academic mentorship.  Sara Kuebbing and Corlett 

Wolfe Wood have been particularly generous with their time, and both inspire me to find balance.  

I thank the Center for Latin American Studies and the many wonderful scholars and friends I have 

met there, in particular for supplying numerous fellowships, valuing interdisciplinary education, 

and encouraging me to be a bridge between social sciences and STEM.  I thank the Smithsonian 



 xiv  

Tropical Research Institute, Yaguará Panamá, and MiAmbiente for help with the logistics of my 

research in Panama, and to the Yanoviak lab for starting me climbing trees there.  

Second, I feel a deep gratitude to my personal community, who were just as vital to my 

PhD.  To my dear friend Yusan Yang, with whom I have spent incalculable hours writing in a 

silent room in the library, finding solace from PhD stress through camaraderie, and sharing 

adventures and delicious food across the world.  To Kylia Williams, my beloved PalPittations, and 

Infraorbital Groove, whose music and friendship are the best therapies I’ve found at Pitt.  I am 

grateful to Tiffany Betras, for all of our rambunctious times together in and out of the field.   I 

thank Rachel Coombs and our Women In Science and Engineering Graduate Student Organization 

community for connecting me to other women leaders in STEM and showing me that there are 

many ways to advocate for what is right.  To the rest of my support network, close and far from 

Pittsburgh: thank you for being my anchors in the storm.  Finally, the biggest thanks to my brilliant 

and beautiful family: my parents Mark and Julie and my sisters Jackie and Kelly.  You have shown 

such strength, patience, and unwavering love for me throughout this whole process.  I never could 

have started or finished this without you.  I dedicate this dissertation to my grandmother, Jean 

Kennedy, who inspires me with her undying optimism, reverence for nature, quiet strength, far-

sightedness, and gratitude for the many gifts of life.   

 



1 

1.0 INTRODUCTION 

The processes by which plant communities assemble, develop, and maintain diversity are 

fundamental to ecology (Janzen 1970, Connell 1971, Pickett et al. 1987, Hubbell 2001, Wright 

2002, Tilman 2004, Weiher et al. 2011, Pulsford et al. 2014, Pearson et al. 2018).  Although we 

have made great progress in our understanding of these processes, there is still much debate over 

the generalizability of community assembly rules among different ecosystems (Weiher et al. 2011, 

HilleRisLambers et al. 2012, Fukami 2015).  In part, predictions of which processes will be the 

major drivers of plant community change are precluded by a hyperfocus on only a subset of the 

plant community: the trees. To date, the great majority of forest succession and community 

assembly research has focused solely on trees, ignoring other growth-forms such as lianas, 

epiphytes, and herbaceous plants (Gilliam 2007, Barry and Schnitzer 2016, Landuyt et al. 2019).  

This is a major oversight, because different groups of plants have adapted characteristic life history 

strategies that ultimately result in tradeoffs, and likely, the mechanisms driving community change 

will reflect those tradeoffs.  For example, tree fall gaps are a major driver of liana community 

change, but do not seem to be a strong determinant of tree species composition (Schnitzer and 

Carson 2010; Ledo and Schnitzer 2014; Schnitzer 2018).  For a more holistic view of how a forest 

changes, we must take into account all plant groups, rather than just the trees.  

My dissertation aims to extend community assembly theory to plant growth-forms that are 

poorly understood yet vital to ecosystem function. I start by quantifying which growth-forms and 

layers of the forest strata are most speciose in the Americas (Chapter 2).  I compare the distribution 

of plant species in tropical and temperate forests to identify key differences between these two 

regions.  The results of this research highlight a mismatch between current research effort and 
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contribution to global species pool: non-arborescent plants make up the vast majority of species in 

both temperate and tropical forests, yet forest ecology and management efforts concentrate almost 

exclusively on trees.  Thus, I focus my subsequent research on two areas that have been vastly 

understudied: the tropical forest canopy and the temperate forest herbaceous understory layer.  To 

that end, I present three experiments which test the drivers of plant community assembly.  In a 

large-scale, replicated field experiment in western Pennsylvania, I test how the combination of 

natural and multiple anthropogenic stressors drive subsequent forest regeneration.  Specifically, I 

parse apart the direct effects of salvage logging, deer overabundance, and recalcitrant understory 

competitors on the diversity and abundance of plant communities recovering from a tornado 

blowdown (Chapter 3).  I also test whether salvage logging can eliminate an important structural 

legacy of natural disturbance, tree tip-up mounds (Chapter 4).  Last, I focus on testing the drivers 

of community assembly very early during ontogeny in the diverse epiphyte system (Chapter 5).  

Epiphytes can constitute up to 50% of vascular plant species richness in tropical montane forests 

and nearly four times as much foliar biomass as their host tree (Nadkarni 1984; Kelly et al. 1994).  

However, our understanding of epiphyte community assembly is limited, especially due to 

difficulty in accessing arboreal communitites in situ.  Epiphytes, which use other plants as 

substrate to gain access to light in the canopy, have a uniquely close relationship with their host 

tree.  Thus, I set up an experiment in the cloud forest of Veraguas, Panama, to test the extent to 

which host bark texture determines epiphyte germination and establishment.   

This suite of field experiments reveals surprising departures from expected results, 

underscoring the importance of broadening the scope of ecological research to growth-forms other 

than trees.  Moreover, understanding community assembly processes will be an important tool in 

solving some of the major ecological challenges of today—how systems can handle invasive 
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species, changing climate, and largescale anthropogenic disturbance (Young et al. 2001, Gardner 

et al. 2009, Wavrek et al. 2017, Pearson et al. 2018, Landuyt et al. 2019).  All in all, my dissertation 

fills several knowledge gaps in the plant community assembly literature, including: 1) quantifying 

an important physiognomic difference between tropical and temperate forests, 2) demonstrating 

impressive resiliency of temperate forests to disturbance, and 3) providing critical baseline 

information and a proof-of-concept for field experiments in epiphyte establishment ecology.  My 

results suggest that the rules that govern community assembly depend on the life-history strategy 

of the organism of interest, so we must expand our view of the forest to manage and conserve 

biodiversity sustainably.  Below, I provide abstracts for each of my dissertation chapters.  

1.1 Chapter 2: Seeing beyond the trees: A comparison of tropical and temperate plant 

growth-forms and their vertical distribution 

Forests are the most diverse and productive terrestrial ecosystems on Earth, so sustainably 

managing them for the future is a major global challenge.  Yet, our understanding of forest 

diversity relies almost exclusively on the study of trees.  Here, we demonstrate unequivocally that 

other growth-forms (shrubs, lianas, herbs, epiphytes) make up the majority of vascular plant 

species in both tropical and temperate forests.  By comparing the relative distribution of species 

richness among plant growth-forms for over 3,400 species in 18 forests in the Americas, we 

construct the first high-resolution quantification of plant growth-form diversity across two 

ecologically important regions at a near-continental scale.  We also quantify the physical 

distribution of plant species among forest layers—that is, where among the vertical strata plants 

ultimately live their adult lives—and show that plants are strongly downshifted in temperate forests 



4 

versus tropical forests.  Our data illustrate a previously unquantified fundamental difference 

between tropical and temperate forests: what plant growth-forms are most speciose, and where 

they ultimately live in the forest.  Recognizing these differences requires that we re-focus 

ecological research and forest management plans to encompass a broader suite of plant growth-

forms.  This more holistic perspective is essential to conserve global biodiversity. 

1.2 Chapter 3: Rapid forest understory recovery following combined natural and 

anthropogenic disturbances 

Natural disturbances can maintain forest diversity by creating a heterogeneous resource 

landscape which can contribute to coexistence of early- and late-successional species.  However, 

much of the eastern deciduous forest is also subject to multiple anthropogenic stressors, which 

could delay healthy forest regeneration after natural disturbances.  Here, we present the first large-

scale, replicated field experiment testing the interactions among three drivers of change in the 

context of post-disturbance forest recovery.  Specifically, we test the extent to which: 1. salvage 

logging, a common forestry practice to generate revenue after natural disturbances, 2. deer 

browsing, and 3. plant competitors drive subsequent understory plant community development.  

Our results have two clear, yet surprising, messages.  First, all plant communities regenerating 

from multiple simultaneous perturbations had high species richness, diversity, and cover.  This 

was unexpected given the intensity of the disturbances.  Second, we found that analyzing the forest 

understory as one homogenous community hides ecologically important patterns. Herbs, which 

constitute 80% of eastern deciduous forest vascular plant species, responded strongly to salvaging: 

salvaged plots had seven more species and 15% higher diversity than unsalvaged plots.  
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Conversely, woody species were equally as diverse and abundant in salvaged versus unsalvaged 

plots, but responded to deer and competitors.  Combined, our results show that eastern temperate 

forests are highly resilient to simultaneous natural and anthropogenic disturbances, including 

overabundant deer.  This resilience is particularly impressive given the known ubiquity and 

inimical impact of deer on forest understories across the entire eastern deciduous biome.  

1.3 Chapter 4: Does salvage logging erase a key physical legacy of a tornado blowdown? A 

case study of tree tip-up mounds 

While large-scale wind disturbances are rare, they are nonetheless powerful drivers of plant 

community re-assembly in temperate forests worldwide.  These disturbances cause the formation 

of tree tip-up mounds that serve as regeneration niches, but the timescale at which novel plant 

communities develop on mounds is unknown.  Moreover, salvage logging can cause mounds to 

“tip back down” and could therefore erase these microsites.  Here, we test three hypotheses with a 

replicated field experiment: 1) Novel plant communities rapidly form on tip-up mounds; 2) 

Salvaging erases these microsites; and 3) “Tipped down” tip-up mounds are novel intermediate 

microsites.  We salvaged a random half of four 3-6 ha blowdowns created by an F1 tornado, 

measured 249 mounds, and censused the vegetation on 48 mounds and 48 reference plots.  Plant 

communities on mounds had 2-3 fewer species, 50% less cover, and lower diversity than reference 

communities.  However, salvaging caused modest increases in species richness and diversity on 

mounds and caused 40% of mounds to tip back down.  The physical characteristics and vegetation 

of these tipped-down “inclined mounds” were more similar to vertical mounds than to reference 
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plots.  Our results suggest that salvaging may increase microsite heterogeneity across the landscape 

by creating novel intermediate mounds.   

1.4 Chapter 5: Substrate texture mediates vascular epiphyte establishment: Experimental 

evidence from a Panamanian cloud forest 

Epiphytes are a unique plant growth-form that live non-parasitically on other plants and 

constitute approximately one-third of tropical vascular plant diversity in the Neotropics.  Although 

epiphytes make vital contributions to tropical forest structure and function, the mechanisms 

governing epiphyte community assembly are poorly understood.  The properties of substrates are 

likely critical to the establishment of diverse epiphyte communities, because of the inherently close 

connection between an epiphyte and its host tree.  However, little experimental evidence exists for 

when during ontogeny that host traits are most important, or what host traits drive epiphyte 

community development.  Here, we use an in situ experiment in the cloud forest of Santa Fé, 

Panama to test the extent to which substrate texture serves as a filter to epiphyte establishment. 

We experimentally varied the rugosity (roughness) of substrates derived from a native tree species, 

applied a mix of various epiphyte seeds to the substrates, and monitored seed germination and 

establishment over several months. We present some of the first experimental field evidence that 

substrate texture mediates epiphyte establishment. Rougher substrates facilitated higher epiphyte 

establishment, and epiphyte seedling abundances differed between the smoothest and the two 

substrates with the highest rugosity.  After just two months, less than 1% of all seedlings on 

average were present on the smoothest substrate while 34% of the seedlings remained on the 

second-roughest substrate. Epiphyte cohort survival rates differed among rugosity treatments, but 
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nearly all germinated seedlings died after approximately one year.  Our results suggest that the 

texture of the substrate can account for some of the variability in epiphyte seedling survival at this 

early bottleneck stage. This variability may contribute to observed niche differentiation of 

epiphytes both within- and among-host trees. 
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2.0 SEEING BEYOND THE TREES: A COMPARISON OF TROPICAL AND 

TEMPERATE PLANT GROWTH-FORMS AND THEIR VERTICAL DISTRIBUTION 

Spicer, M. E., H. Mellor, and W. P. Carson. 2019. Seeing beyond the trees: a comparison of 

tropical and temperate plant growth-forms and their vertical distribution. In revision at 

Ecology. 

 

2.1 Introduction 

Forest ecology has been strongly biased towards the study of trees, because this growth-

form contributes the most to carbon sequestration, plant biomass, and economic value (Braun 

1950, Richards 1952, Spurr and Barnes 1973, Condit 1995, Linares-Palomino et al. 2009, Lewis 

et al. 2009, Muller 2014, Lutz et al. 2018).  This selective view of forest ecology is inimical to 

diversity conservation because it overlooks plant growth-forms that significantly contribute to 

biodiversity, faunal habitat, and forest function (Johansson 1974, Gentry and Dodson 1987, 

Schnitzer and Carson 2000, Gilliam 2014, Thrippleton et al. 2016, Landuyt et al. 2019).  Epiphytes, 

for instance, are particularly diverse in montane forests, where they can comprise as much as 50% 

of the flora, and may be particularly vulnerable to both anthropogenic and natural canopy 

disturbances (Kelly et al. 1994, Foster 2001, Nadkarni and Solano 2002, Woods and DeWalt 

2013).  Including non-tree vegetation in ecological studies can also change our understanding of 

fundamental ecological processes.  Research on lianas (woody vines), a once-overlooked growth-

form, demonstrates that lianas regulate gap dynamics, water relations, and canopy-to-canopy 
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connectivity in Neotropical forests (Schnitzer and Carson 2010, Adams et al. 2017, Schnitzer 

2018).  A systemic bias towards trees means we are missing key components of forest function, 

rendering it difficult to identify the processes that promote and maintain biodiversity of all growth-

forms.  

Our understanding of forest structure is also biased, likely because of the limitation of 

ground-based censuses.  Forest spatial ecology has focused on the two-dimensional distribution of 

plant diversity, despite the long-standing importance of three-dimensional structure for 

biodiversity and ecosystem processes (MacArthur and MacArthur 1961, Smith 1973, Terborgh 

1985).  Overlapping forest layers create strong vertical abiotic and biotic gradients, ranging from 

the exposed, disturbance-prone canopy, to the deeply shaded, microbially-rich understory (Parker 

1995, Schnitzer and Carson 1999, Gilbert and Reynolds 2005, Gora et al. 2019); this complexity 

maintains high faunal diversity (MacArthur and MacArthur 1961, Smith 1973).  Given the long 

history of studying the vertical niche-partitioning of both plants (Johansson 1974) and animals 

(MacArthur and MacArthur 1961), it is surprising that studies that map forest habitats rarely 

explicitly incorporate a three-dimensional component.  While the field of forest physiognomy has 

long recognized the categorical structural differences among biomes (Richards 1939, 1952, 

Kuchler 1949, Beard 1955, Webb 1959), there have been few studies that rigorously quantify these 

physiognomic differences, which no doubt underlie major forest structure-function links. 

Comparisons of vertical structuring of diversity among ecosystems across the world are needed to 

identify biodiversity priorities and create biome-wide yet region-specific management plans. 

Here, we test the idea that the three-dimensional distribution of plant species represents an 

intuitive, yet thus far unquantified, intrinsic difference between tropical and temperate forests.  

Specifically, we hypothesize that tropical and temperate forests differ in which plant growth-forms, 
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and which vertical strata, are most speciose, what we term the Forest Physiognomy Concept 

(Figure 1).  We make two predictions that characterize this difference.  First, in Neotropical 

forests, the majority of plant species will reach reproductive maturity in the overstory due to the 

structurally dependent growth-forms of epiphytes and lianas.  Second, in temperate forests, the 

majority of plant species will reach reproductive maturity in the understory, due to a spring 

ephemeral niche and thus species-rich terrestrial herbaceous and shrub growth-forms.  These 

predictions, although not explicitly rooted in classical ecological theory, are drawn from some of 

the earliest comparisons of tropical and temperate forests, which noted the unique diversity of 

tropical plants inhabiting the canopy (Hartwig 1863, von Humboldt 1873, Wallace 1878).   

To test our hypothesis, we build off of classification schemes that use plant traits (e.g., 

woodiness) to characterize forest types and profiles among diverse habitats (Raunkiaer 1934, 

Richards 1952, Beard 1955, 1978, Baker and Wilson 2000, reviewed in Loidi 2018).    Specifically, 

we collected data on the growth-form and ultimate stratum for 3,456 plant species from nine 

tropical and nine temperate sites.  We define ultimate stratum as the location in the vertical forest 

profile where a plant species typically spends its adult life and becomes reproductive.  Our 18 sites 

spanned a wide variety of latitudes, elevations, and ecological habitats throughout the Americas 

(Figure 3, Table 1).  Our data illustrate a previously unquantified fundamental difference between 

tropical and temperate forests: what plant growth-forms are most speciose, and where they 

ultimately live in the forest.  Recognizing these differences requires that we broaden our focus in 

conservation biology and plant ecology to non-arborescent plant growth-forms.  This more holistic 

perspective is essential to conserve global plant diversity. 
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2.2 Methods 

2.2.1  Site selection 

We selected a total of 18 primarily closed-canopy mature forest research sites that had 

open-access vascular plant species lists, published species lists in downloadable form, or were data 

from our collaborators (Figure 3, Table 1).  All sites are primarily old-growth or uncut forest, but 

many have younger or disturbed forest as part of their landscape matrix. Our focal forests varied 

in size (112 to 400,000 hectares), elevation (35 to 3,450 meters above sea level), land use history, 

and life zone categorization, spreading across the Americas from Canada to Brazil (see Table 1 

for details).  Sites spanned a total latitudinal range of 62° from the northernmost part of the eastern 

deciduous forest (46.8°N) to the southern end of the tropical forest in the Americas (15.2°S).  We 

selected 9 sites throughout each of these two major temperate and tropical forest regions (Braun 

1950, Holdridge 1967).  Although these sites are non-randomly distributed, our approach well-

characterizes a variety of Neotropical forests because we selected high-resolution, site-level data, 

amassed over many decades, representing all vascular plant growth-forms at each site. 

