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Project Summary 
Ecological processes are critical for maintaining biodiversity. Anthropogenic stress on ecological communities increases their vulnerability to extirpations and 
extinctions of species and with them go also the networks of relationships.  These interactions may play critical roles in shaping life history strategies. In the 
Northern Forest, herbivory by large ungulates is a keystone ecological process with direct and indirect effects on other trophic levels. Over much of their range, 
browsing by moose (Alces alces) has been shown to induce changes in plant morphology, reduce tree growth and survival, and shift competitive balances. In the 
Northern Forest, some plants double as winter moose browse and spring/summer bird nesting substrate. By browsing only plants exposed above snowpack, 
moose alter nesting habitat and reshape the architecture of the understory. Here, moose and black-throated blue warbler (Setophaga caerulescens) engage in a 
cross-trophic relationship through their utilization of plants in the forest understory, particularly hobblebush (Viburnum alnifolium).  
 
This research added to an existing long-term survey of bird abundance and distribution. We tested the hypothesis that the effect of moose herbivory leads to 
changes in the distribution and branching patterns of understory shrubs, leading to changes in habitat selection for black-throated blue warbler. Using an 
established sampling grid, we measured moose activity, understory composition and structure, and bird abundance. We modeled the effects of moose activity on 
understory plant morphology and tested for correlations in distribution of species. We also compared characteristics of hobblebush patches surrounding black-
throated blue warbler nest sites with randomly selected adjacent patches.  
 
In the Northern Forest community, moose, hobblebush and black-throated blue warbler engage in a multi-trophic relationship. This study yields new information 
about each species, their ecological community relationship, and the study of habitat use. Our results show that 1) moose, through the act of winter browsing on 
buds and twigs, have a profound physical effect on hobblebush and 2) black-throated blue warbler select nest sites based on physical attributes influenced by 
moose herbivory.  A moose browses a patch of hobblebush and the plants develop more branches than they would otherwise. Browsed plants create more 
structurally complex microhabitats (also measured in terms of visual obscurity). Within their own territories, black-throated blue warblers prefer patches with 
more branches (moose browse effect) and greater visual obscurity for nesting. Moose returned to the Northern Forest ~30 years ago but this relationship likely 
preceded their extirpation. Since recolonizing, moose have become a charismatic species symbolic of the Northern Forest. Moose populations contribute to 
wildlife watching and ecotourism in the region. While these two species’ ranges overlap, under forces of global change, they may not always, and understanding 
the community dynamics and habitat preferences of species may be critical for long-term management as habitats and communities reorganize. 
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Background 
• Complex ecological community relationships are 

