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Abstract 

I have always been drawn to change, whether I liked it or not. As a kid, I was 

obsessed with dinosaurs and their extinction, all while having to move constantly as a 

Navy brat. As an adult, I am devoted to understanding how and why systems change, 

likely inspired by the unending change of my childhood. However, as I matured, I 

realized that change is almost never spurred by a single event, but rather a multitude of 

shocks to the system. This dissertation focuses on the complexity of multiple ecological 

disturbances and highlights their importance in the world. Using several multi-

disturbance experiments, I explore a wide variety of disturbance interactions in the 

temperate deciduous forest. The first chapter of this dissertation focuses on how deer and 

canopy gaps influence invasive earthworms, shedding new light on how aboveground 

events can change belowground communities. The second chapter builds upon the first 

and tests how combined deer and canopy gaps influence understory regeneration over 15 

years, with some reference to invasive earthworms. Lastly, the third chapter explores how 

combined fire, deer, and canopy gaps change the seed bank over 13 years. Each of the 

aforementioned disturbances are common and influential in eastern forests, although they 

are not often studied together. In each chapter we find that community responses vary 

depending on the disturbances in question. This dissertation is meant to highlight how 

little we know about the many ways in which multiple disturbances change ecosystems 

and how critical it is that we start to study these complex drivers of change, particularly 

as the climate warms and disturbances become more frequent on the landscape. 
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Introduction 

Humans are particularly good at thinking about one thing at a time. Thus, we 

gravitate towards binaries, as they simplify and reduce complexity. Ecologists are no 

different: The experimental underpinnings of our field come from a binary perspective. 

Did x increase y? Did an organism respond to an experimental treatment or didn’t it? 

How does an unburned forest compare to a burned forest? And although this is a valid 

and informative way to approach the natural world, it can force us into a trap, wherein we 

ignore the complexity and nuance that actually occurs on the landscape. 

The field of disturbance ecology is particularly influenced by the binary 

perspective. We compare areas that are disturbed and undisturbed, using these categorical 

variables to differentiate how communities respond. Often, we do not consider any other 

disturbances that may be co-occurring on the landscape and whether these disturbances 

interact. For instance, fire and deer can have an interactive effect on ecosystems 

(Although generally not at the exact same time). Rather, the legacies of disturbance 

interact and can lead to drastically altered community outcomes. A fire can rip through a 

stand (disturbance), leading to a pulse of vegetation (legacy), which attracts large 

herbivores (disturbance), and these herbivores could consume so many plants they leave 

behind an altered community (legacy). Hypothetically, after this fire, the plants could 

regenerate with such strength that the effects of herbivores are negated. Or, the sheer 

amount of herbivores eating plants could drastically change which plant species can 

survive post-fire, leading to a different ecological trajectory. Point being, each of these 

disturbances have different intensities and durations, all of which mediate the resulting 
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legacy and the degree of interactive effects. The nuance and complexity in these 

scenarios seems endless.  

However, despite these complexities, multiple-disturbance ecology is making 

headway on the many ways in which disturbances might interact. This dissertation uses 

several large experiments throughout the eastern United States to untangle several of the 

most important drivers of change in temperate forests. Namely, I investigate 

combinations of treefall and resulting canopy gap creation, low intensity fire, deer 

herbivory, and earthworm invasion. Each of these disturbances are highly influential in 

forest development and they all interact in some way on the landscape. Thus, each of 

these disturbance combinations could lead to new and different community outcomes 

than their individual counterparts alone. And although we cannot test all the ways in 

which these disturbances interact, this dissertation provides an important platform for 

thinking about multiple disturbance within a relatively nascent field and highlights their 

many management implications. 

One of the main themes of this work is that different disturbance combinations 

can lead to different community outcomes. In Chapter 1, we found that deer and canopy 

gaps can lead to dramatic changes in earthworm invasion across two separate 

experiments in northern Wisconsin. We generally found the highest earthworm 

populations in areas with deer and closed canopies overhead. In Chapter 2, we used the 

same experiment as in Chapter 1 to test how deer, canopy gaps, and ruderal vegetation 

(Rubus and C. pensylvanica) influence woody plant regeneration and community 

composition over 15 years. Sapling density was substantially higher in areas with deer 

fencing and a gap overhead (which was also the least favorable location for invasive 



 3 

earthworms in Chapter 1) and reduced the dominance of ruderal shrubs and sedge. Lastly, 

in Chapter 3, we used an experiment in West Virginia to test how understory fire, canopy 

gaps, and deer exclosures can change the forest seed bank after 13 years. We found that 

fire combined with gaps and fencing led to radically different seed bank communities 

than any individual disturbance. 

Although this work highlights the many unique and unexpected ways in which 

multiple disturbances can influence a landscape, multi-disturbance ecology is in its 

infancy and will be critically important as disturbances become more frequent with a 

changing climate. Thus, I have several recommendations for ecologists that are 

considering an experiment that tests for the effects of multiple disturbances. First and 

foremost, record and publish each disturbance’s intensity, duration, and spatial scale as 

these quantitative variables are likely playing a substantial role in mediating how a 

community responds to a disturbance. Fires burn at different intensities, deer populations 

and browse intensity vary, and winds blow at different speeds. Each of these factors can 

lead to different ecological outcomes, especially when disturbances interact on the 

landscape. In addition, when these disturbance metrics are measured and quantified, it 

allows for more direct comparisons between disturbance events in different ecosystems.  

In addition, it is critical that we consider and test how multiple disturbances 

influence multiple strata of an ecosystem. In forests, we tend to focus on how trees 

respond to disturbance. However, the understory and midstory layer of shrubs and herbs 

are arguably more vulnerable to disturbance and just as important for forest development 

and function. Soil micro and macro-faunal communities represent another highly 

vulnerable and influential component of ecosystems that likely change depending on the 
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combination of disturbances in question. However, each of these ecological groups have 

been largely forgotten when testing the effects of multiple disturbances. 

Lastly, our field should start to give more consideration to the long-term effects of 

low and moderate intensity disturbances. In addition to humans preferring simple 

binaries, we also have relatively short attention spans. Thus, much of our contemporary 

multi-disturbance theory is constructed from only a few years of data using disturbance 

events that are high intensity and disrupt a large spatial extent. Although these large, 

infrequent disturbances are highly influential, it does not negate that low and moderate 

intensity disturbances are far more frequent and as influential in ecosystem development. 

Yet, we do not have a good understanding of how these low and moderate intensity 

disturbance interactions can influence ecosystems in the long term. This point is 

particularly important as we consider how many disturbances are expected to become 

more frequent with a changing climate. 
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1This chapter was published in Ecology (March 2023) under a Creative Commons license 

and is cited as such: 

Reed, S.P., Bronson, D.R., Forrester, J.A., Prudent, L.M., Yang, A.M., Yantes, A.M., 

Reich, P.B., Frelich, L.E., 2023. Linked disturbance in the temperate forest: 

Earthworms, deer, and canopy gaps. Ecology n/a, e4040. 

https://doi.org/10.1002/ecy.4040 

https://doi.org/10.1002/ecy.4040
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Summary 

Despite the large body of theory concerning multiple disturbances, there have 

been relatively few attempts to test the theoretical assumptions of how and if disturbances 

interact. Of particular importance is whether disturbance events are linked, as this can 

influence the probability and intensity of ecological change. Disturbances are linked 

when one disturbance event increases or decreases the likelihood or extent of another. To 

this end, we used two long-term, multi-disturbance experiments in northern Wisconsin to 

determine whether earthworm invasion is linked to canopy gap creation and white-tailed 

deer browsing. These three disturbances are common and influential within North 

American temperate forests, making any interactions among them particularly important 

to understand. We expected both deer and canopy gaps to favor invasive earthworms, 

particularly species that live close to or on the soil surface. However, we found only 

partial support of our hypotheses, as both deer exclosures and canopy gaps decreased 

earthworms in each experiment. Further, earthworm density increased the most over time 

in areas far from the gap center and in areas with deer present. Deer exclosures primarily 

decreased Aporrectodea and Lumbricus species, while gaps decreased Dendrobaena and 

Lumbricus species. Our findings show that earthworm invasion is linked to deer presence 

and gap creating disturbances, which provides new insight towards multiple disturbance 

theory, aboveground-belowground dynamics, and temperate forest management.  
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1.1: Introduction 

Our understanding of terrestrial disturbances is largely derived from researching 

individual phenomena (Turner 2010). Although single disturbance events can 

significantly impact ecosystems, their intensity may be dependent on the presence of 

other disturbances on the landscape (Foster et al. 2016; Johnstone et al. 2016). 

Disturbance events can be linked and increase or decrease the likelihood, intensity, or 

spatial extent of another (Buma 2015), such as blowdowns increasing wildfire intensity 

(Cannon et al. 2017). These linked disturbances can then compound, allowing an 

ecosystem little time for recovery between events and potentially sending it on a new 

developmental trajectory (Paine et al. 1998; Burton et al. 2020). As climate change 

increases disturbance frequency and duration, these interactions are expected to become 

more prevalent and influential in socio-ecological systems (Dale et al. 2001; Frelich 

2002).  

However, despite a well-established theoretical understanding of multiple 

disturbances and their potential consequences, there has been insufficient effort devoted 

to testing disturbance interactions relative to the effects of individual events (Graham et 

al. 2021). To this end, North American temperate forests are a relevant system to 

investigate disturbance interactions, given their ecological and functional importance 

(Landuyt et al. 2019). Three influential temperate forest disturbances are canopy gaps 

from treefall, white-tailed deer (Odocoileus virginianus) browsing, and European 

earthworm invasions (Frelich 2002; Bohlen et al. 2004b; Hanberry & Faison 2023). Each 

disturbance has unique and relatively well-understood individual effects on vegetation, 

but their long-term influence on one another is largely unknown, leaving a gap in our 
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understanding of how common disturbances interact (Côté et al. 2004; Bohlen et al. 

2004b; Muscolo et al. 2014).  

Canopy gaps can be created by windstorms, diseases, or tree harvest and often 

spur plant growth by increasing light availability in the understory. Gaps can also alter 

understory microenvironments, favoring certain plant species depending on location 

within or around the gap (Kern et al. 2013; VanderMolen et al. 2021). Canopy gap 

induced understory plant growth can then attract deer and increase browse pressure 

(Forrester et al. 2014). Over time, high browsing can transform the understory 

community of herbs and saplings, eventually leading to changes in succession and forest 

structure (Royo & Carson 2006; Royo & Carson 2022). Deer also indirectly change forest 

soil properties (Rooney & Waller 2001; Sabo et al. 2017), which can affect soil-dwelling 

fauna like earthworms.  

Earthworms have long been recognized for their ability to transform soils (Darwin 

1881). When introduced to formerly glaciated and earthworm-free landscapes in the 

Midwest U.S. earthworms function as a disturbance, causing significant losses in native 

plant biodiversity through soil mixing, consumption of seeds and litter, and alteration of 

soil chemical characteristics (Hale et al. 2006; Frelich et al. 2019). Earthworm impacts 

depend on the genera in question, as certain species occupy different soil niche spaces 

and can serve as an indicator of how an ecosystem is changing (Bottinelli et al. 2020). 

Dendrobaena species occupy the litter layer and do not impact soil or plant species (Hale 

et al. 2005b). Aporrectodea species occupy the first 15 cm of soil, are sensitive to soil 

chemical alterations, and can cause long-lasting changes in soil microbial communities 

(Bart et al. 2019), while Lumbricus species occupy multiple soil niche-spaces and can 
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change soil faunal communities, nutrient levels, and seed communities (Cassin & 

Kotanen 2016).  

There is limited and variable evidence regarding linkages among canopy gaps, 

deer, and invasive earthworms, despite each of their respective influences on the forest. 

Some studies link increased earthworm populations to deer presence, but this 

phenomenon has only been found in a handful of locations in the eastern United States 

(Davalos et al. 2015c; Cope & Burns 2019; Mahon & Crist 2019). Some hypothesize that 

deer create favorable soil environments for earthworms through increased soil 

heterogeneity from trampling or greater nutrient availability from deer waste (Davalos et 

al. 2015c; Cope & Burns 2019). Others have found no relationship between deer and 

earthworms (Shelton et al. 2014; Dobson & Blossey 2015). Thus, no conclusions can be 

made regarding this disturbance link’s potential mechanisms or generalizability. Research 

on connections between canopy gaps and invasive earthworms is even more limited. 

Nachtergale et al. (2002) found that single-tree gaps decrease earthworm biomass through 

post-harvest soil disturbance, whereas Ganault et al. (2021) found that more open 

canopies may favor earthworms through abiotic factors.  

To investigate whether influential temperate disturbances are linked, we tested 

how earthworm invasion is influenced by canopy gaps and deer in two long-term 

experiments in northern Wisconsin, USA. These experiments are unique in their factorial 

manipulation of dozens of large (>20-m) canopy gaps and deer exclosures over a decade 

and across a wide spatial scale. Since earthworms were already established at each 

experimental site, we could assess earthworm community variation across individual and 

combined gap creation and deer exclusion treatments. One site was surveyed for 
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earthworms prior to experimental treatments, providing a baseline for us to test if 

earthworm density varied with disturbance treatments over 13 years. We hypothesized 

that increased earthworm biomass and density would be linked with deer presence and 

canopy gaps (H1 & H2) and that both disturbances would synergistically increase the 

biomass and density of all earthworm species (H3). In this scenario, increased vegetative 

biomass under a canopy gap would increase the number of deer, which would then 

concomitantly increase earthworm populations through more favorable soil 

environments. Deer and canopy gaps likely affect the upper layers of soil, therefore we 

also expected earthworm species that reside on or near the surface to be particularly 

influenced by these disturbances.  

1.2: Methods 

Site Description 

This study used two long-term experiments in Wisconsin, USA. The first 

experiment is the Managed Old Growth Silviculture Study (MOSS), which was 

established in 2007 and has three, ≈200 ha replicate sites located in the Northern 

Highlands American Legion State Forest (NH), the Flambeau River State Forest (FL), 

and the Chequamegon-Nicolet National Forest’s Argonne Experimental Forest (AR) (Fig. 

1.1). The second experiment, ‘The Flambeau Experiment’ (FE), was established in 2006 

and is in the northern portion of the Flambeau River State Forest (Fig. 1.1). Stands at 

each site are representative of a maturing Great Lakes northern hardwood forest and are 

dominated by even-aged, second-growth sugar maple (Acer saccharum) with 

subdominant assemblages of intermediate shade-tolerant species such as white ash 
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(Fraxinus americana), yellow birch (Betula alleghaniensis), and red oak (Quercus rubra) 

(Forrester et al. 2014; Fassnacht & Steele 2016). Soils differed among sites, with both 

Flambeau locations having silt loam over sandy loam soil, AR having sandy loam with 

high stone proportion, and NH having sandy loam soil over stratified outwash sand 

(Fassnacht et al. 2013). All sites in this study were separated by a maximum of 140 km 

across roughly the same latitude, with mean temperatures of ≈4.2° C and mean 

precipitation of ≈88.6 cm (Climate Normals 2006–2020; NOAA NCEI - Station 

USC00475516). 

Managed Old Growth Silviculture Study (MOSS) – The MOSS experiment has 

several harvest-created canopy gap treatments across the three replicate sites that were 

established in the winter of 2007 and 2008 (for further detail regarding establishment see 

Fassnacht et al. 2013). We used the “Large Gaps” treatment, which consists of 16, 24-m 

diameter canopy gaps within a 48-ha stand at each site. One canopy gap could not be 

found at AR, leading to a total gap count of 47 across the three sites. Each gap contains a 

deer exclosure in one of four locations along a north-south gradient: the north transitional 

edge, the northern gap, the center gap, or the south transitional edge (Fig. 1.1). All 

exclosures were established in summer 2007. Each fence is 5.25 x 5.25m wide and 1.5m 

tall, except for the north gap locations, which are longer (3.75 x 7.5m) to capture 

potential plant variation in this location of the canopy opening. Hereafter we also refer to 

exclosure treatments as “fenced” or “unfenced,” with the latter signifying deer presence.  

We sampled earthworms in August and September of 2019 in MOSS. In sites 

with a gap overhead, we placed one circular earthworm plot (0.07 m2) in the center of 

exclosures and a paired earthworm plot 4.5 m away from the western or eastern edge of 
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fencing (n = 47; Fig. 1.1). We sampled inside and outside of 19 fences without a gap 

overhead across the three site’s controls (AR [n=4]; FL [n = 4]; NH [n=11]). Prior to 

sampling, all litter in a plot was collected and searched for earthworms. Soil moisture and 

temperature were measured adjacent to the plot. We then poured a liquid mustard 

solution on the soil (40 g of powdered mustard to 3.8 L of water) and collected all 

earthworms that rose to the surface over 15 minutes (Hale et al. 2006). All earthworms 

associated with a single gap and exclosure were collected on the same day. Each 

earthworm that emerged from the soil was placed in 70% isopropyl alcohol for 

preservation. Isopropyl alcohol was replaced every three weeks for two months until 

earthworms were preserved. One earthworm sample within the control sites was lost due 

to the test tube cracking. Each earthworm was identified to species or genus and 

measured lengthwise. These lengths were input into Hale et al. (2004)’s allometric 

equations to estimate ash-free dry biomass (afdb).  