Because the species lists commonly contained more than 500 species (range: 244 to 2,086), 

we randomly subsampled 20% of the species to characterize growth-form and strata of species 

within each forest.  This subsampling was necessary for feasibility; we systematically read through 

dozens of herbarium specimen descriptions per species and per site, which was often necessary to 

obtain our two key response variables (i.e. growth form and strata).  In total, we examined more 

than 100,000 records (see “Physiognomic data collection” below).  Although this approach limited 

our taxonomic scope (how many total species we studied), it holds one advantage over automated 

data extraction and collection: specific search terms were not pre-selected.  Thus, descriptions with 
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misspellings, synonyms, and multiple languages were included, which would be quite difficult 

with an automated approach.  Nonetheless, to verify that a 20% subsample accurately reflected the 

true relative proportion of each forest growth-form and ultimate stratum distribution, we evaluated 

the entire species list from one temperate and one tropical site (Allegheny National Forest Region 

with 244 species, and La Planada in Colombia with 893).  Our analysis confirmed that 20% 

subsamples accurately represent the population of growth-form and ultimate strata distributions 

(see Figure 4; Methods: Statistical analysis).  We only included plants that were identified to 

species in data collection and removed strictly aquatic (submerged) plant species from both 

temperate and tropical sites.  Had we included these, herbs would have been even more 

proportionally diverse than we report (see below).   

2.2.2  Physiognomic data collection 

For each selected species, we used the USDA PLANTS database and TROPICOS 

herbarium database to identify the growth-form (tree, shrub, liana, herb, or epiphyte) and 

maximum height in the forest strata where the plant was observed as a reproductive adult.  Ultimate 

stratum categorizations (forest floor, understory, subcanopy, canopy, or emergent) were made via 

explicit statements in the annotated descriptions of the databases (e.g. “liana reaches canopy”, 

“understory tree”, “forest floor herb”).  We collected data on reproductive specimens by checking 

their annotated descriptions for key words (e.g., “flowering”, “fruiting”, “fertile”, “adult” etc.).  If 

a categorical maximum height was not explicitly stated for a given species, but the collector 

specified the height of the species, we identified the appropriate stratum of that species using strata 

described in Terborgh (1985) and Richards (1952).  In this case, we categorized the strata as the 

forest floor (0-2 m), understory (2-15 m), subcanopy (15-30 m), canopy (30-45 m), and emergent 
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layer (>45 m).  Note, we report only the categorical strata heights; we do not compare continuous 

height data because not all maximum canopy heights are the same (e.g., montane forests are shorter 

overall than lowland forests).  Whenever TROPICOS had more than 100 specimens for any given 

species, we collected data from at least 50 records and noted the maximum height of all 50 records.  

We categorized each species into one of five major growth-forms: tree, shrub, liana, herb, or 

epiphyte.  Due to continued debate over hemiepiphyte classifications (Zotz 2013), we classified 

all of the following aerial or climbing plants into a single broad “epiphyte” category: 

holoepiphytes, primary hemiepiphytes, secondary hemiepiphytes, nomadic vines (sensu Moffett 

2000), suffratescent climbers, and herbaceous vines.  When species information was not available 

on either TROPICOS or PLANTS, we used published literature via Google Scholar searches with 

the scientific name to gather our two response metrics (growth-form and ultimate stratum).  

We often found that the ultimate stratum data were limited for epiphytic species relative to 

data on other growth-forms.  Specimens collected opportunistically may lack height data (and 

therefore are not included in the ultimate stratum), or are more likely to be from individuals that 

occur low in the forest profile.  Because climbing into the canopy to survey arboreal plants is 

difficult, expensive, and dangerous, epiphyte collections are frequently serendipitous, and only 

contain those individuals (and species) that can be reached by an outstretched hand (under 2m in 

height).  Although many epiphyte species do have wide ranges of suitable substrate heights 

(Johansson 1974, Zotz and Schultz 2008, Woods et al. 2015), we suspect the maximum height we 

report for epiphytes are substantial underestimates because they remain less frequently sampled or 

seen high in the canopy.  Thus, we would expect the up-shift in tropical species to be even more 

striking (see below) if we had more accurate epiphyte height data.  
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To explore the spring ephemeral niche as a possible mechanism for differences in plant 

species allocations between temperate and tropical forests, we collected phenology data for all of 

the temperate forest floor herbs included in the main analysis (854 species).  We used online 

databases such as the Missouri Botanical Garden, Efloras, and the University of Texas Austin’s 

wildflower.org to categorize each species into “true ephemerals,” “spring blooms,” or “other.”  We 

defined spring blooms as plants that bloomed between March and May, and true ephemerals as 

spring blooms that senesced before July 1st; most of these species are perennials.   

2.2.3  Statistical analysis 

To test our hypothesis that plant species richness is concentrated in different forest layers 

between tropical and temperate forests, we ran five separate generalized linear models for each of 

the forest strata, with forest type (temperate or tropical) predicting relative species richness in the 

strata.  Our statistical approach was conservative, because we interpreted the resulting p-values 

with a Bonferroni correction to account for the inherent dependency among the proportions 

(αBonferroni=0.05/5=0.01).  We similarly used five Bonferroni-corrected generalized linear models 

to analyze whether forest type predicts relative species richness for each growth-form to test the 

hypothesis that vascular plant growth-form composition differs between tropical and temperate 

forests.  For both sets of GLMs, the response variable was the proportion of species in each growth-

form or strata, weighted by the total number of species studied (specified with the weights function 

in the stats package) (Zuur et al. 2009).  We modeled the response variable (proportion of plant 

species richness in each site) with a quasibinomial distribution, which is particularly appropriate 

for overdispersed proportional data (Bolker 2008).  To test whether overall herbaceous plant 

relative species richness was higher in tropical or temperate forests, we re-grouped the species in 
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each site to be either woody (trees, shrubs, lianas, and woody epiphytes) or herbaceous 

(graminoids, ferns, forbs, and herbaceous epiphytes).  We then use the same type of binomial GLM 

to test whether the proportion of total species that were herbaceous plants (response variable) 

differed between the two forest types (predictor variable). All analyses were run with R version 

3.6.0 (R Core Development Team 2019) in R Studio version 1.0.153 (RStudio Team 2016).  

To confirm that using 20% of the species was a sufficient subsample and characteristic of 

the whole dataset, we used a bootstrap approach to characterize the random sampling error of two 

sites where we collected growth-form and ultimate strata data on all species (Allegheny National 

Forest Region, with 244 species, and La Planada, with 893 species).   We iteratively sampled 20% 

of each full dataset 1000 times for both growth-form and strata distributions.  The patterns we 

observed in the iterative approach match the overall patterns of all subsampled datasets; almost all 

categories of growth-form and strata from the full samples overlap the overall (among-site) 

subsamples (Figure 4). 

2.3 Results 

Our results clearly demonstrate that tropical and temperate forests contrast sharply in 

growth-form composition (Figure 2A, Table 2).  In temperate forests, herbs are the predominant 

growth-form (80%) and trees represent a mere 7% of plant species.  Although herbs are the 

majority of temperate forest species, only 4% are true spring ephemeral species (Figure 5).  In 

tropical forests, conversely, trees are the most species rich group (30%) and species are relatively 

evenly allocated among the five growth-forms (Figure 2A, Table 2).  Lianas and epiphytes are a 

characteristic and speciose part of tropical forests (27% of plant species), but are depauperate in 
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temperate forests (<2% of species).  Woody species (trees, shrubs, lianas, and woody epiphytes) 

are predominant in tropical forests (63% of species) but in temperate forests, only 19% of species 

are woody (N=18, t=-9.875, p<0.0001; Figure 6).  

Tropical forests also differ strongly from temperate forests in how species are distributed 

throughout the vertical forest profile (Figure 2B, Table 2).  The vast majority of plant species in 

temperate forests (83%) are downshifted, reaching reproductive maturity near the forest floor (0-

2m).  Conversely, while plant species in tropical forests are distributed more evenly among forest 

layers, they are also up-shifted, reaching peak species richness (50%) in the understory stratum (2-

15m).  

2.4 Discussion 

Several mechanisms likely contributed to the stark differences we demonstrated between 

tropical and temperate forests (Figures 1, 2) in both growth forms and strata.  The vertical up-shift 

in the forest profile for tropical species may be more pronounced than reported here because many 

plant species inventories are biased in favor of plants rooted in the soil.  We also did not consider 

bryophytes, a highly diverse and abundant nonvascular epiphyte group in many Neotropical and 

temperate rainforests.  Moreover, even extensive vascular plant lists may be missing many species 

from high in the diverse, yet poorly studied, forest canopy (Nakamura et al. 2017). 

The overwhelming preponderance of herbs in temperate forests may be due to a spring 

ephemeral niche, which does not occur in evergreen or asynchronous deciduous tropical forests 

(Lapointe 2001).    If the vast majority of temperate herb species were spring ephemerals, this 

would have supported the hypothesis that synchronized deciduousness facilitates a downshift in 
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plant diversity.  However, we found that very few species of temperate herbs are limited to periods 

with high light availability during the early-spring (only 4%; Figure 5).  To truly test whether 

there exists a window of ephemerals in tropical forests, we would need data from seasonal light 

increases during the dry season in semi-deciduous tropical forests.  Because these data were 

limited, we did not gather or statistically analyze any tropical ephemeral information.  Instead, we 

provide the quantitative measure of ephemeralism in temperate forests, and encourage future 

research to test whether this process could drive differences in species allocations between tropical 

and temperate forests.  Moreover, there are likely other factors that more parsimoniously explain 

the overrepresentation of forest floor herbs in temperate forests.   

Phylogenetic and biogeographic histories undoubtedly contribute to the high relative 

species richness of some growth-forms, particularly herbs in temperate forests and bromeliads in 

the Neotropics (Guo and Ricklefs 2000, Givnish et al. 2011, Christenhusz and Chase 2013).  

Physiological constraints restrict structurally dependent growth-forms (epiphytes, lianas) to 

primarily lower latitudes, because traits such as succulent leaves and efficient vascular systems 

would be subject to freeze-thaw embolism in temperate zones (Zotz 2016, Schnitzer 2018).  The 

low relative abundance of herbs in tropical forests may be partly due to two ecological factors: 

deep shade and abundant enemies.  Light availability at the forest floor is much lower in tropical 

forests versus temperate forests (Leigh 1975, Chazdon and Fetcher 1984, Terborgh 1985, Canham 

et al. 1990, Schnitzer and Carson 1999), and soil pathogens cause extensive plant mortality (Gilbert 

2002, Mangan et al. 2010, Barry and Schnitzer 2016).  Enemies may contribute to the high relative 

abundance of epiphytes in tropical forests, because the evolution of an aerial growth habit would 

allow escape from terrestrial soil-dwelling pathogens.  We term this potential explanation the 

Epiphyte Enemy Escape Hypothesis, but it remains to be tested.  The mechanisms for the 
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proportional differences in growth-form distributions in tropical versus temperate forests remain 

speculative.   

Our findings should be broadly applicable across much of the world.  European temperate 

forests are even less speciose than North American ones, and are frequently dominated by only a 

few tree species (Röhrig and Ulrich. 1991, Gilliam 2014).  Thus, European herbaceous plants 

likely make up an even higher proportion of temperate vascular plant diversity.  In tropical forests 

in China, trees represent 35-58% of all plant species, herbs 7-26%, lianas 9-19% and shrubs 9-

10%, and a higher proportion of east Asian forest species are woody than in North American 

temperate forests (Guo and Ricklefs 2000, Zhu et al. 2005).  These proportions resemble our 

Neotropical forest findings, though epiphytes were not quantified.  Notably, epiphytes make up a 

smaller proportion of the vascular plant diversity in Eurasia and Africa versus the Neotropics, but 

epiphytes are more speciose in tropical versus temperate forests (Johansson 1974, Zotz 2005, 

2016).  Australian tropical forests appear to be even more dominated by woody growth-forms 

(>75% of species) than Neotropical forests (Russell-Smith 2006).  Overall, more quantitative 

comparisons are needed to test the extent to which the Forest Physiognomy Concept applies 

globally.   

Our results have critical implications for biodiversity conservation and management.  

Because tropical plant species are located higher in the vertical strata (Figure 1, 2B), the forest 

structure is more complex, and the plants are more interdependent.  Logging of tropical forests not 

only removes trees, but also impacts the epiphytes and lianas that are structurally dependent on 

trees (together, 57% of tropical species).  While lianas appear to do well following disturbance or 

logging, epiphytes often require nearby propagule sources to recolonize and are usually slow to 

redevelop diverse assemblages (Nadkarni 2000, Schnitzer et al. 2004, Woods and DeWalt 2013, 
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Reid et al. 2016).  Consequently, even small-scale harvesting will substantially reduce overall 

biodiversity.  Moreover, the complex architecture of large old trees is known to create vital 

hotspots of diversity and should be a renewed priority in tropical conservation (Díaz et al. 2010, 

Woods and DeWalt 2013, Lindenmayer and Laurance 2017, Lutz et al. 2018).   

In contrast, temperate forests may be more resilient to small-scale logging.  Over 90% of 

temperate forest species never reach the canopy; logging does not target these diverse herb and 

shrubs, and sometimes these communities recover quickly (Roberts 2004, Spicer et al. 2018: 

Chapter 4).  In temperate forests the most pernicious threats to the understory may lie elsewhere.  

Indeed, overbrowsing by large ungulates and fire suppression collapses temperate biodiversity and 

causes the formation of persistent depauperate understory communities across vast spatial scales 

(Côté et al. 2004, Nuttle et al. 2013).  These depauperate and open forest understories may 

subsequently become inundated with invasive species (Knight et al. 2009, Wavrek et al. 2017).  

We suggest that these pressures on temperate forest understories, which have already caused plant 

diversity collapses, should become conservation priorities by forest managers.  Instead, forest 

management (in both tropical and temperate regions) focuses almost exclusively on trees, because 

trees generate revenue and sequester the most carbon dioxide.  To illustrate this oversight, we 

reviewed two prominent forest ecology journals (The Canadian Journal of Forest Research and 

Forest Ecology and Management) and found that 92% of temperate plant-related publications 

focused on trees (Figure 7; see Appendix A: Chapter 2 Supplemental Review Methods). 

Understudied plant growth-forms and forest strata provide numerous ecosystem services, 

reinforcing their high conservation value.  For instance, while controversial, there is now growing 

evidence of a worldwide and dramatic decline in insect diversity and abundance (Sánchez-Bayo 

and Wyckhuys 2019).  The retention of species-rich temperate understory layers, particularly in 
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fragmented forests (Carson et al. 2005, Comisky et al. 2005), can provide pollinator refugia that 

may help mitigate declines in insect communities, especially in pollinator deserts characteristic of 

agricultural landscapes (Brockerhoff et al. 2017, Landuyt et al. 2019).  A diverse temperate 

understory layer can also aid in nutrient retention and mediate water dynamics during flooding 

events (Peterson and Rolfe 1982, Muller 2014, Landuyt et al. 2019).  These ecosystem services 

will only become more valuable in the future, as recent changes in climate have increased the 

frequency and intensity of storm events in temperate areas (Gilliam 2014, Brockerhoff et al. 2017).  

A complex and diverse tropical canopy structure, replete with epiphytes and lianas, provides floral 

and fruit resources to herbivores, frugivores, and pollinators alike (Zotz 2016, Schnitzer 2018).  

Epiphytes modify their host tree microenvironment and mediate ecosystem processes (Díaz et al. 

2010, Angelini and Silliman 2014, Zotz 2016).  Indeed, epiphytes can contribute more foliar 

biomass than their host trees and intercept >20% of rainfall (Nadkarni 1984; Hofstede et al. 1993, 

Van Stan and Pypker 2015).  Lianas uptake carbon even during droughts and long dry seasons 

when trees are relatively stagnant (Schnitzer 2018; Schnitzer and van der Heijden 2019).   

2.5 Conclusions 

A bias in favor of trees in ecological field studies impedes a comprehensive understanding 

of forest diversity.  Herbs, shrubs, lianas, and epiphytes comprise the vast majority of both tropical 

and temperate forest plant species, and are vital components of ecosystem processes.  Only by 

expanding our view of the forest, to include these understudied plant growth-forms and forest 

strata, can we tailor conservation and management plans to sustain a more diverse, productive, and 

resilient plant community.  We make the following recommendations to address some of our 
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conservation concerns described above. 1) Explicitly incorporate non-tree plant groups into long-

term forest monitoring research, with standardized protocols for measurement (e.g., CTFS-

ForestGEO, Forest Inventory and Analysis).  2) Include non-tree plant groups in forest 

management plans and urban planning (e.g., creating city parks with native understory plants 

underneath trees instead of non-native grasses).  3) Test the generality of classic ecological theories 

in plant growth-forms other than trees (e.g., Dyer et al. 2010; Schnitzer 2018).  4) Routinely 

quantify the responses of herbs at the species level to both natural and anthropogenic disturbances 

(cf. Royo et al. 2016).  5) Contribute non-tree data to open-source databases to identify global 

patterns and processes (e.g., Map of Life, GBIF).  5) Study hard-to-access strata such as the 

canopy.  6) Shift education and science communication to include non-trees in the public 

understanding of the value of forests and natural spaces.    
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2.7 Figures and tables 

 
Figure 2-1 The Forest Physiognomy Concept. 

 A comparison of how species are allocated to growth-forms and strata between temperate versus tropical 

forests.  Temperate forests (left) are dominated by herbs concentrated on the forest floor. In contrast, species 

in Neotropical forests (right) are more evenly distributed among growth-forms and strata.  Growth-forms that 

make up less than 2% of species are indicated by blank boxes (bottom panel). The relative contribution of each 

plant growth-form to total species richness is accurately represented by the different number of species 

depicted for each growth-form.  Plants are distributed within their appropriate ultimate strata across the forest 

profile, although true heights (y axis) may vary among forests. The orange shading depicts the ultimate stratum 

with maximum relative species richness.   
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Figure 2-2. Two physiognomic differences between tropical and temperate forests. 

Mean (SE) within-site relative species richness among A) the five major vascular plant growth-forms, and B) 

the five ultimate strata, comparing temperate (light green bars) and tropical (dark green bars) forests in the 

Americas.  Ultimate strata represent the maximum height in the forest layers where species typically reach 

reproductive maturity.  Asterisks indicate Bonferroni-corrected statistical differences from generalized linear 

models (N=18, p<0.01=*;p<0.001=**;p<0.0001=***). 
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Figure 2-3. Map of tropical and temperate sites used in the study. 

Site abbreviations: HMC=Huron Mountain Club, LM=La Mauricie, BP=Bruce Peninsula, ANF=Allegheny 

National Forest Region, PNR=Powdermill Nature Reserve, FEF=Fernow Experimental Forest, SA=Southern 

Appalachia, SM=Smoky Mountains, DF=Duke Forest, PV=Palo Verde, LS=La Selva, LC=Las Cruces, 

BCI=Barro Colorado Island, LO=Las Orchídeas, LP=La Planada, NBS=Nourages Biological Station, 

SPL=Serranía de Pilón Lajas, ST=Serra do Teimoso. Full site descriptions are included in Table 1. All data are 

projected in WGS-84 Pseudo-mercator. Base maps are open source from DIVA-GIS (country borders) and 

from Esri ArcGIS (USA state borders). 
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Figure 2-4. Affirmation of 20% subsampling technique. 