often poorly understood 
 

• These relationships may critically support 
threatened or rare species 
 

• Ungulate herbivory is a key ecological process in 
many ecosystems  
 

• Composition and structure of understory vegetation 
is a key component of habitat quality for many 
songbirds in the Northern Forest.  
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M - Conservation biology typically focuses on the establishment of nature reserves that support populations of rare, threatened, or endangered species. Although this approach has garnered important victories for maintaining biodiversity, the conservation of small reserves may fail to capture the full range of ecological process that support healthy populations of rare species. Ungulate herbivory is a key ecological process that has important effects on the structure and composition of vegetation (Hobbs 1996, Augustine and McNaughton 1998). For example, browsing by moose (Alces alces) and deer can induce changes in plant morphology, reduce tree growth and survival, retard forest succession, and shift competitive balances in favor of less palatable species (McInnes et al. 1992, Thompson et al. 1992, Danell et al. 1994, Crête et al. 2001).  Other studies have shown moose browsing to accelerate carbon turnover (Kielland et al. 1997), decrease litter quantity (Persson et al. 2005a), decrease heights of deciduous shrubs (Posner and Jordan 2002), increase number of branches per shrub stem (Persson et al. 2005b), and indirectly increase diversity and decrease numerical abundance of ground-dwelling invertebrates (Suominen et al. 1999). These results suggest an important role of moose herbivory in forested ecosystems. In the Northern Forest, the composition and structure of understory vegetation is a key component of habitat quality for songbirds such as the black-throated blue warbler (Dendroica caerulescens), Canada warbler (Wilsonia canadensis), and dark-eyed junco (Junco hyemalis). Herbivory in the shrub stratum can affect nest placement, escape cover, as well as the distribution of food resources. Previous work at Hubbard Brook Experimental Forest has shown that Black-throated Blue Warblers have higher pairing success, reproductive success, and a higher probability of double brooding in areas with a high shrub density (Holmes et al. 1996). Additionally, territories with greater understory leaf density, which could be created by moose herbivory, have a greater density of invertebrate prey (Rodenhouse et al. 2003). As a result, moose herbivory in the Northern Forest has the capacity to generate ecological effects that are propagated both within and among trophic levels.   Over the past 200 years, the Northeastern Forest has undergone significant changes.  Human settlement and development have altered forest growth and influenced local biodiversity (Foster et al. 1997). As climate changes in the Northern Forest (Hayhoe et al. 2006), the distribution and abundance of fauna will change further (Rodenhouse et al. 2009). Changes in snow depth, timing and intensity of rainfall events, and patterns of winter soil freeze will all influence plant and animal populations (Christenson 2007, Clevitt et al. 2008, Rodenhouse et al. 2009). The interaction between climate change and increasing moose populations may have substantial effects on the Northern Forests. A management goal of the New Hampshire Fish and Game Department is to increase the number of moose in the state (Bontaites 2003).  Currently, the state estimates 1.94 moose/km2 at Hubbard Brook, NH (Bontaites, New Hampshire Fish and Game, personal communication) with estimates of 2.5 moose/ km2 at higher elevations (J. Battles, unpublished data). Moose have been shown to negatively effect growth and reproduction of balsam fir (Abies balsamea), a key component of their winter diet (McLaren and Peterson 1994). Thus, moose browsing in the coniferous-deciduous transitional zone in the Northern Forest could accelerate elevational shifts in plant distributions, particularly that of balsam fir. Consequently, long-term changes in climatic patterns may have substantial impacts on moose population dynamics and subsequent effects on shrubs, insects, and understory birds.  Observations at HBEF indicate that forest canopy gaps are being colonized by hobblebush (Viburnum alnifolium), while saplings of other tree species are being ‘browsed’ out of this vegetation stratum (Christenson 2007). Interestingly, hobblebush, the preferred nesting substrate for Black-throated Blue Warblers, appears to flourish under moose browsing pressure, and Christenson (2007) found that leaf biomass production and total leaf N content did not decline under browsing conditions. Many caterpillars feed on leaves of plants with greater nitrogen concentrations (Grace 1986). These shrub species have recalcitrant litter that decomposes slowly (high C:N) and this in turn feeds back to the available N pool, where less and less N is available through time, positively selecting for the less nutrient demanding conifers (Pastor and Danell 2003). As a result, trophic-level relationships between moose, hobblebush, caterpillars and birds can be influenced through multiple pathways. 



Background 
• Moose densities have fluctuated dramatically over 

the course of the last 200 years 
 

• Global change will likely alter many of the 
components that affect or are affected by moose 
and may have a synergistic affect with changing 
moose populations 
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Methods: Field Sampling 
• Extent and severity of moose browse within the Hubbard Brook Valley 

– Surveys conducted in 2009 across Hubbard Brook 
• Abundance, distribution and morphology of understory vegetation  
• 15 north-south transects separated by 500 m  
• 298 50 m radius plots  
• Sampling at eight regularly spaced 1 m2 subplots. 

– All woody plants in each subplot recorded by species and height category (0.3-1 m, 1-2 m and 2-3 m).  
• Presence or absence of browse was noted for each plant.  
• In 2010, one hobblebush plant in each of the 298 plots was selected at random to assess effects of browse on hobblebush structure; we 

recorded height of tallest bud, counts of branches and leaves, and number of branches with browse 