The Flambeau Experiment – The Flambeau Experiment (FE) is another long-term 

study that tests how forest structure influences fine-scale vegetation and soil processes 

(Forrester et al. 2012). The FE has 35, 80 x 80 m plots with seven fully replicated 

treatments. We used the canopy gap (n =5) and fenced canopy gap (n = 5) treatment’s 22-

m diameter gaps, which is similar to the gap sizes in the MOSS experiment (Fig. 1.1). 

Gaps were established in January 2007. Each gap is surrounded by an uncut transitional 

edge that is the same radius as the gap itself (11-m) and an additional 5-m wide buffer 

area, which we used as a control. The fenced canopy gap plots are surrounded by an 80 x 

80 m deer exclosure (2.1-m tall), which were established in fall 2007.  
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We sampled earthworms prior to gap and fencing treatments in late spring 2006, 

then sampled earthworms again 13 years after treatment in the fall of 2019. Earthworms 

were sampled along a north-south transect across each 22-m canopy gap, from the north 

buffer to the south transitional edge (Fig. 1.1; n = 5 at each gap location). The 2019 

earthworm sampling locations were approximately where earthworms were sampled in 

2006. The only difference between sampling periods is that the 2019 north gap location 

was 1.5 m north of the 2006 north gap location. Earthworms were extracted, measured, 

and identified using the same methodologies as the MOSS experiment. Weather 

conditions between spring 2006 and fall 2019 were also consistent, with neither period 

experiencing drought, which reduces earthworm biomass (US Drought Monitor; Hale et 

al. 2006).  

Statistical Methods 

 Across both MOSS and FE, earthworm biomass and density were used as the primary 

response variables in our study. Similar to Hale et al. (2005b) and Davalos et al. (2015c), 

species were binned according to the most common genera - Dendrobaena, 

Aporrectodea, and Lumbricus. Earthworms were grouped according to genera rather than 

functional group due to the current debate concerning this categorization framework 

(Chang et al. 2016; Bottinelli et al. 2020). Several Dendrodrilus rubidus specimens were 

found and binned with Dendrobaena, as both species are very similar in size and feeding 

patterns (Hale et al. 2005b). The genus Octolasion was present at some sites, but we did 

not have the statistical power to test if this genus varied with disturbance treatments. We 

also tested whether earthworm communities in 2019 varied with treatment using the 

‘adonis2’ and ‘betadisp’ functions in the vegan package (Oksanen et al. 2022). 
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 In MOSS, total earthworm biomass, total Lumbricus biomass, and total Dendrobaena 

biomass were either cube or square root transformed to meet the assumptions of a linear 

mixed effects model in the ‘lme4’ package (Bates et al. 2015). Our fixed effects were 

deer exclosures, gap presence, and their interaction. Our random effects structure for all 

MOSS models was location within a gap nested within gap number nested within site. 

Soil moisture and soil temperature were initially incorporated into models, but each of 

these variables had little influence on earthworm biomass and density. Aporrectodea 

biomass was analyzed using generalized linear mixed effects models (GLMM) in the 

‘glmmTMB’ R package with a tweedie error distribution, which allows for zero-inflated, 

continuous data (glmmTMB; Brooks et al. 2017). Total and genera-specific earthworm 

densities were also tested using a GLMM with either a Poisson or negative binomial error 

distribution using the same model structure as above. 

For FE, we scaled 2006 and 2019 earthworm densities to a 1-m2 area. The 

differences in earthworm density between 2006 and 2019 were then tested using GLMMs 

with year, gap location, and their interaction as fixed effects, or with year, fencing, and 

their interaction as fixed effects. Our random effects were gap location nested within plot 

number. Earthworm metrics from 2019 were tested as a function of deer exclosure, 

location within a gap, and their interaction, with plot number as a random effect. 

Significance within mixed effects models was tested with Type III ANOVA with a 

Kenward-Roger degrees of freedom adjustment and significance within generalized 

linear mixed effects models was tested using a Type III Wald Chi-Square test. All 

corresponding model assumptions were met and tested using the ‘DHARMa’ package 

(Hartig 2017). The ‘emmeans’ package was then used for pairwise analysis with a 
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Bonferroni adjustment (Lenth et al. 2022). We report proportional differences between 

treatments based on untransformed means, but median values also showed similar 

patterns with disturbance treatment. We also report data to meet several minimum 

descriptive standards set by Buma (2021) to simplify integration into disturbance ecology 

related meta-analyses. 

 1.3: Results 

 For this experiment we collected, measured, and identified nearly 2000 European 

earthworms. Population biomass and density varied by site, with the FE having the 

greatest earthworm biomass and density, followed by AR, then NH, and finally FL (Table 

1.1). Species densities varied among sites, but all species aggregate biomass rankings 

were consistent among sites. Lumbricus had the highest biomass, followed by 

Aporrectodea, and then Dendrobaena. However, earthworm communities did not vary 

with disturbance treatments in either experiment. Between MOSS and FE, we found that 

deer and canopy gaps both influence earthworm density and biomass. Deer presence led 

to increased earthworm biomass and density, whereas canopy gaps led to decreased 

earthworm biomass and density. 

Managed Old Growth Silviculture Study (MOSS) 

Within MOSS, mean earthworm biomass was 21% lower in the fenced treatments 

(F1,63 = 5.5, p = 0.02; Fig. 1.2), while mean earthworm biomass was 62% lower under a 

canopy gap than under a closed canopy (F1,61.3 = 9.4, p = 0.003; Fig. 1.2). Earthworm 

density had a similar trend with mean density being 17% lower inside of fencing (χ2 = 

4.6, df = 1, p = 0.03) and 8% lower under canopy gaps (χ2 = 0.33, df =1, p = 0.56). No 
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significant interactions were found between fencing and canopy gap presence, nor did 

earthworm biomass and density vary by location within the gap.  

Each earthworm genus followed a similar response pattern to fencing and gap 

treatments, although certain genera were more strongly influenced by disturbance 

treatments than others (Fig. 1.3). In fenced treatments, Aporrectodea mean biomass and 

density were 25% and 8% lower respectively (χ2 = 4.2, df = 1, p = 0.04; χ2 = 4.1, df = 1, p 

= 0.04), but canopy gaps had little influence on Aporrectodea biomass (χ2 = 0.13, df =1, p 

= 0.71). Fencing and canopy gaps had an interactive effect on Aporrectodea density (χ2 = 

3.7, df =1, p = 0.05); Mean earthworm density was lower inside of fencing under a closed 

canopy (t = -2.0, df = 122, p = 0.04). Deer also influenced Lumbricus species, with 

fenced treatments leading to a 23% and 16% decrease in mean Lumbricus biomass and 

density respectively (F1,63 = 6.0, p = 0.02; χ2 = 2.1, df = 1, p = 0.15). Canopy gaps 

decreased mean Lumbricus biomass and density by 77% and 25% respectively (F1,61.6 = 

7.9, p = 0.006; χ2 = 4.8, p = 0.03). Finally, deer fencing had no impact on Dendrobaena 

biomass or density, but gaps decreased mean Dendrobaena biomass by 33% (F1,61.2 = 

4.8, p = 0.03). 

Flambeau Experiment 

At FE, there was a significant interaction between the fencing treatment and year 

of sampling (χ2 = 26, df =1, p < 0.0001); Therefore, the change in earthworm density in 

the fenced versus unfenced areas in 2019 from prior to initiation of fencing (in 2006) 

were different. Mean earthworm density strongly increased outside of fencing by 69% 

from pre-treatment conditions (t = -16.4, df = 88, p < 0.0001), while increasing by only 
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9% inside fencing (t = -7.79, df = 88, p < 0.0001; Fig. 1.4a). During this 13-year period, 

mean earthworm density increased the most under a closed canopy in the north buffer 

location (+62%; t = -14.6, df = 66, p < 0.0001), followed by the north transitional edge 

(+37%, t = -9.9, df = 64, p < 0.0001), then the south transitional edge location (+24%, t = 

-6.8, df = 64%, p < 0.0001), but stayed the same in the north gap location (t = -0.6, df = 

64, p = 0.55; Fig. 1.4b; Table S1.1). In 2019, mean earthworm density and biomass were 

22% and 24% lower in fenced treatments than unfenced treatments respectively (χ2 = 

10.6, df = 1, p = 0.001; F1,8 = 1.9, p = 0.21). In 2019 we also found an interaction 

between fencing and gap location (χ2 = 11.5, df = 4, p = 0.02), where mean earthworm 

density was 57% lower in the center of fenced gaps than the center of unfenced gaps (t = 

-3.3, df = 39, p = 0.002; Table S1.2). In 2019, deer and canopy gaps in FE influenced 

earthworm species’ density more than biomass. Mean Aporrectodea and Lumbricus 

density decreased by 30% and 23% respectively in fenced treatments (χ2 = 4.0, df = 1, p 

= 0.05; χ2 = 9.3, df = 1, p = 0.002). There was an interactive effect between gap location 

and exclosure on mean Lumbricus density (χ2 = 15.0, df = 4, p = 0.005), which was 

lowest in the fenced center of a canopy gap compared to other gap locations (t = -3.0, df 

= 39, p = 0.004). Lumbricus mean density decreased by 65% respectively from the center 

of unfenced to fenced gaps. Dendrobaena did not respond to disturbance treatments.  

1.4: Discussion 

 Our results support the idea that common and influential disturbance events can be linked 

to one another, shedding new light on disturbance dynamics in temperate forests. Using 

northern Wisconsin’s forests as a study system, we found that fencing out white-tailed 

deer and creating canopy gaps decreased earthworm biomass and density (Fig. 1.5). 
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These patterns were maintained across two separate experiments that differed in spatial 

scales, with FE exclosures being 230 times larger than MOSS exclosures. The 

consistency of our results highlights the potential ubiquity of earthworm invasion being 

linked to deer and canopy gaps in temperate deciduous forest landscapes. Given each 

disturbance’s power to shape the function, composition, and structure of a stand, the links 

we found have important implications for contemporary forest ecology and management. 

H1: Deer increase invasive earthworms 

  Although most research concerning ungulate herbivores relates to their strong 

influence on vegetation (Côté et al. 2004), increasing focus is being placed on indirect 

effects of ungulates on invertebrate communities (Bernes et al. 2018) and soil properties 

(Ohira et al. 2022). Our finding that deer can increase earthworm populations aligns with 

several studies throughout the eastern United States (Davalos et al. 2015c; Cope & Burns 

2019; Mahon & Crist 2019) and provides a deeper understanding of the relationship 

between deer and invasive earthworms. In particular, we found that ambient deer 

populations lead to greater earthworm densities over time (in comparison to fenced 

treatments) and that certain earthworm genera are more likely to be influenced by deer.  

  Our finding that earthworm densities increased the most over time outside of 

fencing and increased slightly inside of fencing differs from both Davalos et al. (2015c) 

and Mahon and Crist (2019), who found that earthworm density generally decreases 

inside of fencing with time. These differences among studies could be due to the timing 

of earthworm invasion (i.e. how long after initial invasion that earthworms were 

sampled). In addition, Davalos et al. (2015c) found lower Aporrectodea density with 
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fencing treatments but were unsure of whether this was due to confounding effects. Our 

study supports this result and points to several potential mechanisms that have not been 

adequately tested when evaluating deer and earthworm linkages. Since Aporrectodea are 

particularly influenced by deer in our study and receive most of their nutrients from the 

soil, the mechanism driving increased earthworm biomass and density with deer presence 

could be due to altered soil properties. One potential mechanism is that deer are indirectly 

increasing belowground microbial biomass as plants reallocate nutrients to their roots to 

compensate for losses in foliar tissue (Bardgett & Wardle 2003; A’Bear et al. 2014). 

Increased soil microbial biomass would then favor a microbe-feeding group like 

Aporrectodea. The second potential mechanism is that deer reduce the density and 

diversity of plants aboveground, which then reduces soil nutrient uptake outside of 

exclosures, thereby favoring increased earthworm biomass and density (Bardgett & 

Wardle 2003). The third and fourth potential mechanisms are that deer are directly 

increasing earthworm populations by transporting earthworm cocoons with their hooves 

or by increasing soil nitrogen through fecal and urinary inputs, although deer-mediated 

increases in nitrogen would likely be heterogeneous and operate at scales of 1-20 m 

(Murray et al. 2013). Since direct aboveground and belowground relationships between 

trophic levels are rare, the first two indirect mechanisms seem most likely (Bardgett & 

Wardle 2003).  

  The management and ecological implications of deer increasing invasive 

earthworms may be substantial, as deer and earthworms both function as a disturbance 

and an ecological engineer (Fisichelli et al. 2013; Hanberry & Faison 2023). Individually, 

overabundant deer and earthworms reduce forest biodiversity and structure (Frelich et al. 
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2019; Reed et al. 2022). However, these linked disturbances may have a compounding 

effect on ecosystem nutrients and vegetation, leading to understory dominance of ruderal 

species and altered successional trajectories (Powers & Nagel 2009). In a recent study 

showing how combined deer and earthworms can change ecosystems, Mahon et al. 2020 

found that deer increased earthworm populations, which then increased leaf litter 

decomposition rates and changed soil nutrient dynamics. However, more research is 

needed on the combined effects of earthworms and deer, considering their many indirect 

effects on ecosystems (Rooney & Waller 2003; Frelich et al. 2019).  

H2: Canopy gaps decrease invasive earthworms 

  Our initial hypothesis that gaps increase invasive earthworms was not supported, 

as canopy gaps decreased earthworm biomass and density. This is likely due to closed 

canopies having nutrient-rich tree leaf litter, which serves as shelter and food for 

earthworms (Mathieu et al. 2010). Further, our finding that Lumbricus and Dendrobaena 

population biomass increased under a closed canopy points to leaf litter quality as a 

driving force in determining earthworm populations (Suárez et al. 2006). Additionally, a 

lack of recent soil disturbances in the closed canopy treatments may favor earthworms 

(Nachtergale et al. 2002).  

Earthworm densities also differed among specific gap locations. Over time, 

earthworm densities increased the most in locations further from the gap center and the 

least underneath an open canopy. There are several potential reasons gap location may 

cause earthworm densities to vary. Canopy gap edges may have more deer browsing 

pressure and preferable abiotic soil conditions, which would then increase the number of 
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earthworms (Burton et al. 2021). It is also possible that differences in earthworm density 

are caused by earthworms slowly migrating outwards from gap centers and into the 

surrounding forest, as Hale et al. (2005) showed that earthworms can move several 

meters per year in the right conditions. However, since the total number of earthworm 

cocoons is far greater than the total number of earthworms at any given time (Butt 1992; 

Fernández et al. 2010), it is more likely that environmental conditions under a canopy gap 

are influencing the rates of mortality and recruitment of hatchlings rather than leading to 

mass-migration of earthworms. Reductions in hatchling success would then lead to 

differential earthworm biomass and density in certain areas over time. In addition, 

Aporrectodea species have been shown to burrow downwards with adverse 

environmental conditions (Perreault & Whalen 2006; Nuutinen & Butt 2009), which 

would likely reduce their movement laterally into the forest. Therefore, we believe that 

these gap and fence treatments are primarily influencing the population growth of 

earthworms rather than their dispersal. Assuming that canopy gaps decrease earthworm 

populations, our results suggest that efforts to increase canopy complexity towards old-

growth structure may have benefits that extend beyond increased plant biodiversity and 

could slow earthworm invasion. Nevertheless, how canopy gaps and increasing canopy 

complexity effects earthworm migration and reproduction requires more research. 

H3: Connections among canopy gaps, deer, and invasive earthworms 

  Earthworm biomass and density are likely a product of net interactions between 

canopy gaps and deer, wherein gaps decrease earthworms and deer increase earthworms 

(Fig. 1.5). Our interpretation of results is benefitted by considering these disturbances 

through a “press-pulse” lens. Many studies on disturbance linkages are focused on 
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combinations of high-severity, short-duration pulse events, such as fire and blowdowns 

(Cannon et al. 2017, Jentsch and White 2019). Although these pulse-pulse disturbance 

interactions can quickly and dramatically change landscapes, their influence can hinge on 

the severity of existing press disturbances (Bergstrom et al. 2021). A press disturbance, 

such as species invasion or deer browse, operates continuously on a system from year to 

year and is not temporally confined (Lake 2000). Our work suggests that press 

disturbances can be linked with other press or pulse disturbances, which can have 

particularly long-lasting effects on ecosystem structure and function (Ratajczak et al. 

2017).  

Our study shows that the intensity and extent of one press (earthworm invasion) 

can be linked to another press disturbance (deer herbivory). This implies that 

disturbances can also potentially be “unlinked” and indirectly controlled to maintain 

ecological structure and function. Similar to targeting climate-mediated positive feedback 

loops, by identifying and breaking the links between influential disturbances we may be 

able to slow ecosystem degradation. This strategy may be particularly important when 

trying to control influential press disturbances that seem impossible to manage, such as 

invasive earthworms. In temperate forests, deer can be a dominant press disturbance that 

are seemingly linked to the extent and intensity of other disturbances across a wide 

spatial scale. By reducing deer populations or fencing out deer from target areas, by 

proxy we may be able to better control “unmanageable” disturbances such as invasive 

earthworms over the long term. In places where deer management is culturally sensitive 

or not preferred (Cambronne 2013), canopy gap creation through group selection 

harvesting may be a more feasible way to take advantage of disturbance links and slow 
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earthworm invasion. Thus, by identifying and targeting a suite of linked press and pulse 

disturbances, we may be able to make or break links to control certain undesirable 

disturbances, save management time and effort, and discover new connections within 

disturbance ecology. 