Box-and-whisker plots showing 1000 bootstrapped runs of 20% subsampled intervals for the distribution of 

species in each forest strata and growth-form at the two sites where we had a complete dataset. Tropical: La 

Planada (total N=893 species, A,C); Temperate: Allegheny National Forest Region (total N=244 species, B,D). 

A. Tropical growth-form distribution. B. Temperate growth-form distribution. C. Tropical ultimate strata 

distribution. D. Temperate ultimate strata distribution.  Red diamonds represent true percentages of each site; 

black diamonds represent reported percentages of all 9 sites from our 20% subsampling approach used in the 

main analyses (Figure 2); tropical site percentages are displayed on La Planada for comparison (A,C); 

temperate sites percentage are displayed on Allegheny National Forest Region (B,D). 
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Figure 2-5. Phenology of temperate forest herbs. 

Mean (SE) percent of temperate herb species that bloom after spring (after June 1), bloom during spring 

(March-May), or are a “true ephemeral”, blooming in the spring and senescing before summer.  Only 4% of 

the 854 species were true ephemerals, lending little support for an early spring niche as the main mechanism 

for why herbs are so speciose in temperate forests when compared to tropical forests. 
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Figure 2-6. The contrasting herbaceousness of temperate versus tropical forests. 

Mean (SE) percent of tropical and temperate forest species that are herbaceous versus woody.  Herbaceous 

growth-forms include herbs (graminoids, ferns, forbs) and herbaceous epiphytes.  The remaining species are 

woody growth-forms, which include trees, shrubs, lianas, and woody epiphytes. Asterisks indicate statistical 

differences from a generalized linear model (N=18, t=-9.875, p<0.0001). 
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Figure 2-7. Bias towards trees. 

Pie chart representing plant growth-form bias in plant-related publications from Forest Ecology and 

Management and Canadian Journal of Forest Research in the time period 2000-2017. 

 

Tree 92% 

Shrub 2% 

Herb 5% Vine 1% 

Figure 1. Percent of plant-related 

articles focused on each plant life 

form published 2000-2017 in two 

major forest ecology journals. 

N=1152 

articles 
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Table 2-1. Site details for the 18 tropical and temperate forests used in the study.  

Coordinates in decimal degrees (Coord), approximate area (Area), elevation range (Elev), mean annual precipitation (Precip), mean annual temperature 

(Temp), reported total vascular plant species richness (Total SR), year the site was established (Est. year), and references for data sources (full citations 

below). When unreported in the literature, temperature and precipitation are annual averages over the period of 1970-2000, using nearest neighbor 

interpolations to extract monthly data from 30-second cells over the course of each year (denoted with an asterisk). 

 

Site (Abbrev) Coord 

(DD) 

Area (ha) Elev 

(masl) 

Precip 

(mm) 

Temp 

(°C) 

Total 

SR 

Est. 

year 

References 

Huron Mountain Club 

(HMC)  

46.89, 

-87.87 

10000 183-500 783 6 835 1889 (Yanoviak & McCafferty 1996; 

Flaspohler & Meine 2006; Woods 

2015) 

La Mauricie National 

Park (LM)  

46.83, 

-73.00 

53670 150-500 1068 4.5 647 1970 (Lothian 1987; Larivière et al. 1994; 

Latourelle & Bouin 2010; Marchand 

& Filion 2014) 

Bruce Peninsula 

National Park (BP)  

45.22, 

-81.50 

15400 190-250 740 5.25 896 1987 (Suffling & Scott 2002; Gruchy et al. 

2005; Kor et al. 2012) 

Allegheny National 

Forest Region (ANF)  

41.49, 

-70.10 

30628 319-690 1070 7.6 244 1923 (Anacker & Kirschbaum 2006; Royo 

et al. 2010) 

Powdermill Nature 

Preserve (PNR)  

40.16, 

-79.27 

812 392-647 1100 8.3 854 1956 (Utech 1999; Murphy et al. 2016; 

Perry et al. 2018) 

Fernow Experimental 

Forest (FEF)  

39.05, 

-79.67 

1682 530-

1100 

1470 8.3 461 1934 (Madarish et al. 2002; Adams & 

Kochenderfer 2015) 

Southern Appalachia 

(SA)  

37.29, 

-80.43 

112 600-

1050 

1150 10.8* 420 1997 (Hammond 1997) 

Duke Forest (DF)  35.87, 

-80.00 

2857 122-610 1140 15.5 984 1931 (Nemeth 1968; Stuble et al. 2013) 

Great Smoky 

Mountains National 

Park (SM)  

35.69, 

-83.54 

211418 256-

2025 

1550* 13.6* 1450 1934 (Hoffman 1964; Harmon 1984; Linzey 

2008) 



32 

 

 

Site (Abbrev) Coord 

(DD) 

Area (ha) Precip 

(mm) 

Elev 

(masl) 

Temp 

(°C) 

Total 

SR 

Est. 

year 

References 

La Selva Biological 

Station (LS)  

10.43, 

-83.98 

1536 4000 35-

2906 

25 1600 1968 (McDade et al. 1994; Matlock & 

Hartshorn 1999) 

Palo Verde Biological 

Station (PV) 

10.36, 

-85.36 

4757 1250 0-200 27 810 1968 (Hartshorn & Poveda 1983; Fauth 

et al. 1989) 

Barro Colorado Island 

(BCI)  

09.15, 

-79.85 

1500 2600 120-

160 

27 1085 1923 (Leigh et al. 1996, 2004; Leigh 

1999) 

Las Cruces Biological 

Station (LC)  

08.78, 

-82.96 

227 4000 1100-

1500 

24 2000 1973 (Hartshorn & Poveda 1983; Daily 

et al. 2003; Santos Barrera et al. 

2014) 

Las Orquídeas 

National Park (LO)  

06.58, 

-76.24 

29118 3500 300-

3450 

15 2476 1974 (Meganck 1975; Pedraza-

Peñalosa & Betancur. 2015) 

Nourages Biological 

Station (NBS) 

04.08, 

-52.68 

114347 2990 40-430 26.3 1541 1995 (Marquis 2004; Bongers et al. 

2013) 

La Planada Nature 

Reserve (LP) 

01.16, 

-77.99 

3200 4800 1500-

2100 

19 891 1987 (Mendoza-Cifuentes & Ramírez-

Padilla 2001; Ramírez-Padilla & 

Mendoza-Cifuentes 2002) 

Serranía de Pilón 

Lajas Biosphere 

Reserve (SPL)  

14.93, 

-67.29 

400000 2550 300-

2000 

25.9 736 1977 (Smith & Killeen 1995; Fuentes 

& Parker 2005) 

Serra do Teimoso 

Biological Station 

(ST)  

15.22, 

-39.48 

200 1375 350-

850 

23 727 1997 (Amorim et al. 2005) 
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Table 2-2. The extent to which forest physiognomy traits differ between temperate and tropical sites.  

A comparison of the allocation of relative species richness among the five major plant growth-forms (above) 

and the ultimate strata (below) between tropical and temperate forests. Percentages listed are site-level means 

(± standard error) and results are Bonferroni-corrected generalized linear models detecting differences 

between the 9 tropical and 9 temperate forests  (αBonferroni=0.01*; 0.001**;0.0001***). 

 

Growth-form  Temperate Tropical df t p 

Tree 7.0 ± 0.7% 29.9 ± 3.9% 17 4.9 0.00016** 

Shrub 10.3 ± 0.7% 17.9 ± 1.4% 17 3.9 0.0012* 

Liana 1.5 ± 0.3% 7.3 ± 1.0% 17 4.5 0.0004** 

Herb 80.2 ± 0.9% 24.9 ± 3.1% 17 81 <0.0001*** 

Epiphyte 1.0± 0.3% 20.0± 3.9% 17 3.4 0.0014* 

Ultimate strata Temperate Tropical df t p 

Emergent 0 ± 0% 0.5 ± 0.6% 17 0.006 0.99 NS 

Canopy 4.1 ± 0.9% 11.7 ± 1.9% 17 3.9 0.0013* 

Subcanopy 2.5 ± 0.5% 13.4 ± 1.4% 17 7.1 <0.0001*** 

Understory 10.4 ± 1.1% 50.1 ± 2.2% 17 11.6 <0.0001*** 

Forest Floor 83.0 ± 1.2% 23.6 ± 3.0% 17 -14.1 <0.0001*** 
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3.0 RAPID FOREST UNDERSTORY RECOVERY FOLLOWING COMBINED 

NATURAL AND ANTHROPOGENIC DISTURBANCES 

Spicer, M. E., A. A. Royo, J. W. Wenzel, and W. P. Carson. Rapid forest understory recovery 

following combined natural and anthropogenic disturbances. In preparation, intended for 

submission to Ecology. 

 

3.1 Introduction 

Natural disturbance is one mechanism of diversity maintenance, and has long been a central 

focus of ecology (Connell 1978; Pickett and White 1985, Tilman 1990; Platt & Connell 2003; 

Sheil & Burslem 2003).  In forests, a moderate level of disturbance can facilitate long-term 

coexistence of both light-adapted early successional species and shade-tolerant late successional 

species (Connell 1978; Molino & Sabatier 2001; Schnitzer & Carson 2001; Fischer et al. 2013).  

However, highly disturbed forest systems, especially when natural disturbance is coupled with 

anthropogenic disturbance, can be much lower in biodiversity, vulnerable to invasion and 

monodominance by exotic species, and lack resilience to subsequent perturbations (Chazdon 2003; 

Laurance & Curran 2008; Johnstone et al. 2016; Lindenmayer et al. 2017).  Eastern North 

American forests are characterized by a century of repeated clearcutting and the near extirpation 

of apex predators such as wolves and pumas, yet the consequences for forest overall diversity and 

resilience are still poorly understood.  Moreover, climate change models predict that the frequency 

and intensity of catastrophic disturbances will increase in in the future (Easterling 2000; Dale et 



 

45 

al. 2001; Zscheischler et al. 2018), and forests will likely experience higher and perhaps novel 

levels of disturbance (Barnosky et al. 2012; Seidl et al. 2017).  Thus, understanding forest recovery 

processes after combined natural and anthropogenic disturbances is a priority (Leverkus et al. 

2018).   

Salvage logging is a common practice throughout North America as a way to recover lost 

revenue from a variety of natural forest disturbances, including windstorms, fire, and ice storms. 

However, the ecological consequences of salvage logging remain equivocal and controversial.  On 

one hand, salvage logging can substantially decrease seedling regeneration.  For example, in a 

post-fire salvage logging operation, seedling regeneration was decreased by up to 71% after a year 

(Donato et al. 2006).  Salvage logging can also shift the community composition of regenerating 

plants (Bowd et al. 2018; Santoro & D’Amato 2019).  Structural heterogeneity, such as coarse 

woody debris, is usually removed, spatially consolidated, or reduced in salvage logging operations 

(Russell et al. 2006; Bottero et al. 2013; Waldron et al. 2013; Santoro & D’Amato 2019; but see 

Donato et al. 2006).  Forests that were salvage logged, in comparison to unsalvaged forests, have 

smaller size classes and lower aboveground biomass for several decades (Sass et al. 2018).  These 

structural alterations potentially cause declines in animal species associated with coarse woody 

debris such as cavity-nesting birds or saproxylic beetles (Russell et al. 2006; Cahall & Hayes 2009; 

Thorn et al. 2014; but see Werner et al. 2015).  For plant communities, structural alterations from 

salvage logging may remove putative browse refugia or create unfavorable regeneration microsites 

(Krueger & Peterson 2006; Bottero et al. 2013; Waldron et al. 2013).  Thus, salvage logging has 

been criticized traditionally as detrimental to the regenerating forest flora and fauna.  

On the other hand, there is a growing body of literature demonstrating negligible, or even 

positive, impacts of salvage logging on forest regeneration.  These patterns are particularly evident 
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after wind, rather than fire disturbances.  In one example, plant diversity (including herbaceous 

and woody species) was 20% higher in comparison to unsalvaged areas just one year of intense 

post-windthrow salvage logging (Slyder et al. 2019).  On similar short time scales (2-5 years), tree 

seedlings are just as diverse and abundant in areas that were salvage logged versus unsalvaged 

areas (Kurulok & Macdonald 2007; Peterson & Leach 2008a, b; Royo et al. 2016).  Post-salvage-

logged herbaceous communities, although different in composition from unsalvaged communities, 

also do not show major declines in diversity (Royo et al. 2016).  A few studies show that 

regeneration, measured in abundance or in composition, is comparable in salvaged and unsalvaged 

areas on decadal scales as well (10-30 years) (Kurulok & Macdonald 2007; Kramer et al. 2014).  

Post-windthrow salvage logging does not seem to completely “destroy” or “erase” structural 

heterogeneity either (sensu Cooper-Ellis et al. 1999; Waldron et al. 2013, respectively).  Spicer et 

al. (2018: Chapter 4) showed that tip-up mounds that “tip back down” post-salvaging actually 

harbor a plant community indistinguishable from intact tip-up mounds, rather than reflect the off-

mound plant community. Likewise, Peterson & Leach (2008b) show a higher heterogeneity of 

microsites in salvaged areas versus unsalvaged areas two years after combined wind disturbance 

and salvage logging.  Wermelinger et al. (2017) showed that arthropod diversity was highest in a 

landscape that contained a mosaic of intact, windthrown, and salvage-logged forest, increasing 

diversity 2.5 times in comparison to intact forests.   

These conflicting results and discrepancies may be due to differences unique to each 

disturbance (e.g., intensity, type, site; Kramer et al. 2014b; Taeroe et al. 2019), time, or additional 

biotic pressures mediating the effects of salvage logging on forest regeneration.  When comparing 

results from a post-fire salvage logging operation in Australia (e.g., Bowd et al. 2018) to a post-

windthrow salvaging operation in Canada (e.g., Peterson & Leach 2008b), it is difficult to 
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disentangle the effects of fire versus windthrow, intensity of natural disturbance, salvage logging 

intensity, or environmental context.  Because the motivation for salvage logging is often 

opportunistic and generates the most revenue at large spatial scale, controls (i.e., areas left 

unsalvaged within the same disturbance) are often lacking.  Experimental studies mostly come 

from single-sites, while multi-site studies often compare wildly differing ages or intensities of 

disturbances (reviewed in Royo et al. 2016; Wermelinger et al. 2017).  Higher within-site 

replication or more controlled among-site variation is needed to distinguish site-differences from 

salvaging-differences.   

Moreover, almost all temperate forests are experiencing multiple, simultaneous pressures. 

White tailed-deer (Odocoileus virginianus) have been overabundant in the eastern North America 

for several decades, causing biodiversity declines of over 80% across large swaths of deciduous 

and coniferous forests (Rooney 2001; Côté et al. 2004; Habeck & Schultz 2015).  Because deer 

have strong feeding preferences for some plant species and not others, they have caused 

widespread shifts in the plant and animal community (Rooney & Waller 2003; Frerker et al. 2014). 

Particularly concerning for maintaining temperate forest diversity is that browsers target the 

understory herbaceous plant community (Gilliam 2007), which constitute 80% of the vascular 

plant species of temperate forests (Gilliam 2007; Spicer et al. 2019: Chapter 2).  The direct effects 

of overabundant deer are further compounded by positive feedback cycles of dense, recalcitrant 

deer-resistant or deer-tolerant plant layers, high seed predation, and the spread of non-native 

species (Royo & Carson 2006, 2008; Royo et al. 2010b; Frerker et al. 2014; Wavrek et al. 2017).  

These depauperate understories and monocultures of deer-resistant or deer-tolerant species remain 

for decades, even when deer have been removed from the landscape (Royo et al. 2010b; Tanentzap 

et al. 2012; Pendergast IV et al. 2015).   
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Thus, our classical expectations of “healthy” forest recovery after natural disturbance—or 

even unnatural disturbance such as salvage logging—are unrealistic in the context of decades of 

deer overabundance.  Indeed, Nuttle et al. (2013) and Royo et al. (2010a) experimentally 

demonstrated the complexity of interactions among major disturbances and deer in restructuring 

understory plant communities.  Neither fire, nor large canopy gaps, alone, were enough to bring 

substantial tree diversity back to the understory; when deer were excluded, gaps and fire caused 

up to fivefold increases in diversity (Nuttle et al. 2013).  For herbaceous species, canopy gaps and 

fire increase species diversity more so than either alone, and deer enhance species richness and 

abundance (Royo et al. 2010a) when at low to moderate densities.  These unexpected interactions 

among major drivers of forest change were apparent only with replicated factorial experiments.  

Separately, salvage logging and overabundant deer have the potential to shift the successional 

trajectory of regenerating forests; however, to date, there are no studies that explicitly test the 

independent and combined effects simultaneously.  One study which nested deer exclosures within 

salvage logged areas found that deer counteracted the positive recruitment effect of the natural 

disturbance (bark beetle outbreak) for the promotion of broadleaved trees (Rozman et al. 2015).  

Without fenced areas outside of the salvaged or damaged areas, however, the positive effects of 

the natural disturbance and the salvage logging were confounded (Rosman et al. 2015).  Clearly, 

it is important to explicitly consider the contribution of deer when assessing post-disturbance forest 

regeneration, but only more rigorous experimental designs will allow these comparisons.   

Here, we present the first large-scale, replicated field experiment explicitly testing the 

interactions among salvage logging and the direct and indirect effects of deer on a regenerating 

forest.  Specifically, we test the extent to which: 1. salvage logging, 2. deer browsing, or 3. 

understory plant competitors (the legacy of overabundant deer), are the major driver of plant 
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community change after a large wind disturbance.  We predict that the interactions among these 

factors, rather than any main effect, may explain most of the variation among regenerating forest 

patches (sensu Royo et al. 2010a; Nuttle et al. 2013).  Based on recent work in post-windstorm 

salvage logging studies (Royo et al. 2016; Slyder et al. 2019), we further predict that salvage 

logging may actually enhance plant biodiversity not only by creating a more continuous “gap” 

across the landscape than the windstorm itself, but also by scarifying large patches of soil (Royo 

et al. 2016).  Using a unique opportunity, in which one tornado created four separate large 

blowdowns, we set up the first experiment with both within-disturbance and within-blowdown site 

replication.  The main aim of this experiment was to draw broad, generalizable conclusions about 

these interacting processes across sites. 

