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Abstract 

Ecologists determine mechanisms by observing spatial and temporal patterns of 

abundance and distribution in natural systems.  While there has been a long history of 

research on techniques for describing temporal patterns of abundance, and their causes 

and consequences, there is still a need for ecological research to focus on the causes and 

consequences of spatial patterns.  Progress on this goal, though, has been hindered by the 

lack of long-term data on spatial patterns in natural ecosystems.   

 

I present findings from one of the first long-term studies of changes in spatial patterns of 

plants in response to herbivory, and discuss causes and consequences.  My research was 

conducted in the southern boreal forest on Isle Royale, Michigan, and focused on 

temporal changes in the spatial pattern of woody browse species that are consumed by a 

large herbivore (moose).  I concluded that browsed woody sapling biomass is aggregated 

within moose feeding stations and the degree of aggregation has changed over a 20-year 

period.  The cause of this fluctuating pattern of aggregation is due to the competing 

influences of inverse density dependent browsing by moose, causing an increase in 

aggregation, and inverse density dependent growth, causing a decrease in aggregation.  

Annual changes in aggregation are determined by the relative contribution of 

consumption and growth to changes in spatial pattern in any given year.  Next, I 

developed a simulation model to determine the consequence of aggregation of browse on 

the intake rate of large herbivores.  I found that the spatial aggregation of browse within 
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feeding stations can decrease the intake rate up to 30% for herbivores feeding on low 

density browse (<15 g/m
2
).  Both density and the spatial arrangement of browse, 

therefore, is important to consider when determining the functional response of large 

herbivores.  Finally, I used long-term data on consumption and spatial pattern of browse 

to test whether a mechanistic modified contingency model could predict observed moose 

diet selection.  This model assumes that moose select their diet in order to maximize 

short-term intake rate.  Model predictions were consistent with observed diet selection 

during both summer and winter in two study sites. 
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Chapter 1 

Introduction 

 

Ecology is the study of spatial and temporal patterns of distribution and abundance, 

including their causes and consequences (Scheiner and Willig 2008), but our 

understanding of all areas included in this domain has progressed unequally.  Since the 

rise of ecology as a discipline in the early 1900’s, there has been extensive study of 

temporal changes in abundance (Kingsland 1995), temporal and spatial patterns of 

species distribution (Kingsland , 2005) and methods for describing spatial patterns of 

abundance (Bliss and Fisher 1953, David and Moore 1954, Lloyd 1967, Morisita 1971, 

Legendre and Fortin 1989, Rossi et al. 1992).  Ecological research focusing on the causes 

and consequences of spatial patterns of abundance, however, has lagged behind other 

areas of ecology (Levin 1992, McIntire and Fajardo 2009).  Understanding spatial 

patterns of abundance is important to our understanding of ecosystems because spatial 

patterns can influence animal and plant population dynamics, biogeochemical fluxes, 

movement of organisms, ecosystem stability and the maintenance of genetic diversity 

(Levin 1992, Pickett and Cadanesso 1995, Pastor et al. 1998, Adler et al. 2001, Sayama et 

al. 2003). 

 

It is commonly recognized that spatial patterns can be created by abiotic factors, 

including variations in environmental factors, such as topography and soil type, and 

natural and man-made disturbance.   Spatial patterns created by abiotic factors are often 
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large and change very slowly over time. Theoretical studies, however, have shown that 

biotic factors, in the absence of any underlying abiotic variation, may cause the formation 

of spatial patterns of abundance of organisms (Levin and Segal 1976, Hassell et al. 1991, 

Anderson and Neuhauser 2002, Okubo and Levin 2002), but empirical evidence in 

support of this theoretical research has been lacking (Maron and Harrison 1997, Pastor et 

al. 1998, Augustine and Frank 2001).  Biotic factors that have been linked to the creation 

of spatial patterns of plants include neighborhood factors, such as dispersal mechanism, 

competition and changes in resource availability due to succession; and parasitism and 

predation.  Spatial patterns caused by biotic factors are often small and could potentially 

change rapidly over time.  In this dissertation, I present results from research that was 

designed to test whether herbivore predation on boreal forest woody plant species could 

create and cause temporal changes in spatial patterns of plant biomass, and to understand 

the consequences of these spatial patterns for moose diet selection and intake rate. 