Future Research & Conclusions 

  Our work provides evidence of links between canopy gaps, deer, and invasive 

earthworms, but future research should explicitly address the mechanisms behind these 

disturbance links, such as changes in soil nutrients, microbial biomass, or litter quality. 

By identifying how aboveground disturbances are linked to belowground disturbance we 

will gain a deeper understanding of ecosystem function, biodiversity, and restoration 

(A’Bear et al. 2014). Researchers should also evaluate if deer and canopy gaps can 

influence other important soil-dwelling fauna, such as Amynthas species, a group of 

earthworms that are likely to be a highly damaging wave of disturbance that many 

temperate forests will face (Chang et al. 2021). Lastly, future work should test whether 

deer concentrate at gap edges and if this microsite preference facilitates an increase in 

invasive earthworms. 

 Our work highlights the importance of linked disturbances and our limited knowledge 

regarding how a belowground disturbance may be connected to aboveground 

disturbances. Deer, canopy gaps, and invasive earthworms are likely to become more 

frequent with a changing climate, which would make their linkages more important to 

understand in order to conserve soil communities and ecosystem processes (Park et al. 

2014; Fisichelli & Miller 2018). Therefore, our understanding of disturbance theory will 
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be incomplete without greater effort to understand disturbance’s linked nature and its 

potential influence on forest ecology and management. To this end, reduced deer 

populations and strategic tree harvesting could be a means to take advantage of 

disturbance links and slow earthworm invasion. 
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1.5: Tables 

Table 1.1: Genera-specific mean earthworm density and biomass by experimental site. 

 

 

 

 

 

 

 

  
Mean Earthworm Density  

(# / m2) 
 

Mean Earthworm Ash-Free Dry Biomass  
(g / m2) 

Site  Aporrectodea Dendrobaena Lumbricus Total  Aporrectodea Dendrobaena Lumbricus Total 

AR (MOSS)  47.0 85.7 80.1 212.8  2.1 0.4 3.2 5.7 

FL (MOSS)  8.6 25.7 27.5 61.8  0.1 0.1 1.1 1.3 

NH (MOSS)  29.7 51.1 44.2 125.0  0.7 0.2 1.9 2.7 

The FE  50.9 29.7 112.0 192.9  2.0 0.2 3.9 6.1 

Abbreviations: AR = Argonne Experimental Forest; FL = Flambeau River State Forest; NH = Northern 

Highlands American Legion State Forest; MOSS = Managed Old Growth Silviculture Study; The FE = The 

Flambeau Experiment 
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1.6: Figures 

 

Fig. 1.1: Map of N. Wisconsin, USA with depictions of canopy gap and earthworm 

sampling design. Gold stars represent the MOSS experiment, where earthworms were 

sampled inside and outside of small fences underneath a canopy gap (n=47). The green 

star represents the Flambeau Experiment, where earthworms were sampled along a north-

south transect across a fenced (n=5) or unfenced gap (n=5) in both 2006 and 2019. 

Sampling points along this transect extended from the north buffer (25-m from gap 

center), to the north transitional edge (16-m from gap center), to the north gap (7-m from 

gap center), to the gap center, to the south transitional edge (16-m from gap center). Map 

adapted from Fassnacht et al. 2013. 
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Fig. 1.2: Mean earthworm biomass and density response to fencing and canopy gaps. 

Diamonds are means, while bold horizontal lines are medians. 
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Fig. 1.3: Earthworm genera response to deer fencing and gap creation. Aporrectodea and 

Lumbricus biomass decreased inside of fencing, while Lumbricus biomass decreased with 

gap creation. All genera follow a pattern of lower biomass inside of fencing and 

decreased biomass under a canopy gap. Photos by Samuel Reed. 
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Fig. 1.4: A) From pre-treatment (2006) to 13 years post-treatment (2019), earthworm 

density increased by 69% in unfenced treatments, while earthworms only increased by 

9% in fenced treatments. B) Earthworm density also increased the most over 13 years in 

the north buffer location (+62%).  
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Fig. 1.5: Diagram showing how earthworms are linked to disturbance treatments in our 

study: A) Deer presence under a closed canopy leads to the highest earthworm biomass 

and density B) Fencing out deer decreases earthworm biomass and density; C) Gap 

creation substantially decreases earthworm biomass and density; D) Deer presence and 

canopy gaps cause the lowest earthworm biomass and density. Created with BioRender. 

 



 31 

1.7: References 

A’Bear, A., Johnson, S., Jones, T., 2013. Putting the “upstairs-downstairs” into 

ecosystem service: What can aboveground-belowground ecology tell us? Biological 

Control 75. https://doi.org/10.1016/j.biocontrol.2013.10.004 

Bardgett, R.D., Wardle, D.A., 2003. Herbivore-Mediated Linkages Between 

Aboveground and Belowground Communities. Ecology 84, 2258–2268. 

https://doi.org/10.1890/02-0274 

Bart, S., Pelosi, C., Pery, A.R.R., 2019. Towards a better understanding of the life cycle 

of the earthworm Aporrectodea caliginosa: New data and energy-based modelling. 

Pedobiologia 1–8. https://doi.org/10.1016/j.pedobi.2019.150592f 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects 

Models Using lme4. Journal of Statistical Software 67, 1–48. 

https://doi.org/10.18637/jss.v067.i01 

Bergstrom, D.M., Wienecke, B.C., van den Hoff, J., Hughes, L., Lindenmayer, D.B., 

Ainsworth, T.D., Baker, C.M., Bland, L., Bowman, D.M.J.S., Brooks, S.T., 

Canadell, J.G., Constable, A.J., Dafforn, K.A., Depledge, M.H., Dickson, C.R., 

Duke, N.C., Helmstedt, K.J., Holz, A., Johnson, C.R., McGeoch, M.A., Melbourne-

Thomas, J., Morgain, R., Nicholson, E., Prober, S.M., Raymond, B., Ritchie, E.G., 

Robinson, S.A., Ruthrof, K.X., Setterfield, S.A., Sgrò, C.M., Stark, J.S., Travers, T., 

Trebilco, R., Ward, D.F.L., Wardle, G.M., Williams, K.J., Zylstra, P.J., Shaw, J.D., 

2021. Combating ecosystem collapse from the tropics to the Antarctic. Global 

Change Biology 27, 1692–1703. https://doi.org/10.1111/gcb.15539 

https://doi.org/10.1016/j.biocontrol.2013.10.004
https://doi.org/10.1890/02-0274
https://doi.org/10.1016/j.pedobi.2019.150592f
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/gcb.15539


 32 

Bernes, C., Macura, B., Jonsson, B.G., Junninen, K., Müller, J., Sandström, J., Lõhmus, 

A., Macdonald, E., 2018. Manipulating ungulate herbivory in temperate and boreal 

forests: effects on vegetation and invertebrates. A systematic review. Environmental 

Evidence 7, 13. https://doi.org/10.1186/s13750-018-0125-3 

Bohlen, P.J., Scheu, S., Hale, C.M., McLean, M.A., Migge, S., Groffman, P.M., 

Parkinson, D., 2004. Non-native invasive earthworms as agents of change in 

northern temperate forests. Frontiers in Ecology and the Environment 2, 427–435. 

https://doi.org/10.1890/1540-9295(2004)002[0427:NIEAAO]2.0.CO;2 

Bottinelli, N., Hedde, M., Jouquet, P., Capowiez, Y., 2020. An explicit definition of 

earthworm ecological categories – Marcel Bouché’s triangle revisited. Geoderma 

372, 114361. https://doi.org/10.1016/j.geoderma.2020.114361 

Brooks, M.E., Kristensen, K., Benthem, K.J. van, Magnusson, A., Berg, C.W., Nielsen, 

A., Skaug, H.J., Mächler, M., Bolker, B.M., 2017. glmmTMB Balances Speed and 

Flexibility Among Packages for Zero-inflated Generalized Linear Mixed Modeling. 

The R Journal 9, 378–400. 

Buma, B., 2021. Disturbance ecology and the problem of n = 1: A proposed framework 

for unifying disturbance ecology studies to address theory across multiple ecological 

systems. Methods in Ecology and Evolution 12. https://doi.org/10.1111/2041-

210X.13702 

Buma, B., 2015. Disturbance interactions: characterization, prediction, and the potential 

for cascading effects. Ecosphere 6, 1–15. https://doi.org/10.1890/ES15-00058.1 

https://doi.org/10.1186/s13750-018-0125-3
https://doi.org/10.1890/1540-9295(2004)002%5b0427:NIEAAO%5d2.0.CO;2
https://doi.org/10.1016/j.geoderma.2020.114361
https://doi.org/10.1111/2041-210X.13702
https://doi.org/10.1111/2041-210X.13702
https://doi.org/10.1890/ES15-00058.1


 33 

Burton, J.I., Mladenoff, D.J., Forrester, J.A., Clayton, M.K., 2021. Effects of forest 

canopy gaps on the ground-layer plant community depend on deer: Evidence from a 

controlled experiment. Journal of Vegetation Science 32, e12969. 

https://doi.org/10.1111/jvs.12969 

Burton, P.J., Jentsch, A., Walker, L.R., 2020. The Ecology of Disturbance Interactions. 

BioScience 70, 854–870. https://doi.org/10.1093/biosci/biaa088 

Butt, K.R., 1993. Reproduction and growth of three deep-burrowing earthworms 

(Lumbricidae) in laboratory culture in order to assess production for soil restoration. 

Biol Fert Soils 16, 135–138. https://doi.org/10.1007/BF00369415 

Cambronne, A., 2013. Deerland: America’s Hunt for Ecological Balance and the Essence 

of Wildness. Rowman & Littlefield. 

Cannon, J.B., Peterson, C.J., O’Brien, J.J., Brewer, J.S., 2017. A review and 

classification of interactions between forest disturbance from wind and fire. Forest 

Ecology and Management 406, 381–390. 

https://doi.org/10.1016/j.foreco.2017.07.035 

Cassin, C.M., Kotanen, P.M., 2016. Invasive earthworms as seed predators of temperate 

forest plants. Biol Invasions 18, 1567–1580. https://doi.org/10.1007/s10530-016-

1101-x 

Chang, C.-H., Bartz, M.L.C., Brown, G., Callaham, M.A., Cameron, E.K., Dávalos, A., 

Dobson, A., Görres, J.H., Herrick, B.M., Ikeda, H., James, S.W., Johnston, M.R., 

McCay, T.S., McHugh, D., Minamiya, Y., Nouri-Aiin, M., Novo, M., Ortiz-Pachar, 

J., Pinder, R.A., Ransom, T., Richardson, J.B., Snyder, B.A., Szlavecz, K., 2021. 

https://doi.org/10.1111/jvs.12969
https://doi.org/10.1093/biosci/biaa088
https://doi.org/10.1007/BF00369415
https://doi.org/10.1016/j.foreco.2017.07.035
https://doi.org/10.1007/s10530-016-1101-x
https://doi.org/10.1007/s10530-016-1101-x


 34 

The second wave of earthworm invasions in North America: biology, environmental 

impacts, management and control of invasive jumping worms. Biol Invasions 23, 

3291–3322. https://doi.org/10.1007/s10530-021-02598-1 

Chang, C.-H., Szlavecz, K., Filley, T., Buyer, J.S., Bernard, M.J., Pitz, S.L., 2016. 

Belowground competition among invading detritivores. Ecology 97, 160–170. 

https://doi.org/10.1890/15-0551.1 

Cope, C.G., Burns, J.H., 2019. Effects of native deer on invasive earthworms depend on 

earthworm functional feeding group and correlate with earthworm body size. Forest 

Ecology and Management 435, 180–186. 

https://doi.org/10.1016/j.foreco.2019.01.003 

Côté, S.D., Rooney, T.P., Tremblay, J.-P., Dussault, C., Waller, D.M., 2004. Ecological 

Impacts of Deer Overabundance. Annu. Rev. Ecol. Evol. Syst. 35, 113–147. 

https://doi.org/10.1146/annurev.ecolsys.35.021103.105725 

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., 2000. The interplay between climate 

change, forests, and disturbances. Science of The Total Environment 262, 201–204. 

Darwin, C., 1881. The formation of vegetable mould through the action of worms with 

observations on their habits. John Murray. 

Dávalos, A., Simpson, E., Nuzzo, V., Blossey, B., 2015. Non-consumptive Effects of 

Native Deer on Introduced Earthworm Abundance. Ecosystems 18, 1029–1042. 

https://doi.org/10.1007/s10021-015-9881-x 

https://doi.org/10.1007/s10530-021-02598-1
https://doi.org/10.1890/15-0551.1
https://doi.org/10.1016/j.foreco.2019.01.003
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1007/s10021-015-9881-x


 35 

Dobson, A., Blossey, B., 2015. Earthworm invasion, white-tailed deer and seedling 

establishment in deciduous forests of north-eastern North America. Journal of 

Ecology 103, 153–164. https://doi.org/10.1111/1365-2745.12350 

Fassnacht, K., Padley, E., Steele, T., Lorimer, C., Palik, B., D’Amato, A., Martin, K., 

2013. Development and Implementation of Treatments in a Long-term Experiment 

to Enhance Forest Structural and Compositional Complexity in Second-growth, 

Northern Hardwood Forests. 

Fassnacht, K.S., Steele, T.W., 2016. Snag dynamics in northern hardwood forests under 

different management scenarios. Forest Ecology and Management 363, 267–276. 

https://doi.org/10.1016/j.foreco.2015.12.003 

Fernández, R., Novo, M., Gutiérrez, M., Almodóvar, A., Díaz Cosín, D.J., 2010. Life 

cycle and reproductive traits of the earthworm Aporrectodea trapezoides (Dugès, 

1828) in laboratory cultures. Pedobiologia 53, 295–299. 

https://doi.org/10.1016/j.pedobi.2010.01.003 

Fisichelli, N.A., Frelich, L.E., Reich, P.B., Eisenhauer, N., 2013. Linking direct and 

indirect pathways mediating earthworms, deer, and understory composition in Great 

Lakes forests. Biol Invasions 15, 1057–1066. https://doi.org/10.1007/s10530-012-

0350-6 

Fisichelli, N.A., Miller, K.M., 2018. Weeds, worms, and deer: positive relationships 

among common forest understory stressors. Biol Invasions 20, 1337–1348. 

https://doi.org/10.1007/s10530-017-1630-y 

https://doi.org/10.1111/1365-2745.12350
https://doi.org/10.1016/j.foreco.2015.12.003
https://doi.org/10.1016/j.pedobi.2010.01.003
https://doi.org/10.1007/s10530-012-0350-6
https://doi.org/10.1007/s10530-012-0350-6
https://doi.org/10.1007/s10530-017-1630-y


 36 

Forrester, J.A., Lorimer, C.G., Dyer, J.H., Gower, S.T., Mladenoff, D.J., 2014. Response 

of tree regeneration to experimental gap creation and deer herbivory in north 

temperate forests. Forest Ecology and Management 329, 137–147. 

https://doi.org/10.1016/j.foreco.2014.06.025 

Forrester, J.A., Mladenoff, D.J., Gower, S.T., Stoffel, J.L., 2012. Interactions of 

temperature and moisture with respiration from coarse woody debris in experimental 

forest canopy gaps. Forest Ecology and Management 265, 124–132. 

https://doi.org/10.1016/j.foreco.2011.10.038 

Foster, C.N., Sato, C.F., Lindenmayer, D.B., Barton, P.S., 2016. Integrating theory into 

disturbance interaction experiments to better inform ecosystem management. Global 

Change Biology 22, 1325–1335. https://doi.org/10.1111/gcb.13155 

Frelich, L.E., 2002. Forest Dynamics and Disturbance Regimes: Studies from Temperate 

Evergreen-Deciduous Forests. Cambridge University Press. 

https://doi.org/10.1017/CBO9780511542046 

Frelich, L.E., Blossey, B., Cameron, E.K., Dávalos, A., Eisenhauer, N., Fahey, T., 

Ferlian, O., Groffman, P.M., Larson, E., Loss, S.R., Maerz, J.C., Nuzzo, V., Yoo, 

K., Reich, P.B., 2019. Side-swiped: ecological cascades emanating from earthworm 

invasions. Frontiers in Ecology and the Environment 17, 502–510. 

https://doi.org/10.1002/fee.2099 

Ganault, P., Nahmani, J., Hättenschwiler, S., Gillespie, L.M., David, J.-F., Henneron, L., 

Iorio, E., Mazzia, C., Muys, B., Pasquet, A., Prada-Salcedo, L.D., Wambsganss, J., 

Decaëns, T., 2021. Relative importance of tree species richness, tree functional type, 

https://doi.org/10.1016/j.foreco.2014.06.025
https://doi.org/10.1016/j.foreco.2011.10.038
https://doi.org/10.1111/gcb.13155
https://doi.org/10.1017/CBO9780511542046
https://doi.org/10.1002/fee.2099


 37 

and microenvironment for soil macrofauna communities in European forests. 