3.2 Methods 

3.2.1  Study site 

Our study took place in the Powdermill Nature Reserve in Westmoreland County, 

Pennsylvania (40.16°N, –79.27°W).  The reserve is a 900 ha property dominated by mature 

mesophytic forest with temperatures ranging from –20 to 33 °C and mean annual precipitation of 

approximately 1100 mm (Murphy et al. 2015; Spicer et al. 2018: Chapter 4).  We located our 

experiment within four large blowdown sites caused by an EF-1 tornado which occurred on June 

1st, 2012.  More information about the land use history, overstory community, and details of the 

windstorm can be found in Spicer et al. (2018: Chapter 4) and Slyder et al. (2019).   
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3.2.2  Experimental design 

We designed a 2x2x2 blocked, split-plot field experiment to examine the independent and 

interacting effects of 1) salvage logging, 2) deer browsing, and 3) understory plant competition on 

post-tornado forest regeneration.  To test the extent to which salvage logging drives plant 

regeneration, we intensively salvage logged a random half of each of these four blowdown sites 

during the winter of 2013-2014, and left the other half unsalvaged.  Details and a map of the 

salvage logged blowdowns are in Slyder et al. 2019.  We refer to these four blowdowns as sites.  

To test how deer browsing mediates natural forest regeneration, we set up 32-8x8x2m 

fences during the summer and fall of 2014 (two years after the tornado).  We placed the fences in 

a blocked random design throughout each of the four blowdown sites (four fences in the salvage 

logged half, and four in the unlogged half of each blowdown).  The fences had a polyurethane 

mesh of the size 5x5cm and were secured at each corner by zipties attached to metal poles.  We 

also set up 32-8x8m control areas, marking the corners with the same metal poles that support the 

fences.  To account for possible seed dispersal effects from birds perching on fence edges, we ran 

a metal wire around the border of the control plots at a height of 2m.  We refer to these 64 total 

64m2 areas (whether fenced or unfenced) as plots, and they are the primary unit of replication for 

this study.  

To test whether the layer of understory competition that develops in the first few years after 

a blowdown and can cause alternative successional trajectories, we physically removed all extant 

vegetation from a random half of the 64 plots in the summer of 2015.  Treatments were blocked 

within blowdown site such that each half of the blowdown area (salvaged or unsalvaged) contained 

four plots with understory vegetation removed, and four with vegetation left.  Woody stems <5cm 

in basal diameter were cut with pruning shears and all smaller woody vegetation and herbaceous 
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vegetation was shorn to the ground with a gasoline-powered string trimmer.  Thus, we had a 

blocked, split-plot experimental design with 8 replicate plots of the each of the experimental 

treatment combinations: salvage logging (Unlogged/Logged), deer access (Deer/Fence), and 

understory competitors (Left/Removed); two replicates of each combination were at each site.  

To establish a baseline of the environmental context of these disturbance plots, we also set 

up 27 reference plots outside the windthrown area, in the intact forest.  Six or seven reference plots 

were set up around the perimeter of each of the four blowdown sites to capture the community 

near each site; each plot was at least 30m away from the edge of the blowdown.  Thus, these 

reference plots represent the deciduous forest under “business as usual” model: no large light gaps, 

high current deer populations, and a legacy of several decades of abundant deer.  Reference intact 

forest plots are used for overall comparisons only and are not included in the main analyses. 

3.2.3  Data collection 

In the summer of 2017 (five years after the tornado, four years after the logging, three years 

after the fences, and two years after the removals), we surveyed all 64 plots.  To avoid edge effects, 

we left a 1m buffer around the border of each plot, surveying the center 36m2.  In four 1x1m 

quadrats located at the four corners of each 36m2, we identified to species and estimated cover 

under 1m for all vascular plant species.  To get a more thorough survey of the plant community, 

we augmented the cover estimates with a timed meander survey within the whole 36m2 plot.  



 

52 

3.2.4  Statistical analyses 

We calculated average vegetative cover for each plot by taking the mean of all per-species 

cover estimates.  Total vegetative cover (per plot) was calculated as the sum of the average per-

species cover estimates.  We used the cover estimates to calculate the Shannon Diversity Index 

(hereafter, diversity) and to perform community analyses, but used the full species list, including 

the species added in the meander surveys, for species richness.  

To test the extent to which salvage logging, deer, and competition regulate understory plant 

diversity post-windstorm, we modeled the effects of logging treatment (salvage logged or 

unlogged), deer treatment (deer or fence), competitor treatment (removed or left), and their full 

two-way and three-way interactions as fixed factors on species richness, diversity, and total cover 

in three separate linear models.  Because environmental context is important for plant communities 

at the regional and local scale (Kramer et al. 2014) we also incorporated forest site effects into our 

models, but do not focus on these small-scale environmental gradients in this paper.  Site was 

included as a fixed factor in all models, rather than a random blocking factor, because random 

effects estimated from so few sites would be a poor approximation of site-to-site variability 

(Bolker et al. 2009; Harrison et al. 2018).  However, because of our low replication within 

treatments within sites, we did not approximate any site-by-experimental-treatment effects.  

Instead, we re-ran all analyses at each site separately and detected the same pattern, suggesting 

that the variation within sites likely reflects among-site and among-treatment variation (data not 

shown).  We emphasize that although we have a low replication within sites, the opportunity to 

examine multiple blowdown sites in the same area was an unprecedented opportunity to address 

our hypotheses.  In this way, we control for differences among intensities of windthrow, time since 
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storm, season at which the storm occurred, and various other factors that are otherwise confounded 

with multi-windthrow comparisons.  

We explored the main effects of salvage logging, deer, and competitors, their two-and-

three-way interactions, and the main effect of site on the overall plant community compositions 

with a PERMANOVA of a multivariate community matrix using Bray-Curtis distances (Oksanen 

2010).  We blocked the 64 plots within site for this analysis and visualized these community 

differences with an NMDS ordination.  Because rare species can be overweighted in nonmetric 

multidimensional analyses, we removed species that occurred in less than five percent of plots 

(McCune & Grace 2002; Slyder et al. 2019).  Next, we explored the species-specific responses of 

plants to salvage logging, deer, and competitors by running three separate indicator species 

analyses on the community matrix.  To encompass the possible important effects of the 

disturbances on rare species, we included the species which showed up in <5% of the plots in the 

indicator species analyses (Dufrene & Legendre 1997).  Because of the complex and iterative 

nature of the indicator species analysis, we could only test the main effects of the experimental 

treatments, and so we interpreted our indicator species analyses results with a Bonferroni-corrected 

alpha to account for our non-independence of tests (Dufrene & Legendre 1997; De Cáceres et al. 

2012).  

Finally, to test whether different plant growth-forms respond differently to the 

experimental treatments, we re-ran all of the analyses separately for the herbaceous plants (forbs, 

ferns, graminoids, and herbaceous vines) and the woody plants (trees, shrubs, and woody vines). 

We categorized plant species into these growth-forms based on the USDA PLANTS database 

(USDA 2019).   
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We compared the overall plant species richness within the disturbance matrix, which we 

define as the area within the four blowdown sites including all nested experimental treatments, to 

the intact forest (outside of the blowdown) using species-accumulation curves.  We also compared 

the salvaged and unsalvaged plots within the disturbance matrix to the intact forest.  To explore 

the independent effect on total species richness of each treatment, we compared the species-

accumulation curves among the eight plots that had only a single-treatment: 1. salvaged but no 

fence and no removal; 2. fence but unsalvaged and no removal, and 3. removal but no fence and 

unsalvaged.   

All response variables were modeled with a normal distribution in linear mixed models, 

and their residual distributions were checked with qq plots.  Analyses were run in R version 3.6.0 

(R Core Team 2019), within the RStudio platform (RStudio Team 2016).  Diversity estimates and 

species-accumulation curves were calculated with the vegan package (Oksanen et al. 2019), linear 

models testing the main drivers of plant diversity and abundance were constructed with the lme4 

package (Bates et al. 2014), and indicator species analyses were run with the indicspecies package 

(De Cáceres 2013).   

3.3 Results 

We recorded a total of 217 species in the study.  207 of those species were found within 

the four blowdown sites, five years after the tornado. Species-accumulation curves began to flatten, 

indicating that we achieved sufficient sampling, especially when including the meander surveys 

(Figure 1A).  Surprisingly, mean understory plant species richness, diversity, and total cover were 

consistent across all disturbances; there were no main effects of salvage logging, deer exclosures, 
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or competitor removals on any diversity response we measured (Table 1, Figure 2).  Moreover, 

the only significant interaction we found was between deer and removals, wherein the presence of 

deer mediated the effects of the competitor removals on subsequent total cover (Deer*Removal 

p=0.021).  Total cover was highest in the plots where competitors had been removed and 

regenerating plants were protected from deer (136%), but lowest in plots where competitors were 

left and regenerating plants were protected from deer (107%).   

However, when we separated the plants by growth-form, we found that herbaceous plants 

and woody plants responded to the disturbances differently, perhaps precluding detection of an 

overall pattern in the pooled analyses (above).  For herbaceous plants, salvage logging had a 

positive impact on both species richness and diversity (Figure 3, Table 2).  Salvage logged plots 

had 7 more herbaceous species than unsalvaged plots, and diversity was 13% higher in salvaged 

than unsalvaged plots.  There were no interacting effects of the disturbances on herbaceous 

regeneration.  For woody plants, salvaging had no measurable impact on species richness, 

diversity, or cover (Table 3).  We found a significant interaction between deer and competitors for 

woody plants; woody cover in plots where competitors remained intact was 13% higher than 

woody cover in plots where competitors had been removed (Figure 4, Table 3).  This interaction 

pattern is similar to the pooled analysis above, suggesting that woody plants are driving the pattern 

in the overall analyses.  

Salvage logging, but not deer, competitors, or any interactions, shifted the community 

composition, even within the context of different site plant communities (Site: p=0.001**; 

Salvage: 0.001**; all other main effects and interactions p>0.05; Figure 5).  Our species indicator 

analyses resulted in three species that were associated with logged sites: Euthamia graminifolia 
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(L.) Nutt., Prunus pensylvanica L., and Solidago canadensis L. (significant when compared to 

Bonferroni-adjusted p value of 0.017; Table 4).   

Compared to the intact forest, the unsalvaged blowdown areas had 42 more species in the 

plant community.  Salvage logging added another 37 species, for a total of 189 species, 79 more 

than the intact forest (Figure 1B).  Within the disturbance matrix, just salvage logged plots (no 

other experimental treatments) had the highest number of total species, with 120.  Removing 

recalcitrant understory competitors, with no other experimental treatment, yielded 112 species.  

Deer exclosure plots without any other experimental treatments had 97 species, which was actually 

slightly fewer species than plots that only experienced the tornado blowdown, which had 100 total 

species (Figure 1C).  Averaged on the plot basis (per 36m2), communities within the blowdown 

sites had 14 more species on average than the nearby intact forest areas (without the tornado) 

(Figure 6).  Blowdown sites also had 30% higher diversity and over twice as much total cover on 

average per plot (Figure 6).  

The four sites differed overall in mean species richness, diversity, and cover (Table 1, 

Figure 7).  Two sites had approximately 16 more species on average than the first (southernmost) 

blowdown site.  The third blowdown site also had 32% higher diversity and 37% more cover than 

the first blowdown site.  The second and fourth blowdown sites had intermediate levels of all other 

metrics.  We note that the analyses explicitly account for these site differences; therefore a response 

of zero (below) represents no difference from the site means, and a positive response would 

represent a higher value even accounting for differences in baseline site diversities.  For ease of 

interpretability, however, we display the mean (across site) differences, rather than the site-

adjusted means. 
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3.4 Discussion 

3.4.1  The importance of differentiating plant growth-forms 

Our results have two clear, yet surprising, messages.  First, our results show that treating 

the forest understory as one homogenous community can hide ecologically important patterns.  

The herbaceous and woody plant growth forms responded differently to the disturbances; these 

patterns were not apparent when we analyzed all plant species together.  Herbs, which constitute 

80% of the temperate vascular plant species on average, and 72% of our dataset (Gilliam 2007; 

Spicer et al. 2019: Chapter 2), responded positively to salvage logging.  Conversely, woody 

species were equally as diverse and abundant in salvaged versus unsalvaged plots, but their 

abundance depended on the interaction of deer and competitors.  In plots where competitors had 

been removed, protecting plants from deer increased woody cover by 26%, indicating that deer 

were suppressing woody species cover.  In plots where competitors were still present, mean woody 

cover was 16% higher when deer had access to the plots, indicating that in this case, deer were 

facilitating growth.  We suspect that this interaction may be rooted in competition between 

herbaceous and woody species, wherein many deer-resistant herbaceous species such as ferns still 

have a stronghold in the absence of deer.  With the exclusion of deer, less deer-resistant woody 

tree species seem to benefit from the vegetation removal.   

The growth-form-specific responses we found provide more concrete experimental 

evidence of previously-recorded patterns.  Royo et al. (2016) also found differences in tree- and 

non-tree responses to post-windthrow salvage logging, although they did not quantify herbaceous 

diversity responses.  In the same time frame as our experiment (five years after salvage logging), 

they showed that herbaceous communities were more abundant in salvaged plots with 
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scarification, while tree seedlings remained with decreased basal area (Royo et al. 2016).  Our 

results highlight the need for more explicit consideration of non-tree growth forms in forest 

ecology and management, in particular concerning conservation of plant diversity.  Our 

understanding of the mechanisms underlying the diversity and abundance of herbaceous plants lag 

far behind those of trees (Whigham 2004; Gilliam 2014; Barry & Schnitzer 2016; Murphy et al. 

2016), even though herbs make up the majority of temperate vascular plant species (Gilliam 2014; 

Spicer et al. 2019: Chapter 2).  

3.4.2  The combined effects of salvage logging, deer, and competitors on understory 

regeneration 

First, all plant communities regenerating from multiple simultaneous disturbances had very 

high species richness, diversity, and total cover. There were almost 100 more species within the 

disturbance matrix than in the intact forest (Figure 1A).  This result was unexpected given the 

intensity of disturbance that the plant communities underwent; each of the four disturbances have 

been previously shown to dramatically alter plant diversity and abundance independently.   

Although we did expect higher diversity with a natural disturbance, the additional disturbance, and 

in particular salvage logging, doubled the number of species present.   

Deer browsing and recalcitrant understory plant layers (sensu Royo & Carson 2006) are 

major suppressors of plant diversity in North America (Nuttle et al. 2013; Carson et al. 2014; 

Pendergast IV et al. 2015), so we predicted a release from these pressures would have a major 

positive impact on forest regeneration.  In particular, we expected that the combination of deer 

exclosures and a large light gap such as those caused by salvage logging may have interacting 

effects on plant diversity and abundance, as demonstrated for trees in Nuttle et al. 2013 and for 
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herbaceous communities in Royo et al. (2010a).  Contrarily, our results show that neither deer nor 

recalcitrant plant layers played a major role in restructuring the new plant community five years 

after the tornado, even in combination with a complete removal of the overstory.  

3.4.3  Plant community differences 

Although we did not see major differences among mean species richness or diversity 

among disturbance types, there were slight compositional changes in the plant community evident 

after five years.  Across all sites, both herbaceous and woody communities differed between 

salvaged and unsalvaged areas (Figure 5).  As expected from a large light gap, the three indicator 

species of the logged plots (Prunus pensylvanica, Euthamia graminifolia, and Solidago 

canadensis) are fast-growing, early-successional species that thrive in high light (USDA 2019).  

Although Solidago canadensis is long-lived, it is unlikely that these three species would halt 

succession and suppress diversity, as suggested as a possible consequence of salvage logging 

(Lindenmayer et al. 2017; Michalová et al. 2017; Thorn et al. 2017).  In fact, the salvage logged 

areas may be akin to large light gaps typical of old-growth forests (Clebsch & Busing 1989), and 

the species characteristic of these gaps will be outcompeted by later-successional species over the 

next few decades, as classic successional theory would predict (Runkle 1982; Taeroe et al. 2019).  

In this way, salvage logging may in fact be maintaining diversity in the forest, by allowing early- 

and late-successional species to coexist in patches across the landscape (Canham et al. 1990).  

Notably, salvage logging facilitated the presence of species in addition to the disturbance-adapted 

plants that distinguish between the blowdowns and the intact forest areas (Figure 1B).  One notable 

species example, although qualitative, further illustrates how salvage logging may in fact be 

beneficial to herbs. Hybanthus concolor, a forb that is not ranked for conservation status in 
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Pennsylvania but is ranked as vulnerable in New York (NatureServe, NHPA docs 2019), was only 

found in five salvage logged plots.  

Although it is not the focus of this paper, we also would like to note how site-differences 

are likely an important mediator of regenerating plant communities.  Our four blowdown sites 

were within just a few kilometers of each other, but had distinct plant community compositions 

and mean diversity (Figure 5, Figure 7).  These large differences among sites is somewhat 

surprising, because the sites shared storm intensity, time, location, and overall overstory 

composition.  We uniquely have replication within a disturbance event.  Seed rain from the nearby 

intact forest, as well as seed banks, can be strong predictors of regenerating forest communities, 

as well as long-term successional outcomes in the context of salvage logging (Kramer et al. 2014; 

but see Curtze et al. 2018).  The mechanisms underlying the site-mediated differences in 

communities are outside the purview of this study.  

3.5 Conclusions 

There is a growing body of evidence suggesting that post-windthrow salvage logging in 

North America is less detrimental for vascular plant diversity than previously expected.  Here, we 

experimentally parse apart the combined effects of salvage logging, deer browsing, and understory 

competitors on post-windthrow plant regeneration.  We found few differences in plant diversity or 

abundance among all disturbance types.  We show that salvage logging may in fact help maintain 

herbaceous diversity in temperate forests, by promoting light-adapted species within a relatively 

homogenous forest matrix dominated by shade-tolerant, deer-tolerant woody plants.  Thus, we 

suggest that increasing disturbance on the landscape is one possible remedy to the dramatic 
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collapse in deciduous forest understories due to overabundant deer.  In our case, patches of post-

windthrow salvage logging in a closed-canopy forest created such a flush of plant growth that deer 

did not obliterate the regenerating forest.  After just five years, many of the woody plants have 

reached heights out of the browse zone (>2m), and herbs have found refugia under dense thickets 

of woody saplings.  Because herbs constitute the vast majority of vascular plant species in 

temperate forests, we also suggest that they are more frequently considered, and explicitly 

quantified, in forest disturbance studies that are concerned with conserving diversity.   
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3.8 Figures and tables 

 

Figure 3-1. Species-accumulation curves.  

A. Disturbance matrix plots versus reference intact forest plots (outside of the tornado path). Lighter and 

darker colors represent surveys within the corner 1x1m2 plots and the meander surveys within the whole 36m2 

center areas, respectively. B. Disturbance matrix with and without salvage logging, versus reference plots. C. 

Within the disturbance matrix, independent species-accumulation curves of salvaged plots, competitor removal 

plots, and deer exclusion plots, in comparison to “control” plots, with only natural (wind) disturbance (no 

logging, ambient deer browsing, and understory competitors present).  
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Figure 3-2. Overall plant responses to salvaging, deer, and competitors.  