• Extent and severity of moose browse around Black-throated Blue Warbler nests 
– 1m radius plots were established centered on nests constructed in hobblebush, paired with a 1m radius non-nest 

hobblebush patch selected at random.  
• Non-nest sites remained inside the BTBW territory and were selected for apparent similarity in the stem density and size of the 

hobblebush patch.  
• For each nest/non-nest plot pair, all hobblebush stems were counted and measured for height of tallest bud, number of leaves, number 

of branches and number of browse occurrences.  
• Within each plot, hobblebush stems less than 30 cm in height were counted but not recorded for other morphological characters.  
• Percent visual obscurity estimates were recorded in the 4 cardinal directions at distances of 5 and 10 m from the nest using a 2.5 m 

pole stratified in 0.5 m increments.  
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Statistical methods: To assess the effect of moose browse on hobblebush structure we built a model predicting the number of branches per shrub as being dependent upon shrub height, moose browse intensity, shrub density and elevation using data collected at the valley-wide plots.  We used generalized linear models with zero-truncated, negative binomial error distributions. Models were constructed using the vglm function (family = posnegbinomial) within the VGAM package for R. Goodness of fit was assessed with a chi-square test comparing all non-Gaussian family models (Poisson, zero-truncated Poisson, negative binomial, zero-truncated binomial) to insure the validity of the model family. Other independent environmental variables were also considered, including elevation, topographic wetness, available light, leaf area index, and shrub layer density. These were included in model optimization but were eliminated based on lack of significance or a lack of contribution to model fit. Model selection for lowest AIC value was used to maximize fit and eliminate extraneous covariates. Hobblebush branch count was selected as the response variable because the number of leaves and branches were strongly correlated. For this model, browse intensity was quantified by scaling the proportion of the shrub browsed. When compared visually to Gaussian family models, models accounting for overdispersion can appear imprecise in typical xy layout. To visually capture the effects of moose browse relative to shrub height on hobblebush morphology, a bootstrap simulation of the model was run on four height classes to independently display the effects of moose browse intensity. To isolate the effects of morphology on nest-site selection, we used paired t-tests to verify similarity of shrub density and height between nest and non-nest shrub patches. Differences between used and unused habitat were assessed with a within-subjects MANOVA that included branches density per patch, branches, leaves and browse per shrub, and patch visual cover. 



 
1. 3100 ha watershed 
2. Selectively Cut 1909 
3. Research site est. 1960 

 

Methods: Study Site 
Hubbard Brook Experimental Forest, NH 
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Hubbard Brook Experimental Forest (HBEF) in North Woodstock, Grafton County, New Hampshire, USA is a 3,160 ha watershed composed primarily of uneven aged, northern hardwoods. HBEF consists of a south-facing slope and a north-facing slope with a roughly east-west oriented valley in between. Elevations range from 222 m at the eastern end of the research forest to 1015 m atop Mount Kineo. 



Methods: Study Species 
Moose 

Black-throated Blue Warbler Hobblebush 
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Hobblebush: The forest canopy is dominated by American beech (Fagus grandifolia), sugar maple (Acer saccharum) and yellow birch (Betula allegheniensis) with a shift to red spruce and balsam fir (Abies balsamea) at higher elevations. Saplings and seedlings of these species (except yellow birch) comprise much of the understory with the addition of striped maple (Acer pensylvanicum), mountain maple (Acer spicatum) and hobblebush as well as some forbs and ferns. Hobblebush is the most prevalent among shrubs comprising >99% of shrubs found at the research site. Hobblebush is also a high quality winter food source for moose and having relatively large unprotected nutrient rich buds. This ecological interaction creates an excellent opportunity to investigate whether ‘natural’ background levels of herbivory serve as the ecological mechanism driving habitat selection and use in understory songbirds. Moose: Extensive timber harvests throughout the Northern Forest region coupled with unregulated hunting in the nineteenth century led to the near region-wide extirpation of moose. With the implementation of hunting regulations in the twentieth century and the regeneration of forests in the Northeast, moose populations stabilized. At HBEF, moose have been observed since roughly 1975 and sighting frequency increased in the early 1980s. Moose are widely dispersed and found in low densities, partly because of regulation through hunting pressure. Moose use a variety of habitats and move across an elevational gradient over the course of the year. Moose diet is moderately specialized, with a highly fibrous diet in winter (whose availability is limited by snow pack) and a more herbaceous diet in summer.Black-throated Blue Warbler: The region supports a large, stable population of an obligate understory species nesting in the shrub stratum, the black-throated blue warbler (Setophaga caerulescens, BTBW. In the northern hardwood system, the species has been the subject of a 30+ year study that has investigated nearly every aspect of the species’ natural history.The availability of high quality understory nest sites can be equally limiting as food resources. BTBW density is positively correlated with shrub density, high density shrub sites are occupied more consistently, high shrub density plots have more fledglings per nest attempt and more pairs attempt second broods, and plots with a high density deciduous shrub layer have fewer nest predators and more food. Greater than half of the BTBW nests are found in hobblebush shrubs (Viburnum alnifolium) and are built on average 0.5 m above the ground.