Oecologia 196, 455–468. https://doi.org/10.1007/s00442-021-04931-w 

Graham, E.B., Averill, C., Bond-Lamberty, B., Knelman, J.E., Krause, S., Peralta, A.L., 

Shade, A., Smith, A.P., Cheng, S.J., Fanin, N., Freund, C., Garcia, P.E., Gibbons, 

S.M., Van Goethem, M.W., Guebila, M.B., Kemppinen, J., Nowicki, R.J., Pausas, 

J.G., Reed, S.P., Rocca, J., Sengupta, A., Sihi, D., Simonin, M., Słowiński, M., 

Spawn, S.A., Sutherland, I., Tonkin, J.D., Wisnoski, N.I., Zipper, S.C., Contributor 

Consortium, Staal, A., Arora, B., Oldfield, C., Dwivedi, D., Larson, E., Santillan, E., 

Aaron Hogan, J., Atkins, J., Zheng, J., Lembrechts, J., Patel, K., Copes-Gerbitz, K., 

Winker, K., Mudge, L., Wong, M., Nuñez, M., Luoto, M., Barnes, R., 2021. Toward 

a Generalizable Framework of Disturbance Ecology Through Crowdsourced 

Science. Frontiers in Ecology and Evolution 9, 76. 

https://doi.org/10.3389/fevo.2021.588940 

Hale, C.M., Frelich, L.E., Reich, P.B., 2006. Changes in hardwood forest understory 

plant communities in response to European earthworm invasions. Ecology 87, 1637–

1649. https://doi.org/10.1890/0012-9658(2006)87[1637:CIHFUP]2.0.CO;2 

Hale, C.M., Frelich, L.E., Reich, P.B., 2005. Exotic European earthworm invasion 

dynamics in northern hardwood forests of Minnesota. Ecological Applications 15, 

848–860. https://doi.org/10.1890/03-5345 

Hale, C.M., Reich, P.B., Frelich, L.E., 2004. Allometric Equations for Estimation of Ash-

free Dry Mass from Length Measurements for Selected European Earthworm 

https://doi.org/10.1007/s00442-021-04931-w
https://doi.org/10.3389/fevo.2021.588940
https://doi.org/10.1890/0012-9658(2006)87%5b1637:CIHFUP%5d2.0.CO;2
https://doi.org/10.1890/03-5345


 38 

Species (Lumbricidae) in the Western Great Lakes Region. amid 151, 179–185. 

https://doi.org/10.1674/0003-0031(2004)151[0179:AEFEOA]2.0.CO;2 

Hanberry, B.B., Faison, E.K., 2023. Re-framing deer herbivory as a natural disturbance 

regime with ecological and socioeconomic outcomes in the eastern United States. 

Science of The Total Environment 868, 161669. 

https://doi.org/10.1016/j.scitotenv.2023.161669 

Hartig, F., n.d. level/mixed) -: residual diagnostics for hierarchical (multiDHARMa

regression models [WWW Document]. URL 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0

AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC (accessed 7.1.22). 

Jentsch, A., White, P., 2019. A theory of pulse dynamics and disturbance in ecology. 

Ecology 100, e02734. https://doi.org/10.1002/ecy.2734 

Jochum, M., Ferlian, O., Thakur, M.P., Ciobanu, M., Klarner, B., Salamon, J.-A., Frelich, 

L.E., Johnson, E.A., Eisenhauer, N., 2021. Earthworm invasion causes declines 

across soil fauna size classes and biodiversity facets in northern North American 

forests. Oikos 130, 766–780. https://doi.org/10.1111/oik.07867 

Johnstone, J.F., Allen, C.D., Franklin, J.F., Frelich, L.E., Harvey, B.J., Higuera, P.E., 

Mack, M.C., Meentemeyer, R.K., Metz, M.R., Perry, G.L., Schoennagel, T., Turner, 

M.G., 2016. Changing disturbance regimes, ecological memory, and forest 

resilience. Front Ecol Environ 14, 369–378. https://doi.org/10.1002/fee.1311 

Kern, C.C., Montgomery, R.A., Reich, P.B., Strong, T.F., 2013. Canopy gap size 

influences niche partitioning of the ground-layer plant community in a northern 

https://doi.org/10.1674/0003-0031(2004)151%5b0179:AEFEOA%5d2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2023.161669
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC
https://doi.org/10.1002/ecy.2734
https://doi.org/10.1111/oik.07867
https://doi.org/10.1002/fee.1311


 39 

temperate forest. Journal of Plant Ecology 6, 101–112. 

https://doi.org/10.1093/jpe/rts016 

Lake, P.S., 2000. Disturbance, patchiness, and diversity in streams. Journal of the North 

American Benthological Society 19, 573–592. https://doi.org/10.2307/1468118 

Landuyt, D., De Lombaerde, E., Perring, M.P., Hertzog, L.R., Ampoorter, E., Maes, S.L., 

De Frenne, P., Ma, S., Proesmans, W., Blondeel, H., Sercu, B.K., Wang, B., Wasof, 

S., Verheyen, K., 2019. The functional role of temperate forest understorey 

vegetation in a changing world. Global Change Biology 25, 3625–3641. 

https://doi.org/10.1111/gcb.14756 

Lenth, R.V., Buerkner, P., Herve, M., Love, J., Miguez, F., Riebl, H., Singmann, H., 

2022. emmeans: Estimated Marginal Means, aka Least-Squares Means. 

Mahon, M.B., Crist, T.O., 2019. Invasive earthworm and soil litter response to the 

experimental removal of white-tailed deer and an invasive shrub. Ecology 100, 

e02688. https://doi.org/10.1002/ecy.2688 

Mahon, M.B., Fisk, M.C., Crist, T.O., 2020. Interactive Effects of White-Tailed Deer, an 

Invasive Shrub, and Exotic Earthworms on Leaf Litter Decomposition. Ecosystems 

23, 1523–1535. https://doi.org/10.1007/s10021-020-00485-9 

Mathieu, J., Barot, S., Blouin, M., Caro, G., Decaëns, T., Dubs, F., Dupont, L., Jouquet, 

P., Nai, P., 2010. Habitat quality, conspecific density, and habitat pre-use affect the 

dispersal behaviour of two earthworm species, Aporrectodea icterica and 

Dendrobaena veneta, in a mesocosm experiment. Soil Biology and Biochemistry 42, 

203–209. https://doi.org/10.1016/j.soilbio.2009.10.018 

https://doi.org/10.1093/jpe/rts016
https://doi.org/10.2307/1468118
https://doi.org/10.1111/gcb.14756
https://doi.org/10.1002/ecy.2688
https://doi.org/10.1007/s10021-020-00485-9
https://doi.org/10.1016/j.soilbio.2009.10.018


 40 

Murray, B.D., Webster, C.R., Bump, J.K., 2013. Broadening the ecological context of 

ungulate–ecosystem interactions: the importance of space, seasonality, and nitrogen. 

Ecology 94, 1317–1326. https://doi.org/10.1890/12-1582.1 

Muscolo, A., Bagnato, S., Sidari, M., Mercurio, R., 2014. A review of the roles of forest 

canopy gaps. Journal of Forestry Research 25, 725–736. 

https://doi.org/10.1007/s11676-014-0521-7 

Nachtergale, L., Ghekiere, K., De Schrijver, A., Muys, B., Luyssaert, S., Lust, N., 2002. 

Earthworm biomass and species diversity in windthrow sites of a temperate lowland 

forest. Pedobiologia 46, 440–451. https://doi.org/10.1078/0031-4056-00151 

NOAA, n.d. NOAA National Centers for Environmental Information Station. 

Nuutinen, V., Butt, K.R., 2009. Worms from the cold: Lumbricid life stages in boreal 

clay during frost. Soil Biology and Biochemistry 41, 1580–1582. 

https://doi.org/10.1016/j.soilbio.2009.04.019 

Ohira, M., Gomi, T., Iwai, A., Hiraoka, M., Uchiyama, Y., 2022. Ecological resilience of 

physical plant–soil feedback to chronic deer herbivory: Slow, partial but functional 

recovery. Ecological Applications e2656. https://doi.org/10.1002/eap.2656 

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., 

O’Hara, R.B., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., Barbour, M., 

Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., Caceres, M.D., 

Durand, S., Evangelista, H.B.A., FitzJohn, R., Friendly, M., Furneaux, B., 

Hannigan, G., Hill, M.O., Lahti, L., McGlinn, D., Ouellette, M.-H., Cunha, E.R., 

https://doi.org/10.1890/12-1582.1
https://doi.org/10.1007/s11676-014-0521-7
https://doi.org/10.1078/0031-4056-00151
https://doi.org/10.1016/j.soilbio.2009.04.019
https://doi.org/10.1002/eap.2656


 41 

Smith, T., Stier, A., Braak, C.J.F.T., Weedon, J., 2022. vegan: Community Ecology 

Package. 

Paine, R.T., Tegner, M.J., Johnson, E.A., 1998. Compounded Perturbations Yield 

Ecological Surprises. Ecosystems 1, 535–545. 

https://doi.org/10.1007/s100219900049 

Park, A., Puettmann, K., Wilson, E., Messier, C., Kames, S., Dhar, A., 2014. Can Boreal 

and Temperate Forest Management be Adapted to the Uncertainties of 21st Century 

Climate Change? Critical Reviews in Plant Sciences 33, 251–285. 

https://doi.org/10.1080/07352689.2014.858956 

Perreault, J.M., Whalen, J.K., 2006. Earthworm burrowing in laboratory microcosms as 

influenced by soil temperature and moisture. Pedobiologia 50, 397–403. 

https://doi.org/10.1016/j.pedobi.2006.07.003 

Powers, M.D., Nagel, L.M., 2009. Pennsylvania sedge cover, forest management and 

Deer density influence tree regeneration dynamics in a northern hardwood forest. 

Forestry (Lond) 82, 241–254. https://doi.org/10.1093/forestry/cpp003 

Ratajczak, Z., D’Odorico, P., Collins, S.L., Bestelmeyer, B.T., Isbell, F.I., Nippert, J.B., 

2017. The interactive effects of press/pulse intensity and duration on regime shifts at 

multiple scales. Ecol Monogr 87, 198–218. https://doi.org/10.1002/ecm.1249 

Reed, S.P., Royo, A.A., Fotis, A.T., Knight, K.S., Flower, C.E., Curtis, P.S., 2022. The 

long‐term impacts of deer herbivory in determining temperate forest stand and 

canopy structural complexity. Journal of Applied Ecology 59, 812–821. 

https://doi.org/10.1111/1365-2664.14095 

https://doi.org/10.1007/s100219900049
https://doi.org/10.1080/07352689.2014.858956
https://doi.org/10.1016/j.pedobi.2006.07.003
https://doi.org/10.1093/forestry/cpp003
https://doi.org/10.1002/ecm.1249
https://doi.org/10.1111/1365-2664.14095


 42 

Rooney, T., Waller, D., 2003. Direct and indirect effects of white-tailed deer in forest 

ecosystems. Forest Ecology and Management 181, 165–176. 

https://doi.org/10.1016/S0378-1127(03)00130-0 

Royo, A.A., Carson, W.P., 2022. Stasis in forest regeneration following deer exclusion 

and understory gap creation: A 10-year experiment. Ecological Applications 32, 

e2569. https://doi.org/10.1002/eap.2569 

Royo, A.A., Carson, W.P., 2006. On the formation of dense understory layers in forests 

worldwide: consequences and implications for forest dynamics, biodiversity, and 

succession. Can. J. For. Res. 36, 1345–1362. https://doi.org/10.1139/x06-025 

Sabo, A.E., Frerker, K.L., Waller, D.M., Kruger, E.L., 2017. Deer-mediated changes in 

environment compound the direct impacts of herbivory on understorey plant 

communities. Journal of Ecology 105, 1386–1398. https://doi.org/10.1111/1365-

2745.12748 

Shelton, A.L., Henning, J.A., Schultz, P., Clay, K., 2014. Effects of abundant white-tailed 

deer on vegetation, animals, mycorrhizal fungi, and soils. Forest Ecology and 

Management 320, 39–49. https://doi.org/10.1016/j.foreco.2014.02.026 

Suárez, E.R., Fahey, T.J., Yavitt, J.B., Groffman, P.M., Bohlen, P.J., 2006. Patterns Of 

Litter Disappearance In A Northern Hardwood Forest Invaded By Exotic 

Earthworms. Ecological Applications 16, 154–165. https://doi.org/10.1890/04-0788 

Turner, M.G., 2010. Disturbance and landscape dynamics in a changing world. Ecology 

91, 2833–2849. 

https://doi.org/10.1016/S0378-1127(03)00130-0
https://doi.org/10.1002/eap.2569
https://doi.org/10.1139/x06-025
https://doi.org/10.1111/1365-2745.12748
https://doi.org/10.1111/1365-2745.12748
https://doi.org/10.1016/j.foreco.2014.02.026
https://doi.org/10.1890/04-0788


 43 

VanderMolen, M.S., Knapp, S.P., Webster, C.R., Kern, C.C., Dickinson, Y.L., 2021. 

Spatial patterning of regeneration failure in experimental canopy gaps 15–24 years 

post-harvest. Forest Ecology and Management 499, 119577. 

https://doi.org/10.1016/j.foreco.2021.119577 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.foreco.2021.119577


 44 

1.8: Supplementary Information: Further supplemental information provided in Reed 

et al. (2023). Citation above.  

 

Table S1.1: Pairwise comparison of earthworm density by gap location between years 

2006 and 2019 

 

 

Table S1.2: Pairwise comparison of earthworm density by gap location and fencing 

treatments in 2019 
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Summary 

 

Northern hardwood forests are influenced by a wide variety of disturbances, many 

of which interact and can change vegetation. Two of the most common disturbances are 

canopy gap creating events and deer browsing. Canopy gaps allow light into the 

understory, leading to a flush of plant growth, while deer consume plants and can 

dramatically change biodiversity. Both canopy gaps and deer may lead to the 

proliferation of ruderal shrubs and herbs such as Rubus spp. and C. pensylvanica, both of 

which are hypothesized to slow forest succession. Yet, it is unclear how the combination 

of these two disturbances and ruderal species can change regeneration of woody plant 

density, species richness, diversity, and species composition. To address this knowledge 

gap, we used a multi-disturbance experiment in northern Wisconsin’s hardwood forests 

that manipulates combined deer and canopy gap treatments and examined 15-year 

responses to these manipulations. We found evidence of a tree-height bottleneck, wherein 

neither gaps nor fencing influenced tree seedling (<10 cm height or <2 cm DBH) density, 

while canopy gaps primarily increased tree sapling density (Between 2 cm and 12 cm 

DBH) inside of fencing. This disturbance response pattern was particularly strong for 

sugar maple, the dominant overstory species. Alternatively, gaps and fencing led to a 

decrease in Rubus density over time. Rubus density was also negatively correlated with 

tree sapling density, indicating that advanced regeneration and a healthy sapling layer are 

critical to reduce Rubus density. Our findings provide insight towards the complex ways 

in which gaps and deer influence trees and ruderal species, highlighting how multiple 

disturbances can lead to multiple regenerative outcomes. 
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2.1: Introduction 

 

Ecologists and land managers have long focused on testing the effects of 

individual disturbances in temperate forests. However, disturbances do not occur 

independently of one another on the landscape and certain combinations of forest 

disturbances are more influential than their individual counterparts (Abrams et al. 1985; 

Graham et al. 2021; Yantes et al. 2023). In northern temperate forests, regenerating and 

maturing tree communities are susceptible to multiple disturbances and can change 

rapidly in response (Frelich 2002). If given enough time, the tree species that survive 

disturbance and understory competition can eventually come to occupy the overstory 

(Reed et al. 2022). Thus, it is critical that we understand how tree and woody plant 

regeneration respond to multiple disturbances over long time scales and how this can 

influence successional development and forest management (Fahey et al. 2018). 

Canopy gaps and deer are some of the most common and influential disturbances 

in temperate forests. Gaps can be created through tree harvesting, pathogens, or 

windstorms, with mid-sized gaps (20-30 m in diameter) being the most commonly found 

gap size in temperate forests (Hanson & Lorimer 2007). Generally, plant dynamics within 

a canopy gap are mediated by light availability, with ruderal and early-successional 

species quickly capitalizing on this resource within larger canopy gaps (20+ m diameter; 

Muscolo et al. 2014). Eventually, these ruderal species are expected to be overtopped by 

shade-tolerant trees that were present as advanced regeneration and for successional 

development to continue (Widen et al. 2018). Some researchers have theorized that 

ruderal species like Rubus can be beneficial for regrowing trees, despite their persistent 

labeling as weeds (Donoso & Nyland 2006). Shrubs and herbs may provide more 
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desirable abiotic conditions for trees by reducing harmful U.V., increasing shade, or by 

retaining nutrients within a gap (Donoso & Nyland, 2006; Montgomery et al. 2010).  