Accounting for site differences (Figure 7), neither salvage logging, deer exclosures, nor competitor removals 

changed the mean species richness, diversity, or total cover of the plant communities five years post-tornado, 

when looking at all plant species together.  
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Figure 3-3. Herbaceous plant responses to salvaging.  

Salvaged plots had a mean of seven more herbaceous species and 13% higher herbaceous diversity than 

unsalvaged plots.  
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Figure 3-4. Woody plant responses to deer and competitors.  

Deer and competitors had interacting effects on woody abundance, as measured in mean total cover.  
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Figure 3-5. Plant community composition.  

Plant communities differed among sites (colors and polygons) and between salvage logged and unlogged areas 

(darker circles versus lighter triangles; p=0.001). Colors for sites correspond to Figure 7. 
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Figure 3-6. Intact forest versus disturbance matrix.  

Comparison of species richness, diversity, and total cover in the 36m2 plots within the blowdown areas versus 

the intact forest plots (outside of the tornado plots).  Data include meander surveys.  
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Figure 3-7. Site diversity differences. 

Comparison of species richness, diversity, and total cover in the 36m2 plots among the four blowdown sites. 

From left to right, sites are listed in the order which the tornado moved, as well as in the order which we salvage 

logged the plots. Letters correspond to post hoc Tukey differences among sites. 

 

 

Figure 3-8. Interaction plot for woody plant responses. 

Deer and competitors had interacting effects on woody abundance, as measured in mean total cover. 
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Table 3-1. Results of linear models: All species combined.  

Results of linear models analyzing the combined effects of salvage logging, deer, and competitors on post-

windthrow plant regeneration, as measured by mean species richness, Shannon diversity, and overall cover 

(%).  Diversity and cover are reported as plot-level means, based on four 1x1m^2 surveys. Species richness 

values are reported as the cumulative list of species in the four 1x1m^2 quadrats and the meander survey of 

the whole 36m2 plot. 

 

 

Response 

variable 

Effect Estimate Standard 

error 

t-value p 

Species 

richness 

Sites MC-GHC 16.69 3.19 5.23 <0.0001*** 

WX-GHC 8.38 3.19 2.63 0.011* 

Logging 5.75 4.51 1.28 0.21 

Deer -3.13 4.51 -0.69 0.49 

Removal 1.88 4.51 0.42 0.68 

Logging*Deer -1.00 6.38 -0.16 0.88 

Logging*Removal 2.25 6.38 0.35 0.73 

Deer*Removal 2.25 6.38 0.35 0.73 

Logging*Deer*Removal -1.38 9.02 -0.15 0.88 

Shannon 

diversity 

index 

Sites MC-GHC 0.65 0.14 4.58 <0.0001*** 

WX-GHC 0.29 0.14 2.02 0.049* 

Logging 0.06 0.20 0.29 0.78 

Deer -0.03 0.20 -0.14 0.89 

Removal 0.20 0.20 1.01 0.32 

Logging*Deer 0.02 0.28 0.07 0.94 

Logging*Removal 0.04 0.28 0.13 0.90 

Deer*Removal -0.09 0.28 -0.31 0.76 

Logging*Deer*Removal -0.01 0.40 -0.02 0.98 

Total 

cover (%) 

Sites - - - NS 

Logging 20.22 16.75 1.21 0.14 

Deer -24.88 16.75 -1.49 0.14 

Removal -25.30 16.75 -1.51 0.12 

Logging*Deer 3.54 23.69 0.15 0.89 

Logging*Removal 14.16 23.69 0.60 0.55 

Deer*Removal 57.16 23.69 2.41 0.02* 

Logging*Deer*Removal -18.31 33.51 -0.55 0.59 
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Table 3-2. Results of linear models: Herbaceous species.  

Results of linear models analyzing the combined effects of salvage logging, deer, and competitors on post-

windthrow herbaceous plant regeneration. 

 

Response 

variable 

Effect Estimate Standard 

error 

t-value p 

Species 

richness 

Sites MC-GHC 15.44 2.54 -1.28 <0.0001*** 

Logging 7.25 3.60 2.12 0.049* 

Deer -1.50 3.60 -0.42 0.68 

Removal 3.63 3.60 1.01 0.32 

Logging*Deer -2.50 5.08 -0.49 0.63 

Logging*Removal -0.88 5.08 -0.17 0.86 

Deer*Removal 0.63 5.08 0.12 0.90 

Logging*Deer*Removal 0.25 7.19 0.04 0.97 

Shannon 

diversity 

index 

Sites MC-GHC 0.85 0.18 4.62 <0.0001*** 

Logging 0.71 0.26 2.70 0.009** 

Deer 0.17 0.26 0.65 0.52 

Removal 0.52 0.26 2.00 0.05 

Logging*Deer -0.67 0.37 -1.81 0.08 

Logging*Removal -0.67 0.37 -1.81 0.08 

Deer*Removal -0.50 0.37 -1.36 0.18 

Logging*Deer*Removal 0.97 0.52 1.86 0.07 

Total 

cover (%) 

Sites - - - NS 

Logging 3.82 15.47 0.25 0.81 

Deer -3.53 15.47 -0.23 0.82 

Removal 9.04 15.47 0.58 0.56 

Logging*Deer -14.20 21.88 -0.65 0.52 

Logging*Removal 12.49 21.88 0.57 0.57 

Deer*Removal 16.54 21.88 0.76 0.45 

Logging*Deer*Removal -12.64 30.95 -0.41 0.68 
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Table 3-3. Results of linear models: Woody species.  

Results of linear models analyzing the combined effects of salvage logging, deer, and competitors on post-

windthrow woody plant regeneration. 

 

Response 

variable 

Effect Estimate Standard 

error 

t-value p 

Species 

richness 

Sites WX-GHC 4.88 1.25 3.89 0.0003*** 

Logging -1.88 1.78 -1.06 0.29 

Deer -1.88 1.78 -1.06 0.29 

Removal -2.13 1.78 -1.20 0.24 

Logging*Deer 2.00 2.50 0.80 0.43 

Logging*Removal 3.63 2.50 1.45 0.15 

Deer*Removal 2.13 2.50 0.85 0.40 

Logging*Deer*Removal -2.13 3.54 -0.60 0.55 

Shannon 

diversity 

index 

Sites - - - NS 

Logging -0.24 0.19 -1.27 0.21 

Deer -0.15 0.19 -0.82 0.41 

Removal -0.03 0.19 -0.15 0.88 

Logging*Deer 0.38 0.26 1.43 0.16 

Logging*Removal 0.31 0.26 1.17 0.25 

Deer*Removal 0.23 0.26 0.87 0.39 

Logging*Deer*Removal -0.57 0.37 -1.53 0.13 

Total cover 

(%) 

Sites - - - NS 

Logging 16.05 11.23 1.43 0.16 

Deer -21.51 11.23 -1.92 0.06 

Removal -34.37 11.23 -3.06 0.35 

Logging*Deer 12.00 15.88 0.76 0.45 

Logging*Removal 2.05 15.88 0.13 0.90 

Deer*Removal 40.81 15.88 2.57 0.013* 

Logging*Deer*Removal 0.04 22.46 0.00 1.00 
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Table 3-4. Results of indicator species analyses.  

Results of the indicator species analyses run for all species that appeared in the 1x1m2 cover surveys (162), not 

including the meander surveys. Species are bolded which are significantly associated with certain experimental 

treatments, as interpreted by a Bonferroni-adjusted =0.017 for three non-independent tests (effects of logging, 

deer presence, and competitor presence). 

 

 

  

Experimental grouping Indicator species p 

Unlogged None NA 

Logged Carex swanii 0.029 

Euthamia graminifolia 0.006 

Solidago spp. 0.049 

Prunus pensylvanica 0.016 

Lysimachia quadrifolia 0.021 

Solidago canadensis 0.016 

Deer (ambient) Polystichum acrostichoides 0.038 

Fenced None NA 

Left (competitors present) Carya sp. 0.041 

Competitors removed Viola rotundifolia 0.024 



 

74 

3.9 Bibliography 

 

Barnosky, A.D., Hadly, E. a, Bascompte, J., Berlow, E.L., Brown, J.H., Fortelius, M., et al. (2012). 

Approaching a state shift in Earth ’ s biosphere. Nature, 486, 52–58. 

Barry, K.E. & Schnitzer, S.A. (2016). Maintenance of Plant Species Diversity in Forest 

Ecosystems. In: Plant Biodiversity: Monitoring, Assessment, and Conservation (eds. Gill, 

S.S. & Ansari, A.). CAB International. 

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2014). lme4: Linear mixed-effects models using 

Eigen and S4. R Packag. version, 1, 1–23. 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., et al. 

(2009). Generalized linear mixed models: a practical guide for ecology and evolution. 

Trends Ecol. Evol., 24, 127–135. 

Bottero, A., Garbarino, M., Long, J.N. & Motta, R. (2013). The interacting ecological effects of 

large-scale disturbances and salvage logging on montane spruce forest regeneration in the 

western European Alps. For. Ecol. Manage., 292, 19–28. 

Bowd, E.J., Lindenmayer, D.B., Banks, S.C. & Blair, D.P. (2018). Logging and fire regimes alter 

plant communities. Ecol. Appl., 28, 826–841. 

De Cáceres, M. (2013). How to use the indicspecies package (ver. 1.7. 1). Cent. Tecnològic For. 

Catalunya, Catalonia. 

De Cáceres, M., Legendre, P., Wiser, S.K. & Brotons, L. (2012). Using species combinations in 

indicator value analyses. Methods Ecol. Evol., 3, 973–982. 

Cahall, R.E. & Hayes, J.P. (2009). Influences of postfire salvage logging on forest birds in the 

Eastern Cascades, Oregon, USA. For. Ecol. Manage., 257, 1119–1128. 

Canham, C.D., Denslow, J.S., Platt, W.J., Runkle, J.R., Spies, T.A. & White, P.S. (1990). Light 

regimes beneath closed canopies and tree-fall gaps in temperate and tropical forests. Can. 

J. For. Res., 20, 620–631. 

Carson, W.P., Royo, A.A. & Peterson, C.J. (2014). A Pox on our Land: A Case Study of Chronic 

Deer Overbrowsing throughout the Allegheny National Forest Region of Pennsylvania. In: 

The Herbaceous Layer in Forests of Eastern North America (ed. Gilliam, F.S.). Oxford 

University Press, New York, NY, pp. 400–411. 

Chazdon, R.L. (2003). Tropical forest recovery: legacies of human impact and natural 

disturbances. Perspect. Plant Ecol. Evol. Syst., 6, 51–71. 



 

75 

Clebsch, E.E.C. & Busing, R.T. (1989). Secondary succession, gap dynamics, and community 

structure in a southern Appalachian cove forest. Ecology, 70, 728–735. 

Connell, J.H. (1978). Diversity in Tropical Rain Forests and Coral Reefs. Science (80-. )., 199, 

1302–1310. 

Cooper-Ellis, S., Foster, D.R., Carlton, G. & Lezberg, A. (1999). Forest Response to Catastrophic 

Wind : Results from an Experimental Hurricane. Ecology, 80, 2683–2696. 

Côté, S.D., Rooney, T.P., Tremblay, J., Dussault, C. & Waller, D.M. (2004). Ecological impacts 

of deer overabundance. Annu. Rev. Ecol. Syst., 35, 113–147. 

Curtze, A.C., Carlo, T.A. & Wenzel, J.W. (2018). The Effects of a Tornado Disturbance and a 

Salvaged Timber Extraction on the Seed-Rain and Recruitment Community of an Eastern 

Temperate Deciduous Forest. Northeast Nat., 25, 627–645. 

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D., et al. (2001). 

Climate Change and Forest Disturbances. Bioscience, 51, 723–734. 

Donato, D.C., Fontaine, J.B., Campbell, J.L., Robinson, W.D., Kauffman, J.B. & Law, B.E. 

(2006). Post-wildfire logging hinders regeneration and increases fire risk. Science (80-. )., 

311, 352. 

Dufrene, M. & Legendre, P. (1997). Species assemblages and indicator species: The need for a 

flexible asymmetrical approach. Ecol. Monogr., 67, 345–366. 

Easterling, D.R. (2000). Climate Extremes: Observations, Modeling, and Impacts. Science (80-. 

)., 289, 2068–2074. 

Fischer, A., Marshall, P. & Camp, A. (2013). Disturbances in deciduous temperate forest 

ecosystems of the northern hemisphere : their effects on both recent and future forest 

development. Biodivers. Conserv., 22, 1863–1893. 

Frerker, K., Sabo, A. & Waller, D. (2014). Long-term regional shifts in plant community 

composition are largely explained by local deer impact experiments. PLoS One, 9, 1–17. 

Gilliam, F.S. (2007). The Ecological Significance of the Herbaceous Layer in Temperate Forest 

Ecosystems, 57, 845–858. 

Gilliam, F.S. (2014). The Herbaceous Layer — The Forest between the Trees. In: The herbaceous 

layer in forests of eastern North America (ed. Gilliam, F.S.). Oxford University Press, New 

York, NY, pp. 1–10. 

Habeck, C.W. & Schultz, A.K. (2015). Community-level impacts of white-tailed deer on 

understorey plants in North American forests: a meta-analysis. AoB Plants, 7, plv119. 



 

76 

Harrison, X.A., Donaldson, L., Correa-Cano, M.E., Evans, J., Fisher, D.N., Goodwin, C.E.D., et 

al. (2018). A brief introduction to mixed effects modelling and multi-model inference in 

ecology. PeerJ, 2018, 1–32. 

Johnstone, J.F., Allen, C.D., Franklin, J.F., Frelich, L.E., Harvey, B.J., Higuera, P.E., et al. (2016). 

Changing disturbance regimes, ecological memory, and forest resilience. Front. Ecol. 

Environ., 14, 369–378. 

Kramer, K., Brang, P., Bachofen, H., Bugmann, H. & Wohlgemuth, T. (2014). Site factors are 

more important than salvage logging for tree regeneration after wind disturbance in Central 

European forests. For. Ecol. Manage., 331, 116–128. 

Krueger, L.M. & Peterson, C.J. (2006). Effects of White-tailed Deer on Tsuga canadensis 

Regeneration : Evidence of Microsites as Refugia from Browsing. Am. Midl. Nat., 156, 

353–362. 

Kurulok, S.E. & Macdonald, S.E. (2007). Impacts of postfire salvage logging on understory plant 

communities of the boreal mixedwood forest 2 and 34 years after disturbance. Can. J. For. 

Res., 37, 2637–2651. 

Laurance, W.F. & Curran, T.J. (2008). Impacts of wind disturbance on fragmented tropical forests: 

A review and synthesis. Austral Ecol., 33, 399–408. 

Leverkus, A.B., Lindenmayer, D.B., Thorn, S. & Gustafsson, L. (2018). Salvage logging in the 

world’s forests: Interactions between natural disturbance and logging need recognition. 

Glob. Ecol. Biogeogr., 1–15. 

Lindenmayer, D., Thorn, S. & Banks, S. (2017). Please do not disturb ecosystems further. Nat. 

Ecol. Evol., 1. 

McCune, B. & Grace, J.B. (2002). Analysis of ecological communities. 2nd edn. MjM Software 

Design, Gleneden Beach, Oregon. 

Michalová, Z., Morrissey, R.C., Wohlgemuth, T., Bače, R., Fleischer, P. & Svoboda, M. (2017). 

Salvage-logging afterwindstorm leads to structural and functional homogenization of 

understory layer and delayed spruce tree recovery in Tatra Mts., Slovakia. Forests, 8. 

Molino, J. & Sabatier, D. (2001). Tree diversity in tropical rain forests: A validation of the 

intermediate disturbance hypothesis. Science (80-. )., 294, 1702–1704. 

Murphy, S.J., Audino, L.D., Whitacre, J., Eck, J.L., Wenzel, J.W., Queensborough, S.A., et al. 

(2015). Species associations structured by environment and land-use history promote beta-

diversity in a temperate forest. Ecology, 96, 705–715. 

Murphy, S.J., Salpeter, K. & Comita, L.S. (2016). Higher β-diversity observed for herbs ovaer 

woody plants is driven by stronger habitat filtering in a tropical understory. Ecology, 97, 

2074–2084. 



 

77 

Nuttle, T., Royo, A.A., Adams, M.B. & Carson, W.P. (2013). Historic disturbance regimes 

promote tree diversity only under low browsing regimes in eastern deciduous forest. Ecol. 

Monogr., 83, 3–17. 

Oksanen, A.J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., et al. (2019). 

Package ‘ vegan .’ 

Oksanen, J. (2010). Vegan: ecological diversity, 1, 1–14. 

Pendergast IV, T.H., Hanlon, S.M., Long, Z.T., Royo, A.A. & Carson, W.P. (2015). The legacy 

of deer overabundance: long-term delays in herbaceous understory recover. Can. J. For. 

Res., 1–9. 

Peterson, C.J. & Leach, A.D. (2008a). Limited salvage logging effects on forest regeneration after 

moderate-severity windthrow. Ecol. Appl., 18, 407–420. 

Peterson, C.J. & Leach, A.D. (2008b). Salvage logging after windthrow alters microsite diversity, 

abundance and environment, but not vegetation. Forestry, 81, 361–376. 

Platt, W. & Connell, J. (2003). Natural disturbances and directional replacement of species. Ecol. 

Monogr., 73, 507–522. 

R Core Development Team, 3.6.0. 2019. A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. 

RStudio Team, 1.0.153. 2016. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA 

URL http://www.rstudio.com/. 

Rooney, T.P. (2001). Deer impacts on forest ecosystems: a North American perspective. Forestry, 

74, 201–208. 

Rooney, T.P. & Waller, D.M. (2003). Direct and indirect effects of white-tailed deer in forest 

ecosystems. For. Ecol. Manage., 181, 165–176. 

Royo, A. A. & Carson, W.P. (2006). On the formation of dense understory layers in forests 

worldwise: consequences and implications for forest dynamics, biodiversity, and 

succession. Can. J. For. Res. 

Royo, A. a, Collins, R., Adams, M.B., Kirschbaum, C. & Carson, W.P. (2010a). Pervasive 

interactions between ungulate browsers and disturbance regimes promote temperate forest 

herbaceous diversity. Ecology, 91, 93–105. 

Royo, A.A. & Carson, W.P. (2008). Direct and indirect effects of a dense understory on tree 

seedling recruitment in temperate forests : habitat-mediated predation versus competition. 

Can. J. For. Res., 38, 1634–1645. 



 

78 

Royo, A.A., Peterson, C.J., Stanovick, J.S. & Carson, W.P. (2016). Evaluating the ecological 

impacts of salvage logging: can natural and anthropogenic disturbances promote 

coexistence? Ecology, 97, 1566–1582. 