Results: What are the effects of moose on 
hobblebush? 
 

Hobblebush is the most abundant 
understory woody plant species and 
the most frequently browsed  



Results: What are the effects of moose on 
hobblebush? 
 

Hobblebush morphology (number 
of branches per plant) was 
significantly affected by plant 
height and moose browse intensity. 



Results: What are the effects of 
moose on hobblebush? 

Bootstrap results to predict branches per hobblebush shrub from 
hobblebush morphology survey at HBEF during 2010.  The number of 
branches per plant increases with moose browse but the effect size is 
relative to the plant height. 



Results: What factors influence 
nest-site selection in BTBW? 
  

Summary of key plant and patch morphological measures for 
hobblebush measured at HBEF in Grafton Co, NH in 2011. Where 
differences are statistically significant, change ratios are expressed in 
terms of percent greater at nest site patches than non-nest site patches. 

  

Varaible Measure 
Hypothesis 
supported? p 

Change Ratio 
(%) 

Plant Density/Plot Count No 0.1069 

Branch Density/Plot Count Yes 0.0041 40.1 

Plant Height (cm) mean/plot No 0.6625 

Plant Branch Count mean/plot Yes 0.0055 25.7 

Plant Leaf Count mean/plot Yes 0.0083 16.7 

Plant Browse Count mean/plot Yes 0.0234 57.5 

Visual Obscurity/Plot mean percent Yes 0.0000 9.2 
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We found significant differences (F 5,46 = 6.097, P<0.001) within BTBW territories between used and unused shrub patches. Paired t-tests showed no significant differences between nest patches and paired random non-nest hobblebush patches in terms of stem density and plant height. However, univariate tests showed nest site shrubs had Nest sites used by BTBW had 57.5% greater browse, 25.7% greater branches per plant and 17% greater leaves per plant than shrubs in their respective non-nest site pairs.  This increase in branches per plant led to 40.1% greater branch density (branches per m2) at nest sites than at non-nest sites and a 9.2% increase in visual obscurity at nest sites over non-nest sites. Taken together, these results indicate that BTBW are selecting for greater understory structural complexity when choosing nest sites. 



Results: Summary 

• Moose browsing stimulates “shrubbier” growth form in 
hobblebush with greater leaves per shrub 

• Patches of hobblebush that support BTBW nests show 
greater moose browse, greater number of branches and 
leaves per plant, and greater visual obscurity 



Project Outcomes: Outreach 

• Worked with Hubbard Brook Research 
Foundation (HBRF) to train and include 4 
New Hampshire high school science 
teachers in field research team  
 

• Partnered with HBRF and teacher Sarah 
Thorne to create a curriculum based on 
moose browsing ecology for high school 
science classes.  



Project Outcomes:  
Outreach 

• “Moose Power” curriculum plan includes 
field data from this study and is available 
for science teachers to download from the 
HBRF website. 
 

• Sarah Thorne and Jackie Wilson presented 
“Moose Power” at a training that fulfilled 
New Hampshire science teacher continuing 
education unit requirements.   

 



Implications and applications in the 
Northern Forest region 

• The interruption of apical dominance by moose browsing activity enhances 
those morphological characteristics selected for by BTBW and results in a 
complex, multi-trophic relationship such that moose herbivory increases habitat 
quality for an understory songbird.  

• Preferential selection of nest sites in areas of higher density vegetation 
intuitively seems related to concealment from predators. 