Some hypothesize that canopy gaps can increase understory plant diversity 

depending on gap size, however this effect is likely mediated by deer browsing (Kern et 

al. 2012; Burton et al. 2021). White-tailed deer (Odocoileus virginianus) are generally 

present at historically high populations in temperate forests, which places consumptive 

pressure on preferred plant species (Cote et al. 2004). This voracious plant consumption 

by deer can reduce diversity and has a wide variety of indirect effects, such as altered soil 

characteristics and canopy structure (Rooney & Waller 2003; Reed et al. 2022; Reed et 

al. 2023) or acting as a brake on climate change adaptation (Fisichelli et al. 2012).  

Both deer and canopy gaps have well understood individual effects on tree 

regeneration, but their combined influence on plants is complex and varied, particularly 

over longer time periods (Donoso & Nyland 2006; Kern et al. 2017). Some have found 

that understory shrubs, herbs, and ferns can be a threat to tree regeneration and cause 

arrested succession, particularly with overabundant deer populations (Thrippleton et al. 

2016; Royo and Carson 2022). Kern et al. (2012) found that shrubs like Rubus can shade-

out and slow tree growth within a canopy gap over the course of a decade. This tree-

shrub competition is then exacerbated with deer browsing, as seedlings and saplings are 

unable to grow above the shade of ruderal species (Kern et al. 2012). Others have found 

that shrubs can protect and hide growing seedlings from herbivores, but once these 

saplings are in view of deer, they are heavily browsed. Thus, shade-tolerant seedlings in a 

canopy gap may not be influenced by deer, as they are hidden from view beneath a 
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shrubby midstory (Walters et al. 2016; Jones et al. 2023). This could create a tree-height 

bottleneck, where deer-preferred species cannot grow above a certain height, even with 

increased light resources (Walters et al. 2020; VanderMolen et al. 2021; VanderMolen & 

Webster 2021). In addition, deer may indirectly slow or stop tree growth, as Penn sedge 

(Carex pensylvanica), a fast-spreading sedge species that is theorized to be favored by 

deer and gaps, has been shown to slow tree regeneration (Powers & Nagel 2009).  

To test how different combinations of deer, canopy gaps, and ruderal species 

influence the woody understory, we used a long-term, multi-disturbance experiment in 

northern Wisconsin, U.S.A, that manipulates canopy gaps and deer fencing. Woody plant 

density and herbaceous cover have been measured within this experiment for 15 years, 

allowing us to tease apart how combinations of canopy gaps and deer can change tree, 

herb, and shrub regeneration over time. Considering that most studies testing the 

combined effects of deer and canopy gaps on tree regeneration are short term and do not 

consider the effects of non-tree species, the structure of this experiment is unique 

(Roberts 2004; Spicer et al. 2020).  

To this end, we hypothesized that canopy gaps would increase woody seedling 

and sapling density and diversity over time due to there being increased resources for 

shade tolerant plants in the understory (H1). However, we expect combined canopy gaps 

and deer fencing to increase sapling density and diversity over time, while fencing under 

a gap will not influence seedlings, as ruderal species hide seedlings from deer regardless 

of fencing (H2). In addition, we expect the highest Rubus and Penn sedge density to be 

under a gap and outside of fencing, as deer will give shrubs and sedge a competitive 
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advantage by browsing regrowing saplings (H3). Lastly, we hypothesize that these 

differing woody plant responses to canopy gaps and deer will lead to distinct 

communities over time, particularly among species under a gap and outside of fencing 

(H4).  

2.2: Methods 

Site Description: 

 To test how woody species respond to deer fencing and canopy gap treatments, 

we used the Managed Old Growth Silviculture Study (MOSS). MOSS was established in 

2007 and is comprised of three ≈200 ha replicate sites located in Wisconsin’s Northern 

Highlands American Legion State Forest (NH), Flambeau River State Forest (FL), and 

Chequamegon-Nicolet National Forest’s Argonne Experimental Forest (AR). Stands at 

each site are maturing Great Lakes northern hardwood forests and dominated by second-

growth sugar maple (Acer saccharum). Subdominant trees in each stand include white 

ash (Fraxinus americana), red oak (Quercus rubra), and yellow birch (Betula 

alleghaniensis) (Fassnacht & Steele 2016). Soils vary among sites, with the NH having 

sandy loam over stratified outwash sand, FL having silt loam over sandy loam soil, and 

then AR having sandy loam with a high stone proportion (Fassnacht et al. 2013). All sites 

occur at roughly the same latitude and are within 140 km of one another.  

Experimental Design: 

 MOSS has several canopy gap-creation treatments at each site that were 

established in winter 2007 and 2008. We used the “Large Gaps” treatment, which 

consists of 36, 24-m diameter gaps at each site that had understories that were either 
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uncleaned, cleaned (removal of all species >2cm DBH), or cleaned and scarified. We 

omitted gaps that had their understories cleaned or scarified and cleaned following 

harvest as this management treatment can lead to substantially different tree composition 

and density (Reuling et al. 2019). Thus, we have an uncleaned gap total of 36. Among 

these canopy gaps, 24 contain a small deer exclosure that is in one of four locations along 

a north-south gradient, from the north transitional edge, to the north gap, to the center 

gap, to the south transitional edge (Fig. 2.1). Most exclosures are 5.25 x 5.25 m wide and 

1.5 m tall, while fencing in the north gap location is 3.75 x 7.5 m in order to capture plant 

variation in this region of the gap. There were also 33 deer fences that were established 

underneath closed canopies across the sites. All fencing was established in 2007. We 

refer to these treatments as “fenced” or “unfenced,” with the latter signifying ambient 

deer presence.  

 We measured woody and herbaceous plants in 2007, 2010, 2017, and 2022 in 

MOSS’s regeneration quadrats and denote these times as t0 (pre-treatment), t3, t10, and 

t15 in figures. Underneath each canopy gap, there are 3 to 4 regeneration quadrats that 

capture the variety of light environments underneath a gap. One regeneration quadrat is 

within each deer exclosure. Regeneration quadrats are 5 x 5 m and contain 4, 1 x 1 m 

subplots at each edge, along with a 1.5 m radius circular plot in the center. Seedlings of 

all woody species (<2 cm DBH or <10 cm height) were identified and counted within 

each quadrat’s 1x1 m subplot and the 1.5 m radius circular plot (Table 2.1). We include 

both shrub and tree species in woody seedling density. Tree saplings (2 – 12 cm DBH) 

were identified and counted in the entire 5 x 5 m regeneration quadrat (Table 2.2). Rubus 

density was also measured within each circular plot starting in t3. In addition, cover 
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classes for six native and non-native invasive herbaceous species were measured each 

year. For the purposes of this study, we only focus on Penn sedge cover as it is 

particularly influential as an understory species (Powers and Nagel 2009).  

Statistical Analysis 

 We scaled woody seedling and sapling density up to the hectare basis for our 

analysis and used canopy gaps as our unit of replication. To analyze how seedling and 

sapling variables responded to disturbance treatments, we used generalized linear mixed 

effects hurdle models with quasi-Poisson or negative binomial distributions in the 

‘glmmTMB’ package (Brooks et al. 2017). For seedling and sapling species richness and 

diversity, we used glmm’s with Poisson and Tweedie distributions, respectively. Fencing, 

gap presence, year since treatment, and their interaction were our primary fixed effects, 

while gap number nested within site was our primary random effect. We also tested how 

fencing, canopy gaps, and their interaction influenced variables that were averaged across 

post-treatment years. To test how tree seedling and sapling density varied with Rubus 

density and C. pensylvanica cover we used both linear mixed effects models in the ‘lme4’ 

package and glmm’s with negative binomial distributions in the ‘glmmTMB’ package. C. 

pensylvanica cover was tested using the average of the cover class midpoints, which 

converted the ordinal cover classes into a continuous variable. All model assumptions 

were tested using the ‘DHARMa’ package and post hoc comparisons were done in the 

‘emmeans’ package (Hartig 2017; Lenth et al. 2022). 

2.3: Results 

Woody Seedlings & Saplings 
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 Woody seedlings and saplings had different responses to canopy gaps and deer 

fencing. Year and canopy gap presence had an interactive effect on woody seedling 

density (χ2 = 9.6, df =3, p = 0.02; Fig. 2.2; Table S2.1). In year 3, canopy gaps increased 

woody seedling density by 130% in comparison to pre-treatment plots at year 0 (z = -4.9, 

p = 0.0001). By year 10 and 15 post-treatment, woody seedling density had decreased 

substantially and there was no difference in woody seedling density between canopy gaps 

and pre-treatment plots. Similarly, woody seedling richness also increased over time 

following canopy gap creation (χ2 = 7.1, df = 3, p < 0.07; Table S2.1), being 3.3 ± 0.3 

species at year 0, then 4.6 ± 0.3 species at year 3 under a gap, 6.6 ± 0.4 species at year 10 

under a gap, and 5.8 ± 0.3 species at 15 under a gap. Canopy gaps also increased woody 

seedling diversity over time, which was lowest at pre-treatment (0.61 ± 0.07) and highest 

at t10 (0.98 ± 0.07) (z = -3.4, p = 0.0001). Combined canopy gaps and fencing reduced 

average woody seedling density, richness, and diversity by 23%, 40%, and 34% 

respectively in comparison to outside of fencing and under a canopy gap (z = -2.4, p = 

0.02; z = -4.4, p < 0.0001; z = -3.1, p < 0.002; Table S2.1). Fencing under a closed 

canopy did not influence woody seedling density, richness, or diversity. 

Gap creation decreased mean sapling density by 33% from pre-treatment to three 

years post treatment (z = 2.9, p = 0.0003; Table S2.2). With time, canopy gaps increased 

sapling density above pre-treatment levels by 114% at year 10 and 145% at year 15 (z = -

4.1, p = 0.0003; z = -5.5, p < 0.0001). Fencing under a canopy gap increased sapling 

density above pre-treatment levels by 174% in year 10 and 188% in year 15 (z = -3.3, p = 

0.005; z = -3.8, p = 0.0008; Fig. 2.3). On average, fencing under a canopy gap increased 

sapling density by 82% in comparison to areas with no fencing under a canopy gap and 
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by 205% in comparison to areas with no fencing and under a closed canopy (z = 3.1, p = 

0.01; z = 4.5, p = 0.0001; Table S2.2). Sapling density did not vary between inside and 

outside of fencing under a closed canopy.  

Fencing and time since treatment had a significant interactive effect on sapling 

species richness and diversity (χ2 = 13, df = 3, p < 0.003; χ2 = 11.6, df = 3, p < 0.009; 

Table S2.2). Prior to gap creation, sapling species richness was 1.6 ± 0.2 and did not 

change 3 years after gap creation, but by years 10 and 15 following gap creation, sapling 

species richness had increased to 2.6 ± 0.2 species and 3.0 ± 0.2 species respectively (z = 

-3.6, p = 0.002; z = -4.2, p = 0.0001). There was no difference in sapling species richness 

between years 10 and 15 underneath a gap. Gap creation also increased sapling diversity 

over time, causing a 215% increase in diversity from pre-treatment to 15 years post-

treatment (χ2 = 11.6, df = 3, p < 0.009). On average, gap creation increased sapling 

richness and diversity by 90% and 71% respectively above unharvested controls (χ2 = 

8.4, df = 1, p < 0.004; χ2 = 8.6, df = 1, p < 0.003; Table S2.2). However, fencing did not 

influence sapling species richness or diversity.  

Tree and Species-Specific Responses to Treatments 

 Time was the primary variable that influenced tree seedling density, with tree 

seedling density decreasing by 23% from year 0 to year 3, decreasing 20% from year 3 to 

year 10, and then increasing by 68% from year 10 to year 15 (χ2 = 6.3, df = 3, p = 0.1; 

Table S2.3). Tree sapling density was strongly influenced by year since treatment, 

fencing, and canopy gaps, being the highest inside of fencing and under a gap at year 15 

(2139 ± 444 saplings / ha) and being the lowest outside of fencing and under a gap at year 
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3 (363 ± 68.7 saplings / ha). On average canopy gaps and fencing increased tree sapling 

density by 82% in comparison to areas with no fencing under a canopy gap and by 205% 

in comparison to areas with no fencing and under a closed canopy (z = 2.9, p = 0.02; z = 

3.9, p = 0.0006; Table S2.3). There was no difference in sapling density in fencing that 

was under a closed canopy. 

Sugar maple was the most abundant seedling and sapling species in the 

experiment (Table 2.1; Table 2.2). Sugar maple seedlings initially decreased by 60% with 

gap creation from t0 to t3 (z = 5.1, p = 0.0001), but then increased by 136% from t3 to 

t15 (z = 3.0, p = 0.01; Table S2.4). Fencing did not influence sugar maple seedlings. In 

contrast, there was an interaction between fencing and canopy gap presence on sugar 

maple sapling density (χ2 = 5.6, df = 1, p = 0.02), with average sugar maple sapling 

density being 167% higher inside of fencing under a gap than outside of fencing under a 

gap (z = 3.8, p = 0.0001; Fig 2.4). There were no differences in sugar maple sapling 

density under a closed canopy with deer fencing.  

Ironwood (O. virginia) was the sixth most common tree seedling and second most 

common tree sapling. Prior to treatment, ironwood seedling density was 67% higher in 

areas where fencing and gaps would be established in comparison to areas that would 

have a gap and no fencing (z = 2.5, p = 0.01; Table S2.4). With fencing and canopy gap 

treatments, ironwood seedling density dropped by 56% from pre-treatment to year 3, by 

25% from year 3 to year 10, and by 5% from year 10 to year 15. By year 15, there was no 

difference in ironwood seedlings between inside and outside of fencing. Ironwood 

sapling density followed a slightly different pattern than ironwood seedlings, being 7% 
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lower in areas where fencing and gaps would be established in comparison to areas to 

where there would be a canopy gap and no fencing (z = 2, p = 0.04). However, by year 3, 

ironwood sapling density was 157% greater inside of fencing and under a gap in 

comparison to outside of fencing and under a gap (z = 3.4, p = 0.0006). By year 10 and 

15, there was only a 31% and 14% respective difference in ironwood sapling density 

between inside and outside of fencing under a canopy gap (z = 2.5, p = 0.01; z = 2.2, p = 

0.03). There was no difference in ironwood seedling and sapling density under a closed 

canopy. 

 There was a significant three-way interaction between year, fencing, and canopy 

gap treatment on Rubus density (χ2 = 32.1, df =3, p < 0.0001; Table S2.5). Canopy gaps 

increased Rubus density substantially by year 3 in comparison to pre-treatment 

conditions and the unharvested matrix (z = -17.2, p < 0.0001; z = 17.6, p < 0.0001). 

There was no difference in Rubus density under a gap between years 3 and 10. By year 

15 post-treatment, Rubus density under a canopy gap had fallen substantially in 

comparison to year 10 (z = 6.6, p = 0.0001; Fig. 2.5). In particular, by year 15 fencing 

under a canopy gap had decreased Rubus density by 74% in comparison to outside of 

fencing under a canopy gap (z = -6.3, p < 0.0001). Rubus density did not correlate with 

tree seedling density underneath a canopy gap, but Rubus density was negatively 

correlated with tree sapling density underneath a canopy gap (χ2 = 9.9, p = 0.002; Fig. 

2.6). 

C. pensylvanica cover changed over time, peaking in year 10 and decreasing 66% 

from year 10 to year 15 (χ2 = 14.8, df = 3,  p = 0.0006). Year and fencing had an 
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interactive effect on C. pensylvanica (χ2 = 10.4, df = 3, p = 0.02) wherein sedge cover 

was no different inside and outside of fencing in year 3, but significantly higher outside 

of fencing in years 10 and 15 (z = -2.6, p = 0.01; z = -3.3, p = 0.001). C. pensylvanica 

cover was not correlated with tree seedling density or tree sapling density. 

Community Responses To Treatment 

 Prior to the disturbance treatments, there were no differences among woody plant 

communities (F = 0.73, p = 0.8; Fig. 2.7a; Table S2.6). However, with combined canopy 

gaps and fencing, we saw substantial changes in woody plant communities, while fencing 

under a closed canopy did not influence community composition. In year 3, 10, and 15 

post-treatment, woody plant communities in fenced areas with a gap and unfenced areas 

with a gap were significantly different from one another and all communities under a 

closed canopy (F = 9.1, p < 0.001; F = 9.2, p < 0.0001; F = 4.0, p = 0.002; Fig. 2.7; Table 

S2.7; Table S2.8; Table S2.9). Woody plant communities outside of fencing and under a 

gap had the least variation and tended to be the most different from communities outside 

of fencing and under a closed canopy in years 3, 10, and 15 (F = 21.2, p < 0.001; F = 

21.8, p < 0.001; F = 8.6, p < 0.001; Fig. 2.7). By year 15, woody plant communities 

inside of fencing and under a gap had returned to being similar to closed canopy 

communities regardless of fencing, while woody plant communities outside of fencing 

and under a gap remained significantly different from fenced and unfenced communities 

under a closed canopy (F = 7.4, p < 0.001; F = 8.6, p < 0.001; Fig. 2.7d; Table S2.9). 
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2.4: Discussion 

Using a unique, long-term disturbance experiment in northern Wisconsin, we 

found strong combined influences of canopy gaps and deer on the forest understory over 

fifteen years. Woody seedling density, richness, and diversity were highest underneath a 

canopy gap and outside of deer fencing. In contrast, woody sapling density increased 

substantially inside of fencing and under a canopy gap, highlighting this height class’s 

sensitivity to disturbances. In addition, species-specific and community-wide responses 

to fencing and gaps may have long-lasting implications for forests, as these individuals 

are the most likely to occupy the canopy and play a significant role in reducing the 

dominance of ruderal species (Frelich 2002; Donoso & Nyland 2006). The changes in 

Rubus density in response to disturbance treatments over time provides new insight 

towards how ruderal species are influenced by disturbance and may influence forest 

development in the Lake States. Each of these results highlights the complexity of 

multiple disturbances in silvics and how these phenomena can lead to different 

management outcomes depending on the combination of disturbance in question (Kern et 

al. 2017).  