Royo, A.A., Stout, S.L., DeCalesta, D.S. & Pierson, T.G. (2010b). Restoring forest herb 

communities through landscape-level deer herd reductions: Is recovery limited by legacy 

effects? Biol. Conserv., 143, 2425–2434. 

Rozman, A., Diaci, J., Krese, A., Fidej, G. & Rozenbergar, D. (2015). Forest regeneration 

dynamics following bark beetle outbreak in Norway spruce stands: Influence of meso-

relief, forest edge distance and deer browsing. For. Ecol. Manage., 353, 196–207. 

Runkle, J.R. (1982). Patterns of disturbance in some old-growth mesic forests of eastern North 

America. Ecology, 63, 1533–1546. 

Russell, R.E., Saab, V.A., Dudley, J.G. & Rotella, J.J. (2006). Snag longevity in relation to wildfire 

and postfire salvage logging. For. Ecol. Manage., 232, 179–187. 

Santoro, J.A. & D’Amato, A.W. (2019). Structural, compositional, and functional responses to 

tornado and salvage logging disturbance in southern New England hemlock-hardwood 

forests. For. Ecol. Manage., 444, 138–150. 

Sass, E.M., D’Amato, A.W. & Foster, D.R. (2018). Lasting legacies of historical clearcutting, 

wind, and salvage logging on old-growth Tsuga canadensis-Pinus strobus forests. For. 

Ecol. Manage., 419–420, 31–41. 

Schnitzer, S.A. & Carson, W.P. (2001). Treefall Gaps and the Maintenance of Species Diversity 

in a Tropical Forest. Ecology, 82, 913–919. 

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., et al. (2017). 

Forest disturbances under climate change Europe PMC Funders Group. Nat Clim Chang., 

7, 395–402. 

Sheil, D. & Burslem, D.F.R.P. (2003). Disturbing hypotheses in tropical forests. Trends Ecol. 

Evol., 18, 18–26. 

Slyder, J.B., Wenzel, J.W., Royo, A.A., Spicer, M.E. & Carson, W.P. (2019). Post-windthrow 

salvage logging increases seedling and understory diversity with little impact on 

composition immediately after logging. New For. 

Spicer, M.E., Mellor, H. & Carson, W.P. (2019). Seeing beyond the trees: a comparison of tropical 

and temperate plant growth-forms and their vertical distribution. Ecology, in press. 

Spicer, M.E., Suess, K.F., Wenzel, J.W. & Carson, W.P. (2018). Does salvage logging erase a key 

physical legacy of a tornado blowdown? A case study of tree tip-up mounds. Can. J. For. 

Res., 48, 976–982. 



 

79 

Taeroe, A., de Koning, J.H.C., Löf, M., Tolvanen, A., Heiðarsson, L. & Raulund-Rasmussen, K. 

(2019). Recovery of temperate and boreal forests after windthrow and the impacts of 

salvage logging. A quantitative review. For. Ecol. Manage., 446, 304–316. 

Tanentzap, A.J., Kirby, K.J. & Goldberg, E. (2012). Slow responses of ecosystems to reductions 

in deer (Cervidae) populations and strategies for achieving recovery. For. Ecol. Manage., 

264, 159–166. 

Thorn, S., Bässler, C., Brandl, R., Burton, P.J., Cahall, R., Campbell, J.L., et al. (2017). Impacts 

of salvage logging on biodiversity: A meta-analysis. J. Appl. Ecol., 1–11. 

Thorn, S., Bassler, C., Gottschalk, T., Hothorn, T., Bussler, H. & Raffa, K. (2014). New Insights 

into the Consequences of Post-Windthrow Salvage Logging Revealed by Functional 

Structure of Saproxylic Beetles Assemblages. PLoS One, 9. 

Tilman, D. (1990). Constraints and Tradeoffs: Toward a Predictive Theory of Competition and 

Succession. Oikos, 58, 3–15. 

USDA, N. (2019). The PLANTS Database. Natl. Plant Data Team. Available at: 

http://plants.usda.gov. Last accessed 18 September 2019. 

Utech. (1999). Checklist of the Vascular Plants of Powdermill Nature Reserve, Westmoreland 

County, Pennsylvania. 

Waldron, K., Ruel, J.-C. & Gauthier, S. (2013). Forest structural attributes after windthrow and 

consequences of salvage logging. For. Ecol. Manage., 289, 28–37. 

Waldron, K., Ruel, J.-C., Gauthier, S., DeGrandpre, L. & Peterson, C.J. (2014). Effects of post-

windthrow salvage logging on microsites, plant composition and regeneration. Appl. Veg. 

Sci., 17, 323–337. 

Wavrek, M., Heberling, J.M., Fei, S. & Kalisz, S. (2017). Herbaceous invaders in temperate 

forests : a systematic review of their ecology and proposed mechanisms of invasion. Biol. 

Invasions, 19, 3079–3097. 

Wermelinger, B., Moretti, M., Duelli, P., Lachat, T., Pezzatti, G.B. & Obrist, M.K. (2017). Impact 

of windthrow and salvage-logging on taxonomic and functional diversity of forest 

arthropods. For. Ecol. Manage., 391, 9–18. 

Werner, S.A.B., Müller, J., Heurich, M. & Thorn, S. (2015). Natural regeneration determines 

wintering bird presence in wind-damaged coniferous forest stands independent of 

postdisturbance logging. Can. J. For. Res., 45, 1232–1237. 

Whigham, D.E. (2004). Ecology of woodland herbs in temperate deciduous forests. Annu. Rev. 

Ecol. Evol. Syst., 35, 583–621. 

Zscheischler, J., Westra, S., Van Den Hurk, B.J.J.M., Seneviratne, S.I., Ward, P.J., Pitman, A., et 

al. (2018). Future climate risk from compound events. Nat. Clim. Chang., 8, 469–477. 



 

80 

4.0 DOES SALVAGE LOGGING ERASE A KEY PHYSICAL LEGACY OF A 

TORNADO BLOWDOWN: A CASE STUDY OF TREE TIP-UP MOUNDS 

Spicer, M. E., K. F. Suess, J. W. Wenzel, and W. P. Carson. 2018. Does salvage logging erase a 

key physical legacy of a tornado blowdown? A case study of tree tip-up mounds. Canadian 

Journal of Forest Research 48:976–982. 

4.1 Introduction  

Stand-replacing wind disturbances are powerful drivers of forest dynamics because they 

create large and highly heterogeneous patches of early successional habitat embedded within a 

matrix of older forest (Mitchell 2013).  These blowdowns are characterized by tree tip-up mounds, 

which are one of the signature physical legacies left by wind disturbances (Lyford and MacLean 

1966, Beatty 1984, Peterson et al. 1990, Schaetzl and Follmer 1990, Vodde et al. 2011).  The 

mounds and corresponding pits often increase plant diversity because they create bare soil patches 

and unique microsites (Schaetzl et al. 1989, 1990, Simon et al. 2011).  The pits and mounds also 

create steep gradients for an array of abiotic factors including temperature, humidity, snowfall, 

and soil resources (Beatty 1984, Peterson et al. 1990, Simon et al. 2011).  In addition, tall elevated 

mounds can provide refugia from browsers, and avian frugivores often perch on these mounds 

thereby dispersing seeds (Thompson 1980, Long et al. 1998).  Consequently, the vegetation on 

mounds often differs from adjacent off-mound reference sites even decades after the disturbance, 

and the soil characteristics may not return to a pre-disturbance state for centuries (Peterson et al. 

1990, Carlton and Bazzaz 1998, Ulanova 2000, Lang et al. 2009, Darabi et al. 2014).  What remains 
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unclear is whether novel plant communities will develop rapidly on mounds a few years after a 

blowdown.  

Salvage logging commonly occurs after windthrows and has the potential to eliminate post-

disturbance ecological legacies (McIver and Starr 2000, Peterson and Leach 2008, Vodde et al. 

2011, Royo et al. 2016, Lindenmayer et al. 2017).  Harvesting fallen trees decreases dead trees 

available for habitat use, scarifies the soil, and homogenizes the landscape (Lindenmayer et al. 

2004, Peterson and Leach 2008, Brewer et al. 2012, Waldron et al. 2014, Thorn et al. 2017).  In 

particular, salvage logging can reduce the abundance of intact or vertical tip-up mounds because 

cutting the bole often causes the root mass and stump to fall back down into the pit (Waldron et 

al. 2013).  Thus, salvaging has the potential to partially erase an important physical legacy left by 

a stand-replacement disturbance.  This process may in turn reduce diversity, particularly if unique 

plant communities form on tip-up mounds shortly after a blowdown.  

Here we test three hypotheses.  1. Novel plant communities with contrasting species 

composition, richness, and diversity will form on tip-up mounds rapidly after a large stand 

replacement disturbance.  2. Salvaging will substantially reduce the number of vertical tip-up 

mounds by causing the root mass to tip back down into the pit after logging and alter the physical 

characteristics of mounds.  3. Salvaging will create a novel habitat because “tipped-down” tip-up 

mounds remain elevated relative to reference areas but occur at a shallower angle (relative to the 

ground) versus near-vertical mounds that did not tip back down (Figure 1).  To address these 

hypotheses, we salvaged one half of each of four large windthrows and quantified plant community 

composition and diversity on 48 tip-up mounds in both salvaged and unsalvaged areas.  We also 

quantified how many once vertical tip-up mounds tipped back down into the pit (hereafter referred 

to as “inclined mounds”) after the bole was cut and compared the vegetation on these inclined 
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mounds to vertical mounds, and to adjacent randomly selected reference sites off the mound 

(Figure 1).  

4.2 Materials and methods 

4.2.1  Study site 

We conducted this study at four different blowdowns at the Powdermill Nature Reserve in 

Westmoreland County, PA (40.16 ͦ N, -79.27 ͦ W).  Annual precipitation at Powdermill is 

approximately 1100 mm and temperatures range from -20 to 33° C (Murphy et al. 2015).  

Powdermill is 900 hectares of mostly mature mixed mesophytic forest and lies on the Allegheny 

Plateau with slopes ranging from 8-35% (Murphy et al. 2015, NRCS 2017).  The whole forest was 

likely cut during the 1800s and some sections of the current reserve were actively used for 

agriculture and mining (Murphy et al. 2015).  However, portions of the study area forest have been 

growing back for more than 100 years and have not experienced anthropogenic disturbance since 

the establishment of the reserve in 1956.  The canopy is dominated by red and sugar maple (Acer 

rubrum, Acer saccharum), tulip poplar (Liriodendron tulipifera), and red and white oak (Quercus 

rubra, Quercus alba; Spicer unpublished data).  The soils are very stony Rayne channery loams 

and extremely stony Laidig gravelly loams (NRCS 2017).  In June of 2012, an F1 tornado with 

winds reaching 105 mph created four fairly large blowdowns (5.82, 4.51, 3.84, and 3.47 ha each) 

(NOAA 2012).  We randomly selected one half of each to be salvaged while the other half served 

as an unsalvaged control.  Salvaging occurred during the winter of 2013-2014 and used standard 
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techniques widely applied throughout the region; this approach removed nearly all downed and 

standing trees at each site (~100% standing stems).   

4.2.2  Quantifying mound density, dimensions, orientation, and vegetation 

We surveyed the entire area of all four blowdowns via a systematic meander and marked 

the location of each tip-up mound with a handheld GPS (Garmin Montana 680t).  To quantify 

mound dimensions, we first measured the height from the ground to the top of the mound and 

second from the bottom of the pit to the top of the mound (Ht1 and Ht2, respectively, Figure 1A).  

We also measured the mound width and the thickness of the uprooted soil mass with a tape measure 

and meterstick (Figure 1A, after Peterson et al. 1990).  We determined whether each tip-up mound 

had “tipped down” back into the pit it originated from, forming an inclined mound, or whether the 

mound was near-vertical by observing the angle of the tree stump with respect to the ground 

(Figure 1B).  Tip-up mounds were considered vertical if: 1) the root plate was near perpendicular 

(vertical) with respect to the ground, and therefore the angle of the tree trunk or stump was near 

parallel (horizontal) to the ground, and 2) there was a clear separation between the base of the tip-

up mound root plate and the pit. 

We quantified the vegetation on 48 (out of 249) randomly selected tip-up mounds, twelve 

in each of the four sites, six of which were in the salvaged area and six of which were in the 

unsalvaged area.  From June to July of 2015, three years after the tornado, we visually estimated 

plant cover on each tip-up mound for all species in 1m2 plots located on the top center of each 

selected tip-up mound (Royo et al. 2010, Nuttle et al. 2014).  For comparison, we also censused a 

randomly selected 1m2 reference plot (off-mound) within 2m of each tip-up mound.   
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4.2.3  Data analysis: Physical tip-up mound characteristics and “tipping down”   

We used paired t-tests to determine whether the average density of tip-up mounds per 

hectare was different in salvaged versus unsalvaged sites.  We ran the analyses with all tip-up 

mounds combined (vertical and inclined) as well as with the inclined mounds removed (to compare 

to studies in which inclined mounds are excluded; e.g., Waldron et al. 2013).  To quantify the 

extent to which salvage logging created inclined mounds, we ran a GLMM with a binomial 

distribution testing the effects of salvaging on the position of the tip-up mounds (binary: vertical 

where the root plate is at or close to vertical relative to the soil surface, or inclined where the stump 

is at a shallow angle with respect to soil surface; Figure 1).  Site differences were accounted for 

with random nested effects in the model. 

To test whether salvage logging creates differences in tip-up mound dimensions and 

therefore potentially drive plant community differences (Lang et al. 2009, Waldron et al. 2014), 

we compared the measurements of 191 intact vertical tip-up mounds in salvaged and unsalvaged 

areas with a linear mixed model.  We excluded inclined mounds from this analysis to avoid 

confounding salvaging effects and mound orientation effects.  Site and salvage treatment half were 

included as nested random effects in the model.  Heights, width, and thickness measurements were 

square-root transformed to fit Gaussian model assumptions of the linear model.  We adjusted the 

p-values for multiple tests (Bonferroni α=0.05/4=0.0125).  Finally, we quantified the physical 

differences between inclined and vertical mounds by comparing the height measurements of all 

mounds in the salvaged areas.  We excluded unsalvaged mounds in this analysis to avoid 

confounding salvaging and orientation effects.   
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4.2.4  Data analysis: Plant community metrics 

We compared total plant cover, species richness, and Shannon Diversity Index using 

percent cover (Magurran 1988, Oksanen et al. 2013) between tip-up mounds and nearby reference 

plots using generalized linear mixed models constructed with the lme4 package in R version 3.4.1 

(Bates et al. 2014, R Core Development Team 2017).  Our model included the main (fixed) effects 

of salvaging (salvaged or unsalvaged), microsite (tip-up mound vs. nearby reference plot), and 

microsite-by-salvaging interaction.  We explicitly accounted for the nested split-plot experimental 

design using nested random effects of site, salvaging treatment (salvage logged or unsalvaged half) 

and pair ID (paired tip-up and off-mound reference plots) in the model (Royo et al. 2016).  We 

performed pairwise post-hoc comparisons among the four treatment combinations with the 

emmeans package (Lenth 2016).  Species richness was modeled with a Poisson distribution and 

log link function and percent cover data were square-root transformed to fit model assumptions 

with a Gaussian data distribution.  

To evaluate whether communities were different among microsites, we used nonmetric 

multidimensional scaling (NMDS) with a Jaccard distance matrix, centering and PC rotation in the 

vegan package (Oksanen et al. 2013).  We evaluated the similarity of community composition 

using the cover of each plant species among salvaged and unsalvaged areas and on versus off tip-

up mounds with the adonis permutated analysis of variance (PERMANOVA) in the vegan 

package.  We excluded species that occurred in fewer than 5% of the plots because rare species 

can bias the analyses (McCune and Grace 2002, Nuttle et al. 2013, Royo et al. 2016).  Data were 

blocked by site and the main effects and interaction between microsite and salvaging treatment 

were evaluated for total cover of all species, for just tree species, and for non-tree species together 

(herbs, shrubs, and vines).   
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We followed up the overall community composition analyses with three complimentary 

approaches.  First, we ran an indicator species analysis with the indicspecies package in R to 

evaluate whether some species were associated with one of the treatments based on specificity and 

fidelity (Dufrene and Legendre 1997, De Cáceres 2013).  Second, we ran simultaneous LMMs on 

the square-root transformed percent cover estimates of the indicator species to test whether the 

mean cover was different among the four treatment combinations.  We interpreted the results of 

the LMMs with a Bonferroni-adjusted alpha for multiple tests (α=0.05/3=0.017).  Finally, we 

tested whether tip-up mounds hosted any unique species by identifying any of the 26 species that 

were present on tip-up mounds but completely absent in reference plots.   

We then analyzed a subset of the data from the 48 tip-up mounds used for community 

analyses—just from the salvaged areas—to test whether the orientation of the tip-up mound drives 

differences in plant community metrics.  We compared the plant species richness, Shannon 

Diversity Index, and total cover among the reference plots, the inclined mounds, and the vertical 

tip-up mounds with GLMMs (distributions and random effects as before).  We used a NMDS and 

a PERMANOVA on the community composition to compare inclined mound communities to 

reference plots and to vertical mound communities.  

4.3 Results  

We found a total of 249 tip-up mounds across the four blowdowns.  The density of tip-up 

mounds did not differ significantly between salvaged and unsalvaged sites, regardless of whether 

or not we included inclined mounds (Mean salvaged, including inclined mounds= 14 mounds per 

hectare ± 4 SE; mean unsalvaged, including inclined mounds = 13 mounds per hectare ± 3 SE; 
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p>0.05; Mean salvaged, excluding inclined mounds= 8 mounds per hectare ± 4 SE; mean 

unsalvaged, excluding inclined mounds = 13 mounds per hectare ± 3 SE; p>0.05).  Fifty-two of 

124 tip-up mounds “tipped back down” in salvaged areas (37%) forming inclined mounds and 

only 5 of 125 did so in unsalvaged areas (4%, Figure 2A; p<0.0001***).   

4.3.1  Physical characteristics of tip-up mounds 

Vertical tip-up mounds in salvage-logged areas were half a meter shorter than vertical tip-

up mounds in unsalvaged areas, both when measured from the pit (Ht1, p=0.0007**) (Figure 3A) 

and from the ground (Ht2, p<0.0001***) (Figure 3B).  Tip-up mounds did not differ in width or 

in root plate soil thickness between salvaged and unsalvaged areas (Width, p=0.08 NS; Thickness, 

p>0.05 NS) (Figure 3C,D).  Inclined tip-up mounds were on average 0.6m shorter than vertical 

tip-up mounds (when measured from the ground, p<0.0001***) but remained elevated as a hillock 

0.8m taller than ground level (standard error bars do not intersect height=0m) (Figure 2B). 