 

This research was conducted on Isle Royale, Michigan.  This 500 km
2
 island is the largest 

in Lake Superior and is characterized by a southern boreal forest community dominated 

by spruce (Picea glauca), balsam fir (Abies balsam ), aspen (Populus tremuloides) and 

paper birch (Betula papyrifera).  As is typical of island habitats, the animal community is 

more simplified than that usually found in southern boreal forest ecosystems.  Moose 

(Alces alces) are the only ungulate species found on the island, and about 80 to 90% of 

the diet of moose consists of the leaves and shoots of woody saplings.  The only large 

carnivore on the island is wolves (Canis lupus), who consume a diet that is about 90% 
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moose.  These simplified trophic relationships have made Isle Royale an ideal laboratory 

in which to study how ecosystems are influenced by the dynamic interrelationships 

between trophic levels (Peterson et al. 1984, McInnes et al. 1992, Pastor et al. 1993, 

McLaren and Peterson 1994, Pastor et al. 1998, De Jager et al. 2009).   

 

Moose influence on temporal patterns of abundance 

 

Moose are large-bodied ungulates that require large amounts of forage to meet their daily 

energy requirements.  Compared to large-bodied grazers such as bison and wildebeest, 

however, their rumen is small, causing them to limit their selection of forage to species or 

plant parts that are highly digestible so that they can process food quickly and not be 

limited in their acquisition of energy by their small gut size.   The food plants selected by 

moose are usually fast growing woody deciduous species that are low in structural 

compounds such as lignin (Renecker and Hudson 1988).  By selecting these species, 

moose may alter the competitive advantage that these species have over less palatable, 

slower growing coniferous species that contain high concentrations of structural 

compounds (Risenhoover and Maas 1987, McInnes et al. 1992).   

 

Previous research has shown that generally browsers such as moose that consume woody 

plant species negatively affect the primary productivity of preferred browse species by 

altering their competitive relationship with non-preferred browse species.  Exclosure 

studies on Isle Royale have shown that preferred browse species such as aspen and birch 
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are more prevalent within exclosures, while species that are not consumed by moose such 

as spruce become dominant outside of exclosures (Risenhoover and Maas 1987, McInnes 

et al. 1992).   

 

My research supports these exclosure study findings by showing that there is a negative 

correlation between the abundance of moose in year t-1 and the density of preferred 

woody deciduous biomass in year t (Chapter 2).   In other words, increases in the moose 

population are followed by decreases in deciduous biomass the following year and 

decreases in the moose population are followed by increases in deciduous biomass the 

following year.  Furthermore, there is a positive correlation between moose population in 

year t-3 and the density of preferred woody deciduous biomass in year t (Chapter 2).  

This pattern of a negative correlation between predator and prey at one time lag and a 

positive correlation between predator and prey at a greater time lag is indicative of a 

predator-prey cycle.  On Isle Royale, moose and deciduous woody browse species appear 

to be influencing each other’s temporal pattern of abundance.  There is no relationship 

between the abundance of moose and the density of non-preferred balsam fir. 

 

Do moose influence spatial patterns of abundance? 

 

In addition to changes in the temporal availability of forage species, moose may influence 

the spatial distribution of forage biomass by causing small scale changes in forage 

population dynamics.  Moose forage within feeding stations, or the area that a moose can 
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reach without moving its front feet (Senft 1987).  The biomass available within each 

feeding station that a moose encounters is a function of factors that influence its growth 

rate, and factors that influence the moose consumption rate.  Mathematically, changes in 

the availability of forage biomass within a feeding station can be expressed as 

 

where P is the biomass of plant tissue, r is the intrinsic growth rate of the plant, K is the 

carrying capacity of the plant, i is the intake rate