Seedlings 

Woody seedlings were strongly influenced by canopy gaps and the time since gap 

creation. Initially, gaps increased seedling density in comparison to the unharvested 

control, likely because increased light resources allowed plants to germinate from the 

seed bank (Muscolo et al. 2014). Eventually, woody seedling density decreased over time 

as tree seedlings entered the next height class and competitive exclusion occurred 
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(Frelich 2002). The decrease in woody seedling density, species richness, and diversity 

inside of fencing under canopy gaps is likely due to increased sugar maple sapling 

density shading-out woody seedlings. This heavy shade produced by a canopy of saplings 

would then reduce shade-intolerant woody species and reduce overall species richness 

(Donoso and Nyland 2006). It's likely that deer did not influence seedling density under 

canopy gaps because shrubs outside of fencing hid seedlings from view, making it harder 

for deer to browse these individuals (Walters et al. 2016). This mutualism between shrubs 

and seedlings is likely why certain studies do not find an effect of deer on seedlings 

underneath a canopy gap (Jones et al. 2023).  

Neither deer nor canopy gaps influenced tree seedling density, diversity, or 

richness in our experiment. In addition, Rubus density and C. pensylvanica cover were 

not influential covariates in determining tree seedling density even though several studies 

have found that Rubus and C. pensylvanica can have negative effects on tree seedlings 

(Kern et al. 2012; Randall & Walters 2019). Our finding that ruderal species did not 

influence tree seedling density may be due to our experiment having a greater density of 

shade-tolerant understory species that can survive under a dense midstory of saplings, 

Rubus, or C. pensylvanica.  

C. pensylvanica cover decreased with fencing, which supports the hypothesis that 

deer can increase the cover of this species (Powers and Nagel 2009; Fisichelli et al. 

2013). Increased C. pensylvanica cover outside of fencing could also be attributed to a 

compounding effect of deer and invasive earthworms, seeing as Reed et al. (2023) found 

that deer increased earthworm biomass and density at MOSS. Deer could be eating plants 
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that grow above the sedge layer and increasing invasive earthworms, which would then 

reduce soil health and nutrients, thereby providing a more favorable environment for C. 

pensylvanica. These effects would likely be magnified in moderately sandy soils like 

those found at our site (Randall & Walter 2019). C. pensylvanica did not respond to 

canopy gap creation, despite Powers & Nagel (2009) finding that increased light can 

benefit this species. Our results highlight the complex nature of plant competition 

following disturbance and how ruderal species influence on woody species is likely a 

symptom of adverse environmental conditions, such as deer or invasive earthworms.  

Saplings 

 In contrast to seedlings, woody saplings were highly responsive to the disturbance 

treatments in MOSS. Total woody sapling, tree sapling, and sugar maple sapling density 

were all highest in areas with fencing and a gap overhead, indicating that mid-sized 

canopy openings and reduced deer browsing had the greatest combined benefit for tree 

regeneration in these forests. These results agree with several other studies in the eastern 

United States and highlight the tree height bottleneck within gap-based management 

practices (Kern et al. 2012; Walters 2020; Henry et al. 2021). It is likely that deer are 

attracted to canopy gaps because these saplings are easy to see, readily available, and 

have high foliar nitrogen content (Naidu & DeLucia 1997; Kuijper et al. 2009; Zaret et al. 

2023). This combined effect of deer and canopy gaps then leads to shorter trees that 

cannot escape the browse line (Forrester et al. 2014). Notably, in our study, we can see 

how differences in sapling density between inside and outside of fencing under a canopy 

gap are only widening with time.  
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Sapling richness and diversity were also highest underneath canopy gaps and 

peaked at 10 years post-treatment but were not influence by deer fencing. Increasing 

richness and diversity in large gaps is to be expected as a range of shade and mid tolerant 

woody species are released (Kern et al. 2014). However, fencing having no influence on 

richness and diversity contrasts with several studies that have found that deer generally 

reduce species richness and diversity within a gap (Kern et al. 2012; Nuttle et al. 2013; 

Sabo et al. 2019). This lack of difference in sapling species richness and diversity with 

fencing is likely due to there being advanced regeneration of unpalatable species that was 

already present inside of fencing. 

 Advanced regeneration is of particular importance when considering gap-based 

regeneration (Kern et al. 2013; Widen et al. 2018). In our study, advanced regeneration 

likely caused differences in sapling density, diversity, and richness between treatments 

prior to canopy gap and fencing establishment. For instance, increased ironwood seedling 

density in areas where fencing and gaps would be established led to high ironwood 

sapling density following canopy gap and fencing establishment (Knapp et al. 2021). 

However, as time passed, the difference in ironwood seedling and sapling density 

between inside and outside of fencing decreased, likely due to this species being favored 

outside of fencing due to its unpalatability to deer (VanderMolen & Webster 2021). If we 

had only measured ironwood seedling and sapling density in year 3 post-treatment, we 

might have come to an entirely different conclusion regarding the effects of deer and 

canopy gaps on tree saplings. Thus, considering advanced regeneration in disturbance 

studies is critical to untangle which effects are due to disturbances over time and which 

are due to a priori environmental factors.  
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Further, a lack of advanced regeneration may contribute to tree regeneration 

failures and competitive exclusion by Rubus and C. pensylvanica in the understory 

(Miller & McGill 2019). The relatively high sapling density prior to treatment in our 

study explains why Rubus decreased substantially over time with fencing, as it was 

shaded out by maturing trees that were not browsed by deer (Donoso & Nyland 2006). 

This interpretation is further supported by the negative correlation between sapling 

density and Rubus density, which suggests that increased sapling density can help to 

reduce Rubus dominance in the understory. Thus, by reducing deer we can increase 

sapling density and concomitantly decrease the dominance of Rubus within canopy gaps. 

Community Change 

 Our multivariate analysis highlights how the combination of deer and canopy 

gaps can lead to long-term changes in the understory community, as both disturbances led 

to unique woody plant communities over time. However, by year 15, woody communities 

under a gap and inside of fencing had returned to being similar to communities that were 

under a closed canopy, regardless of fencing. In contrast, woody communities under a 

gap and outside of fencing did not return to being similar to closed canopy communities 

in year 15. These results may be indicative of combined deer and canopy gaps casing 

arrested succession in the understory, as the community is static and not developing 

towards the closed canopy state (Royo and Carson 2006). This stasis within the 

understory community with deer and gaps could have important ramifications, as it may 

be indicative of reduced ecological resilience and increase the likelihood that the forest 

eventually shifts to a different stable state (Johnstone et al. 2016). 
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Conclusions and Implications: 

Our results paint a complicated, but important, story regarding how deer and 

canopy gaps influence vegetative dynamics. Generally, mid-sized canopy gaps and 

reduced deer browsing pressure in areas with high advanced regeneration led to the 

greatest sapling density over time, particularly for species such as sugar maple. This 

advanced regeneration then shades out ruderal species such as Rubus and self-reinforces 

tree dominance within a gap without deer, as predicted by Donoso & Nyland (2006). 

When deer are present, gap-based regeneration changes, with ruderal species remaining 

abundant and saplings struggling to grow above the browse line. This dominance of 

ruderal species and abundant herbivores then leads to arrested succession and slowed 

forest development (Royo et al. 2006). However, in this scenario, it is possible that slow 

growing and unpalatable species such as ironwood could eventually shade out ruderal 

species and give shade-tolerant sugar maple a better environment to grow. Despite 

ironwood generally being considered an undesirable species for forest managers, it may 

be worthwhile to leave as advanced regeneration to reduce Rubus dominance in a canopy 

gap.  

This study also highlights the importance of considering how different 

combinations of disturbance can lead to multiple plant regenerative outcomes. Deer and 

canopy gaps are two of the most common drivers of change in temperate forests and had 

an interactive effect on resulting vegetation, but we are still missing some key 

information regarding this interaction. Namely, how do gaps and deer change forest 

regeneration across multiple decades and how might this known interaction change with 
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different gap sizes and deer population densities? Our study tests these disturbances 

within a binary framework, such as deer or no deer, when in reality canopy gaps and deer 

browsing occur at different intensities and spatial scales across a landscape (Callan et al. 

2013). Combinations of different browsing intensities and different sizes of canopy gaps 

may lead to radically different outcomes. Further, whether mid-sized canopy gaps and 

reduced deer populations lead to landscape-scale improvements in forest regeneration and 

structure over time scales longer than three decades is also virtually unknown. Thus, 

despite the strengths of our experimental approach, such as highly replicated multi-

disturbance treatments and having collected data on multiple forest strata for 15 years, 

there are still many open questions regarding how multiple disturbances are changing 

temperate forests.  
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2.5: Tables 

Table 2.1: Mean woody species seedling richness by treatment and growth form. 
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Table 2.2: Mean sapling density per ha by disturbance treatment and growth form. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 67 

2.6: Figures 

 

Fig. 2.1: Map illustrating the location of each Managed Old Growth Silviculture Study 

(MOSS) site, along with accompanying canopy gap and deer fencing organization.   
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Fig. 2.2: Woody seedling density response to gap creation and fencing treatment 

combinations over time. Diamonds represent means while bold lines represent medians. 
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Fig. 2.3: Woody sapling density response to combined canopy gaps and deer fencing 

over time. All data for this figure is from areas where canopy gaps were established. 
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Fig. 2.4: Average sugar maple sapling density response to fencing and canopy gap 

treatments.  
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Fig. 2.5: Rubus response to combined gap and fencing treatments by year. 
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Fig. 2.6: Relationship between Rubus density per ha and tree sapling density per ha.  
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Fig. 2.7: NMDS showing woody community response to gap and fence treatments at pre-

treatment (Year 0), year 3 post-treatment, year 10 post-treatment, and year 15 post-

treatment. 
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2.8: Supplementary Information 

Table S2.1: Woody seedling density, richness, and diversity responses to year, fencing,  

and canopy gap treatments. Individual disturbance effects tested with variables  

averaged across years 3, 10, and 15. 

 

 

 

Table S2.2: Woody sapling density, richness, and diversity responses to year, fencing,  

and canopy gap treatments. Individual disturbance effects tested with variables  

averaged across years 3, 10, and 15. 
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Table S2.3: Tree seedling and sapling density responses to year, fencing, and canopy  

gap treatments. Individual disturbance effects tested with variables averaged across  

years 3, 10, and 15. 

 

 

 

Table S2.4: Sugar maple and ironwood seedling and sapling responses to year,  

fencing, and canopy gap treatments. Individual disturbance effects tested with variables 

averaged across years 3, 10, and 15. 
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Table S2.5: Rubus density responses to year, canopy gap, and fencing treatments. 

Individual disturbance effects tested with variables averaged across years 3, 10, and 15. 

 

 

Table S2.6: Pairwise PERMANOVA comparison of pre-treatment communities. 
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Table S2.7: Pairwise PERMANOVA comparison of communities at 3 years post-

treatment. 
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Table S2.8: Pairwise PERMANOVA comparison of communities at 10 years post-

treatment. 
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Table S2.9: Pairwise PERMANOVA comparison of communities at 15 years post-

treatment. 
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Summary:  

 Whether multiple disturbances can lead to multiple legacies in forest ecosystems 

is a question that has primarily been tested using tree seedlings and saplings. However, 

there are many other strata of the forest that may be even more sensitive to disturbance 

and show strong legacies depending on the combination of disturbance. Forest seed banks 

represent a highly undervalued, but optimal study system to investigate how multiple 

disturbances can change vegetative legacies. Seed banks are an important reservoir of 

biodiversity, are sensitive to disturbance, and can play a critical role in forest 

development. They are also likely influenced by the restoration of pre-colonial 

disturbances such as understory fire, mid-sized canopy gaps, and low deer populations. 

However, whether these combinations of disturbance can lead to changes in the seed 

bank is undetermined. To this end, we used a long-term, multi-disturbance experiment in 

West Virginia, U.S.A. that factorially manipulates understory fire, deer fencing, and 

canopy gaps. Thirteen years after disturbance initiation, we sampled and germinated the 

seed bank from each disturbance treatment. Over a decade since treatments were first 

applied, we found that seed banks differed depending on the combination of fire, gaps, 

and deer fencing. Seed abundance showed a synergistic increase with combined fire and 

gaps, while seed species richness increased with burning. Fire and deer decreased seed 

Shannon diversity and combined fire, deer fencing, and canopy gaps led to dominance of 

the seed bank by Rubus, likely reflecting the legacy of extant plants that grew 

immediately after disturbance. Lastly, seed communities were always distinct from extant 

understory species in the most disturbed plots but were particularly similar to understory 

species from later years of sampling. Each of these findings represent a different seed 
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bank legacy depending on the combination of disturbance, adding to our limited 

understanding of how disturbance influences forest seed bank dynamics. Our study 

highlights the many indirect and unexpected ways that multiple disturbances can change 

an understudied, but influential, component of the forest for well over a decade. 
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3.1: Introduction 

As disturbances become more frequent and severe with a changing climate and 

increased human activity, there is increasing likelihood of disturbance interactions (Dale 

et al. 2000, Turner 2010). Multiple, interacting disturbances can lead to vastly different 

ecological communities than individual disturbances (Abrams et al. 1985, Buma 2015; 

Graham et al. 2021). These communities represent a disturbance legacy (Cuddington 

2011), which is broadly defined as the adaptations, individuals, and materials that persist 

on the landscape following a disturbance. Disturbance legacies can be material (e.g., 

wood and nutrient pools) and informational (e.g., species’ adaptive responses and genetic 

material), although the categories are not mutually exclusive (Johnstone et al. 2016).  

Disturbance legacies can have important ramifications for long-term ecological 

composition and structure (Cuddington 2011; Seidl et al. 2014). For instance, windstorms 

knock over trees, leaving behind a legacy of woody fuel, which could then lead to more 

intense wildfires (Anoszko et al. 2022). However, our understanding of how disturbance 

legacies change with multiple disturbances is limited, despite their importance for 

ecological succession and development (Seidl & Turner 2022).  

In temperate forest ecosystems, the soil seed bank often represents a particularly 

important, but understudied, disturbance legacy. Seed banking is a reproductive 

adaptation that allows plants to persist belowground as ungerminated seeds, wherein the 

soil serves as a buffer from aboveground disturbances (Baskin & Baskin 2022). The 

forest seed bank is a reservoir of biodiversity, holding many herbaceous and woody 

species like Viola spp., Carex spp., Rubus spp., Acer spp., Prunus spp., and Betula spp. 

(Ashton et al. 1998, Hille Ris Lambers et al. 2005, Royo and Ristau 2013). When a 
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disturbance creates optimal conditions for certain seed species, they can germinate, 

making the seed bank both a material and information legacy. These plants eventually 

release seeds and reestablish the seed banking process that allows for plant communities 

to reorganize with future disturbance, thereby setting another legacy depending on the 

seeds that are returned to the soil (Seidl & Turner 2022). Thus, disturbances shape 

vegetation, which indirectly changes the resulting seed bank and either reinforces or 

creates a new legacy, as these seeds are likely to germinate following future disturbances. 

These changes in the seed bank can then have serious ecological ramifications. For 

example, rampant timber harvesting and slash wildfires in the United States during the 

late 19th and early 20th century likely allowed the shrub Rubus to spread and saturate 

forest seed banks with its long-lived seeds, creating a century-old legacy of heavy Rubus 

regeneration with tree harvesting throughout the eastern U.S. (Dunn et al. 1983, Peterson 

& Carson 1996).  

Now, due to past forest mismanagement and altered disturbance regimes, eastern 

U.S. temperate forests are radically different from pre-colonial forests (Leckie et al. 

2000; Webster et al. 2018; Vander Yacht et al. 2020). This scenario is particularly acute 

in Appalachian hardwood forests, which have lost regenerating oak species and are 

transitioning to wetter, maple-dominated systems (Nowacki & Abrams 2008). This 

transition from oak to maple species was largely caused by the forced removal of 

indigenous peoples and cultural burning (Abrams et al. 2021), which allowed for 

industrial forest liquidation in the late 19th and early 20th century, followed by slash 

wildfires, and then a century of fire exclusion (Lafon et al. 2017). As a result, 

Appalachian forests became dominated by even-aged stands with few large (20 to 25-m + 
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diameter) canopy gaps and very few understory fires (Clebsch & Busing 1989; Nowacki 

and Abrams 2008; Raymond et al. 2009). Within the Monongahela National Forest, our 

area of interest, the fire return interval is now over 10,000 years as opposed to the historic 

1-to-2-decade fire return interval with cultural burning (Lafon et al 2017). Meanwhile, 

white-tailed deer (Odocoileus virginianus) populations have increased dramatically above 

historical baselines (between 4 and 8 deer/km2) in most of the eastern United States, 

driving ecological change depending on their population density (Horsley et al. 2003; 

Reed et al. 2022). To reverse the legacies of historic mismanagement and sustain oak-

dominated plant communities, forest managers are reintroducing pre-colonial 

disturbances like prescribed burns, tree harvesting to emulate old growth characteristics, 

and deer population control through fencing or hunting (Raymond et al. 2009; Nuttle et 

al. 2013).  