4.3.2  Effects of microsite and salvage logging on plant diversity and community 

composition  

 Species richness was lower on tip-up mounds (both inclined and vertical together) 

compared to adjacent reference plots off the mounds but the magnitude of this difference was 

reduced in salvaged treatments (significant microsite by salvaging interaction; Figure 4A, 

supplemental Table 1).  Shannon diversity was significantly lower on tip-up mounds than in 

reference plots, but only in unsalvaged areas (significant microsite by salvaging interaction; 

Figure 4B, Table 1).  Mean total plant cover was 52% lower on tip-up mounds versus reference 
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plots both in the salvaged and unsalvaged sites (Figure 4C, Table 1).  Overall, mounds had an 

impoverished flora relative to adjacent reference sites and this was particularly true on the 

unsalvaged side of the blowdowns.  

Salvaging caused the formation of different plant communities and tip-up mounds had 

different communities versus adjacent reference plots (both main effects p=0.001; Figure 7A).  

Salvaging created significantly different communities of herbs, vines, and shrubs (combined) and 

these communities also differed significantly between tip-up mounds and adjacent reference plots 

(Figure 7B).  Salvaging did not, however, significantly change tree communities but tree 

communities on mounds were significantly different from reference plots (Figure 7C).   

Indicator species analyses revealed that only three species were consistently associated 

with one of the four treatment combinations.  Podophyllum peltatum and Rosa multiflora were 

associated with unsalvaged reference plots and Robinia pseudoacacia was associated with 

salvaged tip-up mounds (Table 2).  Podophyllum peltatum and Rosa multiflora were completely 

absent on the 48 surveyed tip-up mounds and Robinia pseudoacacia cover was slightly higher 

(2%) in salvaged areas than unsalvaged areas (Table 3).  We found no species that occurred only 

on tip-up mounds.  

Mean species richness was significantly higher in reference plots than on either inclined or 

vertical mounds and Shannon diversity did not differ among vertical mounds, inclined mounds, or 

reference plots (Figure 5A,B).  Total plant cover was more than twofold higher in reference plots 

versus either vertical or inclined mounds (Figure 5C).  Community composition differed between 

tip-up mounds and the reference plots (p=0.001, Figure 6, 7).  Overall, the vegetation on inclined 

mounds was more similar to vertical mounds than to the reference plots (Figure 5A,C and Figure 

6B,C).  
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4.4 Discussion  

Catastrophic windstorms create a rare opportunity for early successional species to 

establish within mature forests and for the plant community to reassemble on a large scale.  Tip-

up mounds can be regeneration hotspots because they add topographic heterogeneity to the 

landscape and may provide unique regeneration microsites or a refuge from herbivores (Peterson 

et al. 1990, Long et al. 1998, Webb 1999).  We found that after three years, mounds were 

characterized by different plant communities in comparison to nearby reference sites.  Mound 

communities were moderately impoverished and had much less total plant cover than reference 

plots likely because these habitats are less stable and experience high levels of desiccation, 

freezing, and soil slough-off (Beatty 1984, Peterson et al. 1990, Bates et al. 2014).  While the 

communities on mounds and reference sites were different, this was primarily because plants were 

less abundant on the mounds.  We found no species that were unique to mounds and indicator 

species analyses demonstrated that only three species showed affinity to any one of the four 

treatment combinations.  There are two important implications of these results.  First, if sharp 

differences in community composition do develop on mounds versus reference plots, our results 

suggest that these differences develop later during forest regeneration.  Second, because mounds 

had much less cover (by as much as 60%), they will remain open for subsequent colonization much 

later during forest regeneration than sites off mounds.  This may be important if mounds stabilize 

over time and thus provide open habitats with bare soil for colonization and establishment well 

after the disturbance event.   

We quantified whether salvage logging reduced the abundance of mounds on the 

landscape.  Our results show that salvage logging does not eliminate tip-up mounds from the 

landscape or destroy them (cf. Cooper-Ellis et al. 1999, Waldron et al. 2013, 2014) but rather, in 
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our case, salvaging “tips down” approximately 40% of the mounds forming inclined mounds.  

Thus, salvage logging potentially creates a new intermediate habitat—inclined hillocks that are 

not as uplifted as vertical tip-up mounds, but have upturned soil and are elevated above reference 

areas (Figure 2B).  Salvage logging also contributed to creating shorter vertical mounds (by 0.5m, 

inclined mounds were excluded), likely because salvaged areas typically have more open canopies, 

which expose mounds to higher light and direct precipitation thus increasing the rates that mounds 

decay (see also Schaetzl and Follmer 1990, Lang et al. 2009).  We suggest that these hillocks, 

although only a few years old, resemble pit-and-mound topography after several decades (Lyford 

and MacLean 1966, Beatty 1984, Ulanova 2000, Šamonil et al. 2009).  Salvage logging may 

therefore accelerate post-windthrow soil development processes on tip-up mounds, but this has 

scarcely been tested (see mention in Lang et al. 2009, Waldron et al. 2013). 

We evaluated not only whether plant assemblages would contrast between vertical tip-up 

mounds and adjacent reference sites but also whether plant assemblages would be different on the 

inclined mounds created by salvaging.  The plant communities and species richness on inclined 

mounds were very similar to those on vertical mounds, which were both very different from 

reference plots.  On one hand, the similarity of the inclined mounds to the vertical tip-up mounds 

may be in part a historic imprint of the time between the tornado and the salvaging operation (in 

our case, 0-2 growing seasons).  Inclined mounds were, in fact, tipped-up for a few months to years 

before the bole was salvaged and the mound tipped back into the pit.  Thus, the vegetation may 

still reflect this time period a few years later, bearing the legacy (and vegetation characteristics) of 

the vertical tip-up mound it once was.  Nonetheless, we suggest that these inclined mounds, which 

form a characteristic hillock, are potentially unique microsites that are physically distinct from 

either vertical mounds or sites off mounds.  We predict that over many years, distinct plant 
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communities will develop on these hillocks at least partly because the soil on inclined mounds will 

stabilize sooner than on vertical mounds yet bare soil will still be present.  The rate of soil 

stabilization and the dynamic nature of tip-up mound topographical degradation are likely 

important drivers of plant community composition and species turnover over long time periods 

(Schaetzl and Follmer 1990, Ulanova 2000, Vodde et al. 2011, Phillips et al. 2017).  However, if 

the reason that vertical mounds have unique vegetation is because they serve as a refuge from 

browsers (Long et al. 1998, Krueger and Peterson 2006), then inclined mounds are likely too short 

and will instead have vegetation that becomes more similar to reference plots in time.  In areas 

where deer are over abundant, if salvaging tips down the vast majority of mounds, then salvaging 

may erase an important herbivore refuge across the landscape.  Thus, more studies are needed to 

quantify the percentage of tip-up mounds that tip back down.  In addition, it is not clear from other 

studies the degree that salvaging causes stumps to tip back down completely into the pit; in contrast 

to our findings, this would not create hillocks and could truly “eliminate” mounds.  There is likely 

to be substantial variation in these processes among forest types, disturbance types (e.g., fire versus 

blowdown), intensity of salvaging, and scale of analysis (Bradford et al. 2012, Kramer et al. 2014, 

Royo et al. 2016, Lindenmayer et al. 2017, Thorn et al. 2017).  Finally, we suggest that it would 

be fruitful to return to older salvaged sites and locate inclined mounds and compare the vegetation 

on these mounds to once vertical mounds and to adjacent reference sites.  
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4.5 Conclusions 

Here, we demonstrate that salvaging does not completely erase a signature legacy of a 

large-scale blowdown, specifically tip-up mounds.  Rather, salvaging tips down a substantial 

percentage of these mounds (~40%), causing the formation of inclined mounds that create novel 

heterogeneity in the form of numerous hillocks.  Most studies that describe post-salvage logging 

tip-up mounds have referred to mounds that tipped back down as returning to the pre-disturbance 

state or as completely eliminated (Cooper-Ellis et al. 1999, Waldron et al. 2013, but see mention 

by Lang et al. 2009).  Here, we show that this “tipping down” creates inclined mounds with 

physical characteristics and vegetation more similar to vertical mounds than to reference sites 

(Figures 2B,5,6).  No species were unique to either inclined or vertical mounds; thus, mounds 

were a slightly impoverished subset of the vegetation found within adjacent reference sites.  Our 

findings suggest that mounds, especially in unsalvaged sites, will remain more open microsites 

with patches of bare soil available for colonization many years into the future.   
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4.8 Figures and tables 

 
Figure 4-1. Tip-up mounds schematic. 

A) Measurements and depiction of a vertical tip-up mound. B) Depiction of a “tipped down” inclined mound 

post-salvage logging.  Randomly selected adjacent reference sites are shown in both A and B.  Note how inclined 

mounds provide a putatively unique microsite or hillock that contrasts with both a vertical mound (which 

occurs much closer to a 90-degree angle relative to the soil surface) and the adjacent reference site.  
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Figure 4-2. Measurements of tip-up mounds. 

A) Mean percent of tip-up mounds that tipped back down into the pit forming inclined mounds and vertical  

mounds (N=249).  B) Average height of intact vertical and tipped-down inclined mounds.  Note that inclined 

mounds remain elevated 0.8m above the ground.  Error bars are standard error.   
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Figure 4-3. Physical characteristics of vertical tip-up mounds between salvaged and unsalvaged areas. 

Physical characteristics of vertical tip-up mounds between salvaged and unsalvaged areas (inclined mounds 

are excluded, N=191): A) Mean height of mounds measured from lowest point of pit to highest point of mound 

B) height from ground to highest point of mound; C) width of mound; D) thickness of root plate.  The cutoff 

for statistical significance is adjusted for multiple tests (Bonferroni α=0.05/4=0.0125).   See Figure 1 for a 

depiction of these measurements.   
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Figure 4-4. Species richness, diversity, and cover: Tip-up mounds versus reference plots. 

A) Comparison of species richness,  B) Shannon diversity, and C) total cover among tip-up mounds and 

reference plots in salvage logged  and unsalvaged areas (N=96). Lowercase letters above bars indicate 

significant differences according to post-hoc pairwise comparisons.  
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Figure 4-5. Species richness, diversity, and cover: Intact tip-up mounds, inclined mounds, and reference plots 

within salvaged sites. 

Comparison of species richness (A), Shannon diversity (B), and total cover (C) among reference plots, inclined 

mounds, and intact vertical mounds in salvaged sites (N=48). Letters indicate significant differences according 

to post-hoc pairwise comparisons. 
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Figure 4-6. Plant community composition differences. 

Plant community composition differences among intact vertically oriented tip-up mounds, inclined mounds 

that have “tipped back down”, and reference plots in salvaged logged sites (N=47).  Polygons highlight the 

differences between plant community compositions based on percent cover estimates.   
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Figure 4-7. Plant community composition differences, by growth-form. 

Plant community composition differences among tip-up mounds and reference plots in salvaged logged and 

unsalvaged sites.  In the left panels, polygons highlight the differences between tip-up mound communities and 

reference communities. Community composition was significantly different for all plant species combined (A), 

non-tree species (B), and tree species (C).  In the right panels, polygons highlight the differences between plant 

communities in salvaged and unsalvaged areas, which were significant for all plant species combined (A) and 

non-tree species (B), but were not different for tree species (C).   

 

 

  

A All species 

B Herbs, shrubs, and vines 

C Trees 

pMicrosite=0.001** 

pMicrosite=0.001** 

pMicrosite=0.001** 

pSalvage=0.003** 

pSalvage=0.96 NS 

pSalvage=0.005** 
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Table 4-1. Results of (generalized) linear mixed models. 

Effects of salvage logging and tip-up mounds on plant species richness, diversity (H’), and total cover (per 

square meter). Negative values indicate tip-up mound values are lower than reference area values. 

 

N=96 Species richness Shannon diversity Total cover (%) 

Treatment z SE p t SE p t SE p 

Microsite -3.21 0.12 0.0013*** -0.65 0.15 0.52 -4.35 0.92 <0.0001*** 

Salvaging 1.76 0.14 0.093. -0.27 0.18 0.79 1.75 0.93 0.094. 

M*S -2.16 0.19 0.043* -2.32 0.21 0.023* 0.83 1.31 0.53 

 

Table 4-2. Results of indicator species analyses. 

The three species that are significantly associated with one of the four treatment combinations. 

 

 

Table 4-3. Mean cover of indicator species. 

Mean cover of the three indicator species (% per m2) in each of the four treatment combinations (first four 

columns). Results of generalized linear mixed model analyses displaying effects of salvage logging and tip-up 

mounds on cover of the three indicator species (last three columns). The cutoff for statistical significance is 

adjusted for multiple tests (Bonferroni α=0.05/3=0.017).   

 

Growth-form Species Associated habitat p-value 

Herb Podophyllum peltatum Unsalvaged reference 0.005** 

Tree Robinia pseudoacacia Salvaged tip-up mound 0.003** 

Shrub (invasive) Rosa multiflora Unsalvaged reference 0.012** 

 Reference Plots Tip-up Mounds p-values; α=0.017 

Species Salvaged Unsalvaged Salvaged Unsalvaged Microsite Salvage M*S 

Podophyllum 

peltatum 
0.08±0.08 1.09±0.60 0.00±0.00 0.00±0.00 0.67 0.15 0.05 

Robinia 

pseudoacacia 
1.04±0.84 0.00±0.00 3.09±1.57 0.14±0.14 0.014* 0.29 0.15 

Rosa 

multiflora 
0.08±0.08 2.61±1.33 0.00±0.00 0.00±0.00 0.79 0.008* 0.06 
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5.0 SUBSTRATE TEXTURE MEDIATES VASCULAR EPIPHYTE ESTABLISHMENT: 

EXPERIMENTAL EVIDENCE FROM A PANAMANIAN CLOUD FOREST 

Spicer, M. E., J. Ortega, and W. P. Carson. Substrate texture mediates vascular epiphyte 

establishment: experimental evidence from a Panamanian cloud forest. In preparation, 

intended for submission to Biotropica. 

 

5.1 Introduction 

Epiphytes, or plants that live non-parasitically on other plants, constitute approximately 

one fifth of Neotropical vascular plant diversity and often account for the majority of all plant 

species in montane forests (Gentry and Dodson 1987a, 1987b, Kelly et al. 1994, Spicer et al. 2019: 

Chapter 2).  They mediate ecosystem function by enhancing water capture per unit forest area and 

can contribute nearly four times as much leaf biomass to aboveground biomass than the trees that 

host them (Nadkarni 1984; Coxson and Nadkarni 1995; Holwerda et al. 2010; Van Stan and Pypker 

2015).  Epiphytes dramatically increase forest complexity and heterogeneity in the canopy, provide 

numerous host species for specialist insects (Stuntz et al. 2002), and provide limiting habitat for 

amphibians and birds (Nadkarni and Matelson 1989, Ellwood and Foster 2004, Scheffers et al. 

2014).  Despite their clear ecological importance, the ecology of arboreal plant communities is 

much less well-understood than terrestrial plant ecology.  The processes and mechanisms driving 

epiphyte community assembly and development, for example, remain largely unknown and rarely 

tested experimentally (Burns 2007; Mendieta-Leiva & Zotz 2015; Woods 2017).    
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For both epiphytic and terrestrial plants, the earliest life stage transitions are likely key 

bottlenecks to both individual survival and community development (Harper 1977, Mack and 

Harper 1977, Ackerman et al. 1996, Gilbert 2002, Zotz and Vollrath 2002, Laube and Zotz 2003, 

Mondragon and Calvo-Irabien 2006, Sheldon and Nadkarni 2013).  Juvenile epiphytes depend 

upon their microhabitat for water and nutrients more than terrestrial plants, because their roots are 

adapted for structural stability rather than direct water or nutrient absorption (Benzing 1990, 

Andrade and Nobel 1997).  They also face the unique challenge of adhering to their substrate early 

on, especially because approximately 84% of epiphyte seeds are anemochorous (Mondragon et al. 

2015).  Thus, host bark characteristics can be vital to epiphyte establishment and subsequent 

community development.  For example, high bark water absorption rates can enhance epiphytes’ 

access to water, which is particularly important in seasonally dry forests (Callaway et al. 2002, 

Mehltreter et al. 2005, Mondragon et al. 2015).  Bark exfoliation and allelopathic compounds, on 

the other hand, may inhibit germination, seedling growth or survival (Díaz and Elsa 2007, López-

Villalobos et al. 2008, Valencia-Díaz et al. 2010, Cortes-Anzures et al. 2017).  Several 

observational studies have identified a positive association between bark roughness and epiphyte 

abundance or diversity of epiphytes (Robertson and Platt 2001, Callaway et al. 2002, Wyse and 

Burns 2011).  However, Vergara-Torres et al. (2010) and  Boelter et al. (2014) found that bark 

texture was less important to epiphyte diversity than broader-scale variables such as nearby hosts 

and soil nutrients.  The results to date remain equivocal, mainly because observational studies 

cannot separate the effects of bark texture to correlated host traits such as age, size, and nearby 

epiphyte establishment simultaneously (reviewed in Wagner et al. 2015).  More experimental work 

is needed in situ to identify the independent contributions of host traits to epiphyte assembly 

(Wagner et al. 2015). 
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Here, we use a simple experiment to test the extent to which substrate texture drives 

vascular epiphyte establishment with an in situ experiment in a Neotropical cloud forest.  Our 

experiment is unique in that we sourced all substrates from the same individual tree and 

experimentally manipulated the roughness, allowing us to control several previously conflated host 

traits.  Moreover, we tracked the cohort survival of epiphyte seedlings every two months for more 

than a year, providing both a high temporal resolution and a moderately long-term component to 

in situ experiments. 

5.2 Methods 

5.2.1  Study site 

We set up our experiment in the premontane cloud forest of Santa Fé National Park, 

Veraguas, Panama (8 31.98’ N, 81 9.03’W) at an elevation of approximately 750m above sea 

level.  Santa Fé National Park, established in 2001, is a 72,636 hectare National Park located in 

the mountainous Cordillera Central region of Panama (Ministerio de Economía y Finanzas 2001). 

The park contains old-growth pre-montane, montane-tropical cloud forest, and lowland tropical 

seasonal forest with sparse human development (ANAM 2010, Cáceres-González 2013).  Because 

there is no climate station nearby, no local data are available on seasonal or annual precipitation.  

There is rainfall or heavy mist nearly every night in the higher elevations of Santa Fé National 

Park where we set up the experiment, and a slightly drier period occurs from February through 

April (Spicer & Ortega, personal observation).  Animal diversity is very high, with an intact fauna 

containing resident populations of jaguars and pumas, as well as persisting populations of 
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Critically Endangered Harlequin frogs (Angehr and Dean 2010, Hertz et al. 2012, Meyer et al. 