• An argument for moose as keystone modifiers in this relationship is problematic 
as the absence of a keystone modifier should lead to the disappearance or 
decrease in abundance of the species dependent on their “modifications.” At 
Hubbard Brook, BTBW were present in similar abundances prior to moose 
recolonization. Thus, moose may be better described as ecosystem engineers 
for their role in modifying understory vegetation structure.  
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The interruption of apical dominance by moose browsing activity enhances those morphological characteristics selected for by BTBW and results in a complex, multi-trophic relationship such that moose herbivory increases habitat quality for an understory songbird. A 50% increase in browse intensity on a 1.25 m tall plant results in a 26% increase in branches. The lack of explanatory power of other environmental variables (elevation, topographic wetness, leaf area index, and conspecific and heterospecific shrub density) suggest that moose browse is the factor most strongly affecting the attributes that BTBW use as cues in nest-site selection. Preferential selection of nest sites in areas of higher density vegetation intuitively seems related to concealment from predators.How important is the relationship between moose browse, hobblebush structure, and BTBW nest site selection to the greater functioning of the ecosystem? An argument for moose as keystone modifiers in this relationship is problematic as the absence of a keystone modifier should lead to the disappearance or decrease in abundance of the species dependent on their “modifications.” At Hubbard Brook, BTBW were present in similar abundances prior to moose recolonization. Thus, moose may be better described as ecosystem engineers for their role in modifying understory vegetation structure. Variation in understory structural complexity is strongly tied to the foraging patterns of moose. Moose are patch-sensitive and make foraging decisions to maximize efficiency, focusing their energy on patches with a greater density of food resources. Structural complexity as influenced by browse is therefore spatially variable and contrast between patches is high. This spatial variation in foraging effort by moose also increases understory heterogeneity across the landscape. The trophic level interactions described here are temporally and spatially complex. Moose browse hobblebush in winter months. The buds and twigs available are dictated by the depth of snowpack. BTBW are among the first migrants to return in spring and their return often coincides with the early leaf-out of the frost tolerant hobblebush where most BTBW nests are constructed. BTBW nests are most often found at heights just below the depth of peak snowpack (72-106 cm). Where their ranges are sympatric, the positive direction of this relationship may depend on both moose density, estimated between 0 and 11 moose per km2 at HBEF, and sufficient snowfall to prevent browsing to ground level. Although it is difficult to predict year-to-year variations in climatic conditions, we predict that this relationship will change with decreasing snowpack as increasing temperatures prevail in the northern forest region. Numerous studies have shown severe negative effects of cervid browse on understory plants and bird populations but few if any positive relationships have been described between large mammalian herbivores. 



Implications and applications in the 
Northern Forest region 

• Moose make foraging decisions to maximize efficiency, focusing their energy on patches with a 
greater density of food resources. This spatial variation in foraging effort by moose increases 
understory heterogeneity across the landscape.  

• Moose browse hobblebush in winter months. The buds and twigs available are dictated by the 
depth of snowpack. BTBW are among the first migrants to return in spring and their return 
coincides with the early leaf-out of the frost tolerant hobblebush. BTBW nests are most often 
found at heights just below the depth of peak snowpack (72-106 cm).  

• Although it is difficult to predict year-to-year variations in climatic conditions, we predict that this 
relationship will change with decreasing snowpack as increasing temperatures prevail in the 
northern forest region.  

• Numerous studies have shown severe negative effects of cervid browse on understory plants 
and bird populations but few if any positive relationships have been described between large 
mammalian herbivores.  
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The interruption of apical dominance by moose browsing activity enhances those morphological characteristics selected for by BTBW and results in a complex, multi-trophic relationship such that moose herbivory increases habitat quality for an understory songbird. A 50% increase in browse intensity on a 1.25 m tall plant results in a 26% increase in branches. The lack of explanatory power of other environmental variables (elevation, topographic wetness, leaf area index, and conspecific and heterospecific shrub density) suggest that moose browse is the factor most strongly affecting the attributes that BTBW use as cues in nest-site selection. Preferential selection of nest sites in areas of higher density vegetation intuitively seems related to concealment from predators.How important is the relationship between moose browse, hobblebush structure, and BTBW nest site selection to the greater functioning of the ecosystem? An argument for moose as keystone modifiers in this relationship is problematic as the absence of a keystone modifier should lead to the disappearance or decrease in abundance of the species dependent on their “modifications.” At Hubbard Brook, BTBW were present in similar abundances prior to moose recolonization. Thus, moose may be better described as ecosystem engineers for their role in modifying understory vegetation structure. Variation in understory structural complexity is strongly tied to the foraging patterns of moose. Moose are patch-sensitive and make foraging decisions to maximize efficiency, focusing their energy on patches with a greater density of food resources. Structural complexity as influenced by browse is therefore spatially variable and contrast between patches is high. This spatial variation in foraging effort by moose also increases understory heterogeneity across the landscape. The trophic level interactions described here are temporally and spatially complex. Moose browse hobblebush in winter months. The buds and twigs available are dictated by the depth of snowpack. BTBW are among the first migrants to return in spring and their return often coincides with the early leaf-out of the frost tolerant hobblebush where most BTBW nests are constructed. BTBW nests are most often found at heights just below the depth of peak snowpack (72-106 cm). Where their ranges are sympatric, the positive direction of this relationship may depend on both moose density, estimated between 0 and 11 moose per km2 at HBEF, and sufficient snowfall to prevent browsing to ground level. Although it is difficult to predict year-to-year variations in climatic conditions, we predict that this relationship will change with decreasing snowpack as increasing temperatures prevail in the northern forest region. Numerous studies have shown severe negative effects of cervid browse on understory plants and bird populations but few if any positive relationships have been described between large mammalian herbivores. 