Disturbances like prescribed burns, tree harvesting, and deer browsing each 

provide a unique and important opportunity for new vegetation to grow and for the seed 

bank to change (Ma et al. 2021; Gioria et al. 2022; Fig. 3.1). Prescribed fires clear plant 

material, catalyzing seed germination with increased light, heat, smoke, and nutrients 

(Keeley & Fotheringham 2000). In fire-prone ecosystems, Pausas and Lamont (2022) 

found that ≈42% of seed banking species are adapted to germinate with heat or smoke. 

Canopy gaps increase understory resources like light, soil temperature, and soil moisture, 

which are critical for seeds to germinate (Pakeman & Small 2005; Muscolo et al. 2014). 

Both gaps and fire result in a temporary reduction in the seed bank as plants germinate, 

but with enough time, newly established vegetation will grow, reproduce, and replenish 

the seed bank (Auld & Denham 2006; Shinoda & Aksaka 2020). White-tailed deer 
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overpopulation can lead to low understory plant diversity and density, which may reduce 

the abundance and diversity of seed banking species (Beauchamp et al. 2013; Tamura 

2019). Deer browsing can also stress plants, leading to resource reallocation and reduced 

seed production, which could then reduce seed bank density (Brody & Irwin 2012). Other 

studies have found that moderate deer populations have no effect on the seed bank’s 

abundance or diversity (Levine 2012). While in regions where deer populations are low 

and similar to historic estimates, deer have been shown to increase understory diversity 

by reducing competitive ruderal species, which could then lead to a more diverse seed 

bank (Royo et al. 2010). 

Despite the increasing prevalence and co-occurrence of these reintroduced pre-

colonial disturbances in the eastern U.S., our understanding of how individual and 

combined fires, canopy gaps, and white-tailed deer change long-term forest seed banks is 

unclear. This highlights a significant gap in our understanding of post-disturbance 

legacies, as seed banks are critical for maintaining forest biodiversity in light of 

disturbance. Therefore, the primary question guiding our research is: Do multiple 

historic disturbances cause more substantial long-term changes in the seed bank 

than each respective individual disturbance? To test this question we used a unique, 

multi-disturbance forest experiment that factorially manipulated fire via controlled burns, 

canopy gap creation via girdling and herbicide injection, and deer density via fenced 

exclosures (Fig. 3.2). Thirteen years after the experiment’s initiation, we sampled the 

seed bank in each disturbance combination treatment and tested how seed composition 

varied by disturbance treatment and in comparison to in situ vegetation at different time 

points. 
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We expected fire to be the predominant driver of increased seed abundance and 

diversity, as the Appalachian Mountains are a historically burned ecosystem and many 

plant species are likely favored by fire (H1). Similarly, we expected canopy gaps and the 

low deer density in our study site to lead to a modest increase seed bank diversity and 

density, mirroring the increased aboveground plant diversity with gaps and deer found by 

Royo et al. (2010) (H2). We hypothesized that fire combined with either canopy gaps or 

low intensity deer browsing would cause the greatest increases in seed bank abundance, 

diversity, and community composition (H3). The restoration of pre-colonial disturbances 

should favor a more diverse and abundant seed bank since many of the plant species in 

our area of interest are adapted to these drivers of change. Lastly, we expected the seed 

bank community to be most similar to extant vegetation that was sampled closer to when 

the seed bank was surveyed due to the known transience of many seeds (H4).  

3.2: Methods 

Study Site 

  To test how the forest seed bank responds to multiple disturbances, we 

experimentally manipulated prescribed fire, deer presence, and canopy gap creation in 

four replicate Appalachian hardwood stands in central West Virginia, USA (Fig. 3.2). 

This experiment was established in 2000, using two stands in the Monongahela National 

Forest (39º06’ N, 79º43’ W) and two stands in the Fernow Experimental Forest (39º01’ 

N, 79º42’ W). Each stand was 60 to 90 years old, between 670 to 810 m in elevation, and 

in predominantly upland locations. All stands were dominated by oak (Quercus rubra L., 

Q. alba L., & Q. montana L.) with associated maple (Acer saccharum Marsh., A. rubrum 
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L.), cherry (Prunus serotina Ehrh.), beech (Fagus grandifolia Ehrh.) and birch (Betula 

spp.) (Royo et al. 2010). The herbaceous layer in this forest is highly diverse, with up to 

461 plant species recorded (Coxe et al. 2006). Mean annual temperature is 9°C with an 

average of 145 cm of precipitation. For further details about the pre-existing manipulative 

experiment, please see Royo et al. (2010).  

Disturbance Treatments 

  Our experimental design was a split-plot factorial (Fig. 3.2), with each stand 

being split in half and randomly assigned a burn treatment (burned or unburned). In each 

burned and unburned half stand, eight treatment plots were established (20 x 20 m, 400 

m2) for a total of 64 plots with either fencing (no deer), canopy gap, fencing + canopy 

gap, or no gap and no fence. Treatment plots were 20 m from one another, stand edges, 

and burn lines to avoid nonindependence and edge effects.  

In May and June of 2000, we established 2-m high fencing around treatment plots 

to prevent deer entry. Deer densities in this location are between 4 and 7 deer/km2, which 

are slightly higher than historical estimates, but low relative to most eastern forests 

(Horsley et al. 2003). All canopy gaps were created in June 2000 by girdling multiple 

canopy-dominant trees. By summer 2001, all trees were standing dead, fallen, or near-

dead. Gaps were mid-sized (284 m2 ± 16 SE) and meant to simulate those found in old-

growth forests (Collins and Carson 2003). Each respective understory fire was then lit 

between April 27 and May 1, 2001. Fire temperatures on the mineral soil surface were 

245 ± 15.4 °C, while temperatures at 1 m from the ground were 91.9 ± 1.7 °C (Royo et 

al. 2010).  Fires took place during the historic peak spring fire season (Nuttle et al. 2013), 
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during understory bud-break but prior to canopy bud-break. Historically, fire return 

intervals in this region are between 25 and 30 years (Collins & Carson 2003; Guyette et 

al. 2012). Considering that there was a minimum of 20 m of space between burned and 

unburned regions, we assume that smoke did not lead to a substantial germination event 

within unburned plots.  

Seed Sampling & Germination 

  Five permanent 1-m2 sampling quadrats were randomly placed within each 

treatment plot. Within these quadrats, we measured forb, graminoid, shrub, and vine 

species abundances in 2000 (pre-treatment), 2001 (post-treatment), 2002, 2006, and 

2013. One fire and gap treatment plot could not be found in 2013, thus n = 63. In early 

June 2013, soils were sampled and seeds were germinated using a standard seedling 

emergence methodology (Brown 1992). Following the recommendations of Plue and 

Hermy (2012), we sampled ca. 3% of the quadrat surface area to represent seed bank 

abundance and diversity. Seed bank samples were collected at each corner of the five 

quadrats using a 5-cm long section of a 10-cm PVC pipe (78.5 cm2 x 4 = 314 cm2 soil 

sampled per quadrat). All 20 soil cores per treatment plot were pooled, mixed, and 

subsampled for use in emergence trials. Three subsamples were taken from each of the 63 

treatment plot’s pooled soils and placed in separate 625 cm2 square trays in a greenhouse 

(625 cm2 x 3 = 1875 cm2 soil per plot), with 2.5 cm of subsampled soil placed on top of 2 

cm of sterile sand in each tray. All 189 trays (63 treatment plots x 3 subsamples) were 

then watered daily and occasionally rotated in order to standardize growing light. All 

germinants were identified to species or genera depending on life form, counted, and 

removed from the tray. After 5 months, all trays were subjected to a 90-day, 5º C cold 
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stratification period, after which trays were returned to the greenhouse for another 

germination phase. Although our unit of measure was germinants, from this point on we 

use either “seeds” or “seed bank” to describe our results, as the latter is a proxy for the 

former. 

Statistical Analysis 

  For operational purposes we define seed species richness as the total number of 

species found across the three trays representing a single treatment plot. Similarly, 

abundance is defined as the total number of germinants found across the three trays. 

Differences in richness and abundance were tested using a generalized linear mixed 

effects model (GLMM) with either Poisson or quasi-Poisson distributions in the 

glmmTMB package (Brooks et al. 2017). Seed Shannon diversity was calculated within 

the vegan package based on species abundances per plot (Oksanen et al. 2022) and 

primarily tested using a linear mixed effects model in the lme4 package (Lenth et al. 

2022). Graminoid seed Shannon diversity was tested using a GLMM with a Tweedie 

distribution. We constructed different models with individual disturbances and their 

interactions as fixed effects to determine best fit (Fire, Fence, Gap, Fire x Fence, Fire x 

Gap, Gap x Fence, Fire x Gap x Fence). All models were then compared using AICc and 

BIC (Burnham and Anderson 2004). We report the results from models with the lowest 

AICc and BIC. For our random effects, treatment plot was nested within experimental 

site. If models failed to converge, we just used experimental site as a random effect. All 

model assumptions were tested using the ‘DHARMa’ package (Hartig 2017), while post-

hoc tests were done with the ‘emmeans’ package using a Bonferroni correction (Lenth et 

al. 2022). 
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Differences in community composition between treatments and between years 

were tested using the ‘adonis2’ PERMANOVA function, while community dispersion 

was checked with the ‘betadisper’ function in order to meet the assumptions of 

PERMANOVA (Oksanen et al. 2022). Differences between communities were visualized 

in a 3-dimensional NMDS to keep stress below 0.20. Indicator species were evaluated 

with vegan’s ‘multipatt’ function. When comparing above and belowground communities 

at various time points, certain species were concatenated by genera as they could not be 

identified to species immediately after germination in 2013 (Carex, Galium, Rubus, 

Solidago, & Viola). Species that did not occur in at least 3 plots were removed from 

multivariate analysis. All yearly plant abundance data were converted to presence-

absence format prior to analysis. Similar to Plue et al. (2021) we used Raup-Crick 

similarity within PERMANOVA to test for community differences between germinants 

and extant plants at each time point. 

3.3: Results 

A total of 3,642 seedlings germinated in our trials (average of 310 germinants / 

m2), representing at least 59 different taxa, with 38 forb species, 8 shrub species, 7 

graminoid species, 5 tree species, and 1 species of vine (Table 3.1). Rubus spp. accounted 

for 28% of total germinants, followed by Betula spp. (9%), Ageratina altissima (6%), 

Aralia Spinosa (5%), and Robinia psuedoacacia (5%) as the next most common species 

to germinate. Among all of the germinating seed taxa, 9 species were non-native, 

accounting for 16% of all taxa. Non-native species’ proportional abundance among all 

germinants was low, with non-natives representing 1% of total seeds germinated. The 

most common non-native species was Stellaria media, while one individual of Rosa 
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multiflora, a non-native invasive species of concern, was found in the entire seed bank 

survey.  

Individual Disturbance 

Disturbance effects on the seed bank were generally greatest when multiple 

disturbances were combined. However, in several instances, models with a single 

disturbance were best suited to describe seed variables. We found that fire increased seed 

richness from an average of 10.7 ± 0.5 species to 12.9 ± 0.62 species (χ² = 6.4, df =1, p = 

0.01; Table 3.2), while fencing and gaps had no influence on seed species richness. 

Certain seed life forms responded strongly to individual disturbances as well. Fire 

increased forb seed richness from 3.6 ± 0.4 species to 6.4 ± 0.5 species (χ² = 19.9, df = 1, 

p < 0.0001). Similarly, burning increased forb seed Shannon diversity by 45% (F1, 58 = 

7.9, p = 0.003). In contrast, fire led to a 40% decrease in shrub seed diversity (F1, 58.1 = 

9.5, p = 0.007). Fire also decreased tree seed abundance by 33% (χ² = 6.4, df = 1, p = 

0.02; Table 3.3).  

Canopy Gaps & Fencing: 

 Canopy gaps and fencing alone did not influence seed abundance, diversity, or 

species richness. Plots with both canopy gaps and fencing led to a different plant 

community than areas without either gaps or fencing (F = 2.7, p = 0.0004; Fig. 3.6c). 

Fencing and canopy gap treatments alone did not cause differences in the plant 

community when compared to one another or to areas without gaps or fencing (Fig. 3.6c). 

Fire & Gaps:  
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 The effects of fire on seed abundance were magnified with a gap overhead. Fire 

under a closed canopy led to a 63% increase in mean seed abundance in comparison to 

unburned plots under a closed canopy, while canopy gaps in unburned areas led to a 19% 

increase in mean seed abundance in comparison to closed canopies in unburned plots. 

When fire and gaps were combined there was a 205% increase in seed abundance in 

comparison to unburned plots with no canopy gap (t = 6.8, p < 0.0001; Fig. 3.3). Fire and 

gaps also had an interactive effect on forb seed abundance (χ² = 7.7, df = 1, p = 0.006), 

wherein burned plots with gaps increased forb seed abundance by 175% in comparison to 

burned plots with a closed canopy (z = 3.5, p < 0.001; Fig. 3.4b). Gaps in burned areas 

decreased vine seed abundance by 75% in comparison to burned plots with no gap 

overhead (z = -2.7, p < 0.006), while unburned gaps increased did not influence vine seed 

abundance in comparison to unburned areas with no canopy gaps. 

 The combination of fire with a canopy gap led to highly distinct communities in 

comparison to unburned plots with closed canopies and unburned plots with a canopy gap 

(F = 2.2, p = 0.001; Fig. 3.6b). Canopy gaps in unburned plots did not influence seed 

communities. When comparing seed communities to extant plants in burned plots with a 

canopy gap, the seed community was significantly different from the extant plant 

community at every measured time point (2000, 2001, 2002, 2006, 2013; Table S3.2; Fig. 

3.7a). There were no indicator species for combined fire and gap treatments, whereas the 

indicator for unburned plots with a gap overhead was Sassafrass albidum (p = 0.07). 

Fire & Fencing: 
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There was a weak interaction between fencing and fire on seed bank Shannon 

diversity (F1, 56.1 = 2.7, p = 0.1), wherein fencing and burning led to 13% lower seed 

diversity than unfenced and burned plots (t = -3.3, df = 56.2, p = 0.002; Fig. 3.5). Fire 

and fencing had an interactive effect on shrub seed abundance (χ² = 3.5, df =1, p = 0.06), 

with burned and fenced plots leading to 750% greater shrub seed abundance in 

comparison to unburned plots without a fence (z = 6, p < 0.0001; Fig. 3.4a). Fencing in 

burned plots decreased graminoid seed abundance by 62% in comparison to burned plots 

without fencing (z = -2.2, p = 0.03), while there was no difference in graminoid 

abundance between fencing treatments in unburned plots.  

Seed communities in burned plots with fencing were highly distinct from 

unburned plots with and without fencing (F = 6.8, df =1, p < 0.001; Fig. 3.6a). Burned 

plots with and without fencing treatments also formed distinct communities from one 

another (F = 3.3, df = 1, p < 0.004). Fencing in unburned plots did not significantly 

influence seed communities. The seed community in the fire and fenced treatments was 

significantly different from the extant plant community at every measured time point 

(2000, 2001, 2002, 2006, 2013; Table S3.1; Fig. 3.7b). Viola rotundifolia (p = 0.06) was 

the primary indicator for burned and fenced plots. 

Fire, Gaps, & Fencing: 

There were no significant three-way interactions between fire, gaps, and fencing 

on total seed bank abundance, richness, or diversity. However, these disturbances had a 

slight three-way interaction on Rubus abundance, the most common seed germinant in 

our trials (χ² = 3.0, df =1, p = 0.08). Burning only increased Rubus seed abundance with a 
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gap or fencing present, with fire, fencing, and canopy gaps causing a 1432% increase in 

Rubus seed abundance in comparison to unburned plots with no fencing and no canopy 

gaps (z = 6.1, p < 0.0001). In addition, burned areas with gaps and fencing had several 

indicator species, including Rubus (p = 0.005), Phytolacca americana (p = 0.02), 

Sambucus (p = 0.02), and Aralia spinosa (p = 0.06). In contrast, burned areas with gaps 

and deer had Ageratina altissma (p = 0.001), Carex spp. (p=0.007), and Verbena 

urticifolia (p = 0.03) as primary indicator species.  

3.4: Discussion 

  Using a unique, long-term experiment that manipulates several historically 

important disturbances, we provide evidence of how disturbance interactions cause 

lasting imprints on the seed bank community. Specifically, interactions between 

understory fire, canopy gap creation, and continuous low-intensity deer browsing left 

distinct disturbance legacies in the seed bank community over 13 years. Despite the 

frequency and importance of these disturbances, this study is the first to our knowledge to 

test how these interacting disturbances can change the forest seed bank. These seed bank 

legacies provide new theoretical insight towards how biodiversity and forest communities 

are maintained in light of multiple disturbances. Further, these altered seed banks 

represent a critical reservoir of biodiversity that will influence community structure and 

composition following subsequent disturbances (Gioria & Pysek 2016). 