2013, 2019, Moreno and Meyer 2014, Perez et al. 2014, Ortiz and Croat 2016, Barrie et al. 2019, 

Rázuri-Gonzalez and Armitage 2019).  The park has not been well-studied taxonomically, and 

plant and animal species new to science have recently been described (González Cáceres et al. 

2011, Cáceres-González 2013, Cáceres-González and Ibáñez 2014, Flores et al. 2015, Kennedy 

and Flores 2015, Batista and Mori 2017, Barrie et al. 2019, Ortiz et al. 2019).  We report mean 

annual temperature and relative humidity measured every 4 hours from April 2017 through March 

2018 (Table 1) using four Hygrochron iButton (Maxim Integrated, D1923).  

5.2.2  Artificial substrate construction  

We tested the impact of substrate texture on epiphyte establishment by constructing 

platforms with varying roughness.  Each platform was salvaged from the inner wood (without 

bark) of a native fallen tree of the genus Pouteria (donated via permit #SE/AP-1-17).  Nine 

substrates were cut to approximately 1015110cm (depth, width, length).  Each of the nine 

platforms were divided into two halves, with at least a 2.5cm buffer between each half and around 

all edges.  Each half is referred to as a plot.  Each plot was then subdivided into five 1010cm 

subplots; these are referred to as subplots and are the unit of replication for each experimental 

treatment (Figure 1A). Thus, there are 5 treatments in each of 18 plots for a total of 90 subplots.   

We manipulated substrate texture by varying the rugosity (Luckhurst and Luckhurst 1978), 

or surface complexity or roughness.  We hand-sawed grooves to create 5 experimental levels of 

increasing rugosity.  The smoothest subplot (R0) was created using sandpaper to decrease the 

chainsaw cut texture; the second-most smooth subplot (R1) had no additional grooves because we 

used the original chainsaw cut of the wood.  We created the next two rugosity treatments (R2 & 
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R3) by hand-sawing four equidistant parallel grooves running the entire length of the subplot.  

Grooves on R2 were approximately 1mm deep and grooves on R3 were approximately 2mm deep. 

The most rugose subplot (R4) also had four parallel hand-sawn grooves of approximately 3mm 

deep, and had two additional grooves sawn from corner-to-corner (Figure 1A).  The five rugosity 

treatments were randomly allocated to each subplot.  We quantified rugosity by the straight-chain 

method (Luckhurst and Luckhurst 1978), wherein rugosity equals the length of a fine-chain laid 

across the surface (encompassing all the surface topography) divided by the straight-line distance 

(as measured by a ruler).  Rugosities in our experiment ranged from 1 (as measured, perfectly 

smooth) to 1.46.  Our goal was to mimic rugosities of nearby Neotropical trees; in Santa Fé, 

measured tree branch bark rugosities ranged from 1.1 to 2.1 (Spicer unpublished data).  We 

confirmed that the five rugosity treatments increased in measured rugosity (Figure 8), although 

they do not all separate statistically.  

We suspended and leveled all platforms 1.3m above the ground throughout the forest using 

shark-grade fishing line tied to nearby trees, at least 50m from each other.   To decrease the 

potential for colonization of microorganisms or juvenile plants prior to epiphyte seed application, 

(see below), we sanitized the boards with a 50/50 mix of bleach and water.  In a separate study, 

we have found that epiphytes still readily colonize bleached wood substrates in the absence of seed 

addition (Spicer unpublished data).  

5.2.3  Collection of epiphyte seeds 

We collected local seeds from nine different epiphyte species, using one individual of each 

species (permit SE/AP-1-17).  Four individuals were bromeliads and five were orchids. Seed 

capsules were kept in ambient conditions for less than two months until we used them in the 
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experiment.  It is unlikely that storage under ambient conditions would have decreased their 

viability (Correa and Zotz 2014). 

5.2.4  Application of epiphyte seeds and data collection 

All epiphyte seeds were removed from capsules and mixed thoroughly. For each subplot, 

one teaspoon of the seed mix was deposited by hand to a flat glass plate held immediately adjacent 

to one of the 1010 cm subplots.  We then used five puffs of air from an infant ear cleaner  to 

“wind disperse” the seeds onto the subplot.  The glass applicating plate was washed with water 

and dried between each application.  We performed all seed applications in only a few hours when 

it was not raining, but the substrates were damp from morning rain, which matches ambient 

conditions.  We did not add any water, nutrients, or growth hormones. (cf. laboratory germination 

experiments; Arditti 1967, Arditti and Ghani 2000, Mondragon and Calvo-Irabien 2006).  We also 

did  not adhere the seeds to the subplot, unlike other seed field experiments (Mondragon and 

Calvo-Irabien 2006, Hietz et al. 2012, Ruiz-Cordova et al. 2014, Shao et al. 2017).  Our goal was 

to expose the epiphytes to natural processes in situ, including those that would remove seeds.  

Notably, the local community and indigenous peoples in the Santa Fé region regularly propagate 

orchids in this way (without any added nutrients or adhesion) (Spicer and Ortega, personal 

communication).  We censused all subplots for epiphytes at approximately two-month intervals 

for 12 months. 
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5.2.5  Statistical analyses 

 First, we tested whether rugosity of the substrate predicted the abundance of germinated 

epiphytes at the first time point, two months after applying seeds.  We analyzed the continuous 

rugosity measurements as well as the five categorical rugosity treatments.  Note that there is 

variability in measured rugosity within a rugosity treatment (Figure 8).  We ran a generalized 

linear mixed model (GLMM) using the continuous rugosity measure to predict the abundance of 

epiphytes in each subplot (1010cm).  We included a random blocking factor with plots nested 

within the nine platforms as is appropriate for our split-plot design.  We modeled the count data 

as a Poisson distribution with a log link function.  To test how the five categorical rugosity 

treatments related to the abundance of epiphytes at two months, we used the same model 

parameters as in the continuous analysis.  We followed-up these GLMMs with Tukey’s posthoc 

tests.  In addition, we examined the proportion of each of the five treatments that were completely 

empty (no epiphytes) graphically.  Finally, we tested whether the effect of rugosity on epiphyte 

establishment decreased over time by comparing all time points in another GLMM.  In this model, 

we used the ordinal time points 1-6 as a fixed factor as well as the categorical rugosity treatments 

to predict epiphyte abundance, and included random blocked plot and pair factors as above.  We 

did not include or statistically evaluate subsequent recruitment that occurred after the first survey 

(two months) because new colonists could not be distinguished from individuals already present; 

regardless, our primary interest was mortality.  All analyses were run in R version 3.6.0 and models 

were run using the lme4 package (Bates et al. 2014, R Core Development Team 2017).  We 

calculated the pseudo-R2 conditional and marginal coefficients for the continuous-predictor test 

with the package MuMIn (Barton 2019).  
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5.3 Results 

We found a total of 1934 epiphyte seedlings across all plots after two months.  Mean 

epiphyte seedling abundance per 1010cm subplot was 21 ( 3.5 SE), and ranged from 0 to 173 

(Figure 3).  At two months, epiphyte abundance was positively correlated to rugosity, wherein 

more rugose substrates had higher epiphyte abundance (z=6.549, p<0.0001***, R2m=0.013, 

R2c=0.976; Figure 4). Our categorical analysis confirmed that the higher rugosity treatments 

caused higher abundance at two months with the two intermediate roughness treatments (R2 & 

R3) having the most epiphytes (all p<0.0001; Figure 5).  When averaged together, roughened 

substrates (R1-R4) had 27 more epiphytes on average than the smoothest substrate (R0).  Nearly 

80% of the smoothest substrates had no epiphytes present by two months; in contrast, on each of 

the four rugosity treatments subplots were empty on less than 40% of the subplots. (Figure 6).  

Epiphytes went practically extinct on all treatments over time but this was delayed by months on 

all the higher-rugosity substrates (Time: z=-3.951, p<0.0001***; Treatments: all p<0.0001***; 

Figure 7).   

5.4 Discussion 

5.4.1  Substrate rugosity as a regulator of epiphyte establishment 

Our results provide the first experimental evidence in situ of the direct connection between 

substrate rugosity and epiphyte establishment.  We demonstrated that variation in the texture of a 

host surface regulates subsequent epiphyte establishment.  As predicted, higher rugosity substrates 
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initially had much higher epiphyte abundances (mean of 32 more epiphytes), and also kept more 

epiphytes for longer (extinction rates declined slower).  Interestingly, the main differences we 

found were between the smoothest (sanded) substrates and all other rougher textures, suggesting 

that epiphytes may need just a small amount of roughness to adhere.  However, we recognize that 

because we used different approaches to achieve the experimental rugosity gradient (sanding, 

chainsaw, parallel grooves, and parallel grooves plus angled grooves), we cannot parse apart the 

effects of experimental approach from resulting rugosity differences.   

We observed subsequent recruitment of epiphytes after our first survey point, wherein the 

abundance of epiphytes increased over time.  We did not include subsequent recruits in any 

analyses, but anecdotally observed that 5/13 or 38% of the new recruitment occurred on substrates 

of the roughest texture (R4) (Figure 2).  We fully acknowledge that we cannot distinguish between 

post-seed application natural recruitment and late-germination of experimentally applied seeds, so 

we leave further exploration of recruitment dynamics to future studies.  Supply-side ecology may 

drive epiphyte establishment, but this remains to be rigorously tested experimentally. 

5.4.2  Epiphyte removal processes 

Although rugosity explains some of the variation in early epiphyte survival, it is not 

sufficient to allow for long-term persistence of seedlings.  In the end, almost all epiphytes went 

extinct within a year of dispersal to the substrates.  Across all substrates, the survival rate of our 

epiphyte seedlings over a year was 0.52%, corresponding to a 99.5% mortality rate (comparing 

the two-month survey to the one-year survey) (Figure 10).  Relative to the within-treatment two-

month abundances, survival rates were still quite high at approximately four months (60%), 

declined to 35% halfway through the experiment, and reached 12% by seven months (Figure 11).   
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Although the one-year mean is much lower than both the reported mean survival of 

bromeliads in controlled field experiments (37%) or for bromeliad species in observational studies 

(9%) (Mondragon et al. 2015), there are several notable differences between our study and 

previous literature.  For one, our experiment fits into neither of the study type categories reviewed 

in Mondragon et al. 2015.  Field experiments thus far have mostly been highly controlled with 

respect to adhesion; almost all germination studies use glue or tape to mount epiphytes in the field, 

ensuring removal processes are not responsible for the epiphyte seedling death (e.g., Zotz & 

Vollrath 2002).  We argue that removal is one of the most important natural processes in this 

bottleneck stage, so is important to incorporate.  Second, our experiment tracks very early on in 

ontogeny, truly in the first year of an epiphyte seedling’s life.  Previous seedling mortality literature 

almost exclusively uses epiphytes that are at least one  year old already (e.g., Zotz & Vollrath 

2002; Júnior et al. 2019).  Again, we argue that in nature, the epiphytes likely would not have even 

made it to that stage, so we did not pre-germinate any of the seeds prior to dispersal.  The only 

other study that we know of which experimentally tests the effects of substrate microsite (and 

fungal inoculum) on epiphyte germination processes in situ is Shao et al. (2017).  In that 

experiment, focused on one orchid species, the authors showed that without added fungal inoculum 

and adherence or protection from removal processes, seeds had a 0% germination rate (Shao et al. 

2017).  Thus, our experiment serves as an important proof-of-concept for in situ epiphyte 

germination experiments: we show that neither human-aided fungal inoculation, adherence, nor 

pretreatment are necessary for initial establishment.  In fact, in situ germination processes per se 

may be less of a bottleneck than previously suggested (Mondragón et al. 2015).  Instead, we 

suggest the more important bottleneck for epiphyte establishment is survival within the first year.  
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The mechanisms driving the high mortality rate in the field are likely removal via wind and 

rain.  Early in the experiment, we observed several examples of epiphyte seedlings dangling off 

the edges of the substrates just at the edge of the experimental grooves (Figure 12).  This pattern, 

though of course untested, is consistent with heavy rainfall, which would have led to rivulets of 

water washing across the substrates parallel to the grooves.  Rainfall has not previously been 

identified as a major cause of epiphyte mortality; in fact, drought has been implicated as the major 

cause of mortality in several experiments (Winkler et al. 2005; Benzing 2008; López-Villalobos 

et al. 2008; Zotz 2016; but see Cascante-Marín et al. 2008).  However, many of these experiments 

have occurred in seasonally dry or dry forests; our field site not only receives light rain almost 

daily year-round, including in the “dry season” (Ortega & Spicer pers. obs.), but even in the dry 

season humidity remains very high (Table 1).  Epiphyte mortality due to either drought or rainfall 

likely varies by substrate orientation as well; because all of our substrates were horizontal to the 

ground, evaluation of this variability is left to future studies.  We also observed likely evidence of 

heavy wind-caused mortality; after a known high-wind and -rain storm (J. Ortega pers. obs.), one 

of our experimental substrates had broken in half with a large branchfall.  All epiphyte seedlings 

observed on the substrate in the previous survey were gone by the time the next survey occurred.  

Typhoons are likely a driver of epiphyte community dynamics in Taiwan, as well as Puerto Rico 

and the southeastern United States (Oberbauer et al. 1996, Robertson and Platt 2001, Hsu et al. 

2018).  Branchfall and branch break can be a cause of epiphyte mortality, especially because 

epiphytes do not seem to survive for more than a few months on the forest floor (Matelson et al. 

1993; López-Villalobos et al. 2008; Sarmento Cabral et al. 2015; but see Pett-Ridge & Silver 

2019).  Branchfall has been suggested as an underappreciated potential driver of epiphyte 

community dynamics, and merits further study (Matelson et al. 1993, Sarmento Cabral et al. 2015, 



 

117 

Nadkarni and Kohl 2018).  Litterfall, pathogens, and herbivory may all contribute to early epiphyte 

seedling mortality, but none of these mechanisms have been well-tested experimentally.  

5.5 Conclusions 

Epiphyte ecology is poorly understood in comparison to terrestrial plant ecology; the early 

stages of ontogeny are key bottlenecks to the establishment of diverse epiphyte assemblages.  Here 

we experimentally demonstrate, in situ, that substrate texture can be an important driver of 

epiphyte establishment—a difference that lasts at least six months.  However, we also show almost 

100% mortality of juvenile epiphytes within a year.  Thus, we suggest that removal dynamics, 

rather than germination processes, are more likely to drive patterns of epiphyte community 

assembly.  In particular, we encourage future field experiments to test the mechanisms of mortality 

in the first year of an epiphyte’s life.  Epiphyte ecology in situ is in need of further exploration to 

understand the survival and development of diverse epiphyte communities.  
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5.7 Figures and tables 

 

Figure 5-1. Experimental design and predictions for one plot.  

One of five rugosity treatments, in random order, were applied to each 10x10cm subplot of salvaged native 

wood (A).  We used a standardized protocol to artificially wind-disperse seeds onto all substrates (B) and 

predicted higher epiphyte establishment at higher rugosities (more rough substrates) (C).  
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Figure 5-2. Seed photographs. 

Photographs of a subsample of epiphyte seeds used in the experiment, under a Nikon Eclipse 80i microscope at 

10x magnification.  
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Figure 5-3. Epiphyte seedling photograph.  

Photographs one of the subplots with a high abundance of epiphytes two months after the seeds were 

experimentally dispersed. 
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Figure 5-4. Epiphyte establishment versus continuous measured substrate rugosity. 

Higher (continuous) rugosity substrates had higher epiphyte establishment after two months. 
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Figure 5-5. Epiphyte establishment versus categorical substrate rugosity treatments. 

Higher (categorical) rugosity substrates had higher epiphyte establishment after two months.  Letters refer to 

statistical difference from posthoc Tukey’s HSD tests. 
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Figure 5-6. Complete epiphyte removal at two months. 

Proportion of subplots with zero epiphytes. After two months, completely vacant substrates were most common 

in the smoothest (R0) substrates.  
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Figure 5-7. Cohort epiphyte abundances through time. 

Almost all epiphytes were removed from the substrates or died in one year, but epiphytes on rougher substrates 

survived longer than those on the smoothest substrates. 
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Figure 5-8. Affirmation that rugosity treatments corresponded to increasing measured rugosity.  

Rugosity bins reflected measured rugosities, as measured by the straight-chain approach.  Letters correspond 

to differences by post-hoc Tukey HSD tests. 
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Figure 5-9. Epiphyte recruits.  

Total abundance of epiphyte recruits recorded throughout the year, per experimental rugosity treatment.  

Recruits were recorded if there was an increase in the total abundance of epiphytes on a subplot in comparison 

to the first survey (day 60). A total of 13 recruits were recorded, and the highest number of recruits (5) were 

found on the roughest substrates (R4).  
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Figure 5-10. Total epiphyte abundance through time, separated by rugosity treatment.  

Total epiphyte abundance, through time. Note that the last two points are both above zero (11 and 10 total 

epiphytes, respectively). 
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Figure 5-11. Pooled epiphyte survival, based on first survey period.  

Total epiphyte survival rate through time, as a percentage of total number of seedlings counted at the first 

survey point (two months). Note that the last two points are both above zero (0.6% and 0.5%, respectively).  
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Figure 5-12. Seedling removal photograph.  

Photograph of one example of epiphyte seedlings barely attached to the edge of the substrate, likely swept away 

by heavy rainfall.  
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Table 5-1. Mean temperature and relative humidity.  

Mean temperature and relative humidity measures in Santa Fé National Park, April 19th, 2018-March 26th, 

2019.  Readings were taken every two hours and relative humidities were truncated at 100%.   

 

 

  

 Relative Humidity (%) Temperature (℃) 

Minimum 64.22 16.58 

Maximum 100 29.08 

Mean 99.44 19.8 
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APPENDIX A: CHAPTER 2 SUPPLEMENTAL REVIEW METHODS 

We chose two prominent temperate forest research journals to test for growth-form 

publication bias in the Eastern Deciduous Forest Biome: the Canadian Journal of Forest Research 

(CJFR) and Forest Ecology and Management (FEM).  We searched directly on each journals’ 

press site and narrowed the study by 1) selecting only articles published between January 1st, 2000, 

and January 1st, 2017; 2) key word searching eastern OR deciduous AND North America; 3) 

excluding articles that did not collect or analyze data from North America; and 4) excluding 

articles with no plant data.  This yielded 737 articles from CJFR and 1337 articles from FEM.  We 

read the abstract and title of each article and determined which of four major growth-forms 

common in temperate forests (tree, shrub, herb, or vine) was the focus of the article.  If the focus 

could not be determined immediately from the abstract and title, we searched the results, 

introduction, and methods.  For each article, we noted: 1) whether data were included for each of 

the four growth-forms (present/absent); 2) whether the data were qualitative or quantitative; and 

3) which growth-form, if any, was the primary focus of the paper. 
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