Future Directions/Questions 
• Can these results be duplicated in a more controlled 

environment? 
– By constructing moose exclosures hobblebush 

development and morphology could be studied in a 
systematically and side-by-side  

– A greenhouse study with artificial “browsing” could further 
substantiate how moose impact understory architecture 
and answer questions about other physical and chemical 
plant responses 

– Moose exclosures could also yield new information about 
proximal habitat cues for BTBW by removing moose and 
moose browsed plants as stimuli 

 

Above: Moose 
exclosure in Kenai 
Peninsula, MI 
(peninsulaclarion.com) 
 
Left: Harvard Forest 
Invasive Plant 
Greenhouse study 
(harvardforest.fas.harv
ard.edu) 

Presenter
Presentation Notes
M

http://peninsulaclarion.com/outdoors/2012-07-27/moose-fire-and-forest-ecology-0


Future Directions/Questions 
• How are proximal habitat selection cues different 

across the range of BTBW?  
– Using habitat cues and measurements from this study, 

repeat habitat measurements and paired comparisons in 
other areas where BTBW nest.  

 
• Are BTBW cuing in on visual density or nest 

stability? 
– In other parts of BTBW range hobblebush is not as 

prevalent. When selecting other plants as substrate are 
they chosen based on how well nests are hidden or how 
well nests are supported? 
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List of products 
Peer-reviewed publications 

(in preparation)  
Strong, A.M., T.S. Sillett, L. M. Christenson, N.L. Rodenhouse and M.J. McDonald. Moose Browse 
 Influences Nest-site Selection of an Understory Songbird.  

 
Other publications 

“Moose Power.” By Sarah Thorne and Jackie Wilson. Part of the Hubbard Brook Environmental 
 Literacy Program Data Inquiry Activities. hubbardbrookfoundation.org 
 

Seminars  
Princeton-UVM Research Exchange “Indirect Effects of Moose Browse on Nest-site Selection in Black-throated Blue 
 Warbler” March, 2014. Burlington, VT  
 
Hubbard Brook Ecosystem Study 49th Annual Cooperators’ Meeting “Multi-trophic Interactions: Moose and Black-
 throated Blue Warbler at The Hubbard Brook Ecosystem Study” July, 2012. West Thornton, NH 
 

Northeast States Research Cooperative Research in Progress Seminar Series “Are Moose Ecosystem Engineers?” 
 Nov, 2011. Burlington, VT 
 
Hubbard Brook Ecosystem Study 48th Annual Cooperators’ Meeting. “Moose and Black-throated Blue Warblers: 
 Commensalism?” July, 2011. West Thornton, NH 
 
  

 
 
 

 
 

Presenter
Presentation Notes
M


	Moose Herbivory: a Keystone Ecological Process in the Northern Forest Influencing Biodiversity
	Project Summary
	Background
	Background
	Methods: Field Sampling
	Slide Number 6
	Methods: Study Species
	Results: What are the effects of moose on hobblebush?�
	Results: What are the effects of moose on hobblebush?�
	Results: What are the effects of moose on hobblebush?
	Results: What factors influence nest-site selection in BTBW?�
	Results: Summary
	Slide Number 13
	Slide Number 14
	Implications and applications in the Northern Forest region
	Implications and applications in the Northern Forest region
	Future Directions/Questions
	Future Directions/Questions
	List of products