Disturbance Effects on Seed Banks 

Individual Disturbances 
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Only burning increased long term seed bank richness, likely driven by an increase 

in the proportion of forb species with fire. These increases in seed species richness after 

fire were relatively small and are similar to the changes in aboveground forb species 

richness following prescribed fire found by Hutchinson et al. (2005) and Keyser et al. 

(2012). However, these results contrast Shi et al.’s (2022) global meta-analysis of 

relationships between fire and seed bank diversity, which found either null or negative 

influences of fire on seed richness. Fire also decreased tree seed abundance, similar to the 

findings of Schuler et al. (2010). Reduced tree seed abundance is likely due to a temporal 

delay between tree seed germination following disturbance and the age at which tree 

species are able to flower and reproduce. Trees growing post-fire would invest in growth 

rather than reproduction, highlighting how there may be a delay in how long it takes for a 

seed bank to represent certain tree species, such as Betula spp. (Royo and Ristau 2013).  

Canopy Gaps & Fencing 

We found no strong effects of combined canopy gaps and fencing on seed 

abundance, richness, or diversity, which contrasts the strong interaction these 

disturbances had on seed bank species occurrence probability found by Shinoda and 

Aksaka (2020). However, we did find that combined gaps and fencing led to different 

plant communities in comparison to sites with closed canopies and no fencing, while 

canopy gaps and fencing alone did not influence the seed community (Fig. 3.6c). This 

interactive effect between gaps and fencing on the seed community points to how deer 

can play an influential role moderating plant growth underneath a canopy gap and 

indirectly shift seed community composition (VanderMolen & Webster 2021).  
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Fire & Gaps 

  We found that the combination of prescribed burns and canopy gaps dramatically 

increased seed abundance in comparison to plots that were only burned or had a canopy 

gap overhead. In this scenario, fires cleared existing biomass and stimulated seed 

germination through heat and smoke, which allowed for a pulse of plant growth from the 

seed bank. These plants then grew into an environment with light levels that were 

approximately 260% higher than that of control plots (Royo et al. 2010). The abundant 

resources within burned plots with a canopy gap then allowed for plants to invest in seed 

production, thereby replenishing the seed bank. 

Burning and canopy gaps also led to an increase in forb seed abundance, similar 

to Hyatt (1999), while vine seed abundance decreased with these disturbances. Increased 

forb seed abundance parallels the increase in forb cover with fire and gaps found by Royo 

et al. (2010) in these plots, suggesting that the forbs that initially germinated following 

these disturbances can have a long-term presence in the seedbank. It is possible that 

combined fire and canopy gaps may be a way to increase forb growth and seed bank 

persistence, which is often desired within fire dependent systems (Lettow et al. 2014; 

Yantes et al. 2023).  

Fire & Fencing 

Deer exclusion and fire decreased seed Shannon diversity due to a parallel 

increase in shrub seed abundance, while other seed life forms remained at low relative 

abundances. These shrubs were likely able to grow prolifically after fire and could invest 

in reproduction without stress or death from herbivory. As a result, shrub’s long-lived 
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seeds accumulated in the seed bank and made the relative proportions of seed life forms 

highly uneven, thereby decreasing Shannon diversity. These results provide nuance to the 

finding that high deer densities can reduce seed abundance, as low and moderate deer 

browse seemingly maintains higher seed biodiversity by creating a more heterogeneous 

environment that allows for more even relative abundances of seed banking species 

(Tamura 2019; Beauchamp et al. 2013; DiTommaso et al. 2014; Levine et al. 2012).  

Fire, Canopy Gaps, & Fencing 

The combined influence of burning, thinning, and herbivory on shrubs has been 

demonstrated in savanna ecosystems (Knapp et al. 1999; Yantes et al. 2023), but few 

have tested whether these aboveground vegetation legacies are then reflected in the seed 

bank. In our study, we found that fire, canopy gaps, and fencing had a strong combined 

influence on Rubus seed abundance. We saw the highest Rubus seed abundance in areas 

that were burned and had both fencing and a canopy gap, similar to Royo et al. (2010). 

This outcome is likely exacerbated by Rubus increasing with canopy gap creation and 

having fruit that is highly palatable to deer (Mladenoff 1990; Donoso & Nyland 2006; 

Widen et al. 2018). Rubus seeds are able to survive belowground for decades, making it 

very likely this legacy in the seed bank will become apparent in the understory following 

the next fire or gap. Further, this increase in Rubus seeds inside of fencing may be why 

we see a concomitant decrease in graminoids inside of fencing, as these two life forms 

are known to heavily compete (Van Auken 2009).  

Fire-Driven Plant Communities 
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Fire combined with gaps or fencing led to unique seed bank communities in 

comparison to areas with only fencing or a canopy gap, as evidenced by multivariate 

analysis and NMDS. These results support Grubb (1988) who found that fire and seed 

communities are coupled and that different disturbance events lead to different long-term 

seed banks. In our study, fire was the strongest driver of community change, with added 

community differentiation when deer and canopy gap treatments were applied. This result 

highlights the importance of fire in shaping plant diversity in formerly fire-prone systems 

and how added canopy gaps or deer exclusion can lead to substantial variation in seed 

bank community trajectories.  

Several studies theorize that aboveground and belowground plant communities 

should homogenize and converge with increasing disturbance due to there being greater 

ruderal species survival (Plue et al. 2017; Plue et al. 2021). In our study, seed 

communities were most similar to extant plant community data in 2006 and 2013. This 

result is likely due to many seeds having relatively short longevity in situ (Hille Ris 

Lambers et al. 2005; Probert et al. 2009), making it more likely that the seed bank 

community would be more representative of extant plant communities closer to sampling. 

However, even in the most disturbed plots, seed bank communities never converged with 

extant plant communities at any time point, highlighting how the seed bank maintains an 

important reservoir of biodiversity. Notably, extant plant communities were more 

dispersed and variable in comparison to the seed bank, indicating that we likely under-

sampled the seed bank and there is far greater diversity to be found within seed banks 

than our sampling intensity indicates (Plue et al. 2021). However, our seed bank survey 

represents 13 years of seed accumulation and death after the disturbance treatments, 
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which would maintain a different community than the vegetation occurring aboveground. 

Thus, we believe the seed bank represents an important component of forest biodiversity, 

especially considering that only 16% of species were non-native to North America and 

1% of total germinants were non-native. 

Ruderal Species, Ecological Memory, and Future Considerations  

Research on how forests respond to multiple disturbances is often limited to 

studying how trees respond to the combined influence of high intensity disturbances, 

such a wildfires and stand-leveling windstorms (Johnstone et al. 2016). Often, many 

other layers of a forest are forgotten in light of multiple disturbances, such as the 

understory or the seed bank (Roberts & Gilliam 2003; Roberts 2004; Spicer et al. 2020). 

Further, many studies on multiple disturbance are conceptual rather than experimental or 

do not adequately interpret results within the theoretical assumptions of disturbance 

ecology (Foster et al. 2016; Webster et al. 2018). It is critical that we consider these 

disturbances in tandem, since understory fire and mid-sized canopy gaps were the most 

common pre-colonial forest disturbances throughout the eastern U.S. and are being 

broadly restored (Hanson & Lorimer 2007; Abrams et al. 2021), while white-tailed deer 

are far above historic densities and are now a dominant contemporary disturbance with 

many indirect effects (Rooney & Waller 2003; Reed et al. 2023). The novelty of our 

study highlights our limited understanding of these disturbance combinations and their 

potential influence on forest succession, development, and disturbance legacies.  

  In our experiment, restoring pre-colonial disturbances favored many ruderal 

species in the seed bank. Although many of these seed banking species would be 
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considered “weeds” by land managers, ruderal species play an important role in 

ecosystems (Richmond et al. 2005; Palacio et al. 2016). For instance, Rubus, the most 

important indicator species in our germination experiment and the only species to have a 

significant response to combined fire, fencing and canopy gaps, has been shown to 

reduce forest floor temperatures, hide tree seedlings from deer, and fix nutrients as 

biomass, which prevents nitrogen from leaching post-disturbance (Donoso & Nyland 

2006; Widen et al. 2018). These ruderal species are eventually shaded-out by growing 

trees, so they create dense seed banks that buffer them from year-to-year variability and 

can germinate after the next vegetation-clearing disturbance (DeMalach et al. 2021). 

Although some studies have found that ruderal species like Rubus can lead to arrested 

succession, this effect is likely due to overpopulation of deer giving a competitive 

advantage to shrubs over trees (Kern et al. 2012; Widen et al. 2018).  

Our results fundamentally differ from most gap-deer-Rubus studies because of the 

prescribed fire and relatively low deer population density in our region of study. Burning 

likely cleared most aboveground vegetation, while gaps provided abundant sunlight, 

leading to Rubus dominance in the understory. This Rubus dominance was then 

moderated and reduced by deer browsing. These shrub reductions with historic 

disturbances are then reflected as a legacy in the seed bank. Alternatively, outside of 

fencing, we see greater graminoid seed abundance, which are species that provide little 

forage value to wildlife and have been shown to increase with deer presence (Rooney 

2009). Thus, differing seed banks with fencing and fire could eventually influence trophic 

interactions, as there are fewer seeds that produce nutritious soft-mass outside of fencing. 
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The high numbers of disturbance-dependent species in the seed bank may shed 

light on why many studies find a seed bank bias, wherein forest seed banks have low 

similarity to aboveground plants (Hopfensperger 2007, Larson & Suding 2022). These 

seed communities are different from extant plants because the ecosystem has not been 

disturbed recently. Compounding this issue, many studies under-sample the seed bank 

(Plue et al. 2021). These factors may also contribute to the assumption that seed banks 

are not a particularly important source of biodiversity or component of forest 

development, which our study provides evidence otherwise. 

There could also be generalizable patterns in how seed banks respond to certain 

combinations of disturbance. For instance, based on our results, we’d expect fire and 

herbivore exclusion to create a long-lasting Rubus seed legacy, especially considering 

that shrub seeds are often less transient than extant understory plants (Plue et al. 2017). A 

shrub seed bank would then continually reoccur following occasional fire and gap 

creation, thereby cementing the ecological memory of a shrub-dominated system 

following disturbance (Johnstone et al. 2016). Repeated burns and canopy gap creating 

events would continually favor fast-growing shrubs that drop seeds at extremely high 

densities, creating a feedback loop of disturbance and shrub dominance. This ecological 

memory likely cannot be broken except through the manipulation of more intense or 

targeted disturbances, such as low intensity deer browsing (Nowacki & Abrams 2008; 

Jogiste 2017). These disturbance legacies and ecological memories in the seed bank make 

sampling a forest seed bank a valuable exercise to determine which combination of 

disturbances to apply in a restoration or management setting, particularly as the climate 
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warms and many seed banking species are favored by warmer conditions (Abella 2022; 

Auffret et al. 2023). 

Future studies that evaluate the influence of multiple disturbances on forest seed 

banks should make several considerations. First and foremost, researchers should think 

beyond how trees respond to multiple disturbances (Roberts & Gilliam 2003; Gilliam 

2007; Spicer et al. 2020). It can take decades for the effects of multiple disturbances on a 

stand to become fully apparent, making the understory and seed bank an excellent study 

system in a multi-disturbance scenario. Further, seed bank studies should measure several 

germinant functional traits rather than just species richness or diversity. This is one of the 

primary gaps in our understanding of seed communities and the traits of species may be 

important in determining seed bank legacies following multiple disturbances (Larson & 

Suding, 2022). Future work should also evaluate how seed banks vary with multiple 

disturbance rather than just evaluating how seeds respond to disturbance binaries (Foster 

et al. 2016). By taking a continuous approach to measuring multiple disturbance we may 

be able to better detect nonlinear responses and improve research integration into meta-

analyses (Buma 2021). 

We found that the forest seed bank primarily varied depending on the disturbance 

combinations in question. These altered seed banks are an important reservoir of 

biodiversity and represent likely regenerative outcomes following subsequent 

disturbances, further justifying the seed bank’s importance in forest ecosystems. Our 

work also takes a first step towards understanding whether there are common patterns in 

forest seed bank responses to multiple disturbances and how the reintroduction of pre-
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colonial disturbances will likely leave important legacies that extend far beyond the tree 

line. 
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3.5: Tables 

Table 3.1: All seed bank survey species, their corresponding germination totals, and 

whether the species is native to North America.  

Species 

Total 

Germinants 

Native to North 

America? 

      

Forbs     

Ageratina altissima 216 Yes 

Phytolacca americana 133 Yes 

Erichtites hieraciifolius 111 Yes 

Viola blanda 111 Yes 

Dalibarda repens 68 Yes 

Saxifraga 51 Yes 

Pilea pumea 50 Yes 

Viola macloskeyi 44 Yes 

Violet spp. 42 Yes 

Viola canadensis 39 Yes 

Potentilla canadensis 26 Yes 

Stellaria media 25 No 

Verbena urticifolia 24 Yes 

Viola rotundifolia 23 Yes 

Galium spp. 23 Yes 

Packera aurea 20 Yes 

Viola sororia 18 Yes 

Veronica officinalis 17 No 

Verbascum thapsus 17 No 

Eurybia divaricata 16 Yes 

Viola pubescens 11 Yes 

Eupatorium serotinum 10 Yes 

Hypericum psuedomaculatum 6 Yes 

Mitchella repens 6 Yes 

Prenanthes trifoliata 3 Yes 

Apocynum 2 Yes 

Boehmeria cylindrica 2 Yes 

Gaulitheria procumbens 2 Yes 

Juncus effusus 2 Yes 
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Plantago lanceolate 2 No 

Polygonum persicaria 2 No 

Solanum carolinense 2 Yes 

Trillium spp. 2 Yes 

Lobelia spicata 1 Yes 

Medeola virginiana 1 Yes 

Solanum nigrum 1 No 

Uvularia sessifolia 1 No 

      

Graminoids     

Carex spp. 178 Yes 

Dichanthelium clandestinum 45 Yes 

Luzula multiflora 25 Yes 

Sisyrinchium 9 Yes 

Agrostis perennans 2 Yes 

Andropogon 1 Yes 

      

Shrubs     

Rubus spp. 1035 Yes 

Aralia spinosa 199 Yes 

Sassafras albidum 17 Yes 

Sambucus 16 Yes 

Berberis thunbergii 6 No 

Rhus typhina 6 Yes 

Rosa multiflora 1 No 

      

Trees     

Betula spp. 337 Yes 

Robinia psuedoacacia 199 Yes 

Liriodendron tulipfera 26 Yes 

Acer rubrum 15 Yes 

Acer pensylvanicum 2 Yes 

      

Vines     

Vitis aestivalis 157 Yes 

 

 



 116 

 

Table 3.2: Seed richness, diversity (H’) and abundance response to individual 

disturbance and their combinations. Each variable corresponds to a single model. 

 

 

 

 

Table 3.3: Forb, graminoid, shrub, tree, and vine seed abundance response to individual 

and combined disturbance treatments. Each variable corresponds to a single model. 

 

 

 

 

 

 



 117 

3.6: Figures 

 

Fig. 3.1: Conceptual diagram illustrating how aboveground vegetation can respond to 

multiple disturbances such as fire and treefall gaps. One major unknown in forest ecology 

is how the seed bank responds after multiple disturbances. 
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Fig. 3.2: Diagram showing the organization of our replicated, factorial multi-disturbance 

study. Four stands were split into burned and unburned halves. Within each half, various 

fencing and gap treatments were applied in 20x20 m plots. With each of these plots, soil 

was collected and aggregated. This soil was then split into 3 seed beds and placed in a 

greenhouse for germination trials. Figure adapted from Thomas Van Gundy et al. 2014. 
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Fig. 3.3: Seed abundance response to combined gap and fire treatments. Black circles 

represent means whereas bold lines represent medians. 
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Fig. 3.4: Bar charts that represent the relative mean proportion of each germinant life 

form in unpooled disturbance treatments.  
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Fig. 3.5: Seed Shannon diversity response to deer fencing and prescribed fire.  
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Fig. 3.6: NMDS showing seed community differences amongst disturbance treatments. 

Understory fire causes the most distinct shifts in community with additional variation 

from canopy gaps (A.) and deer fencing (B.). There are slight differences in communities 

with gaps and deer fencing, although not as pronounced as with fire.  
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Fig. 3.7: NMDS showing differences amongst seed communities in 2013 and extant plant 

communities sampled in each treatment in 2000, 2001, 2002, 2006, and 2013. A. 

Represents plant communities from above and belowground in plots that were burned and 

had a canopy gap overhead. B. Represents plant communities from above and 

belowground that were burned and had a canopy gap overhead.  
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3.8: Supplementary Information 

Table S3.1: PERMANOVA pairwise comparison using Raup-Crick dissimilarity 

between seed and herbaceous layer communities between years in plots that had a fence 

and were burned. 
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Table S3.2: PERMANOVA pairwise comparison using Raup-Crick dissimilarity 

between seed and herbaceous layer communities between years in plots that had a gap 

and were burned. 

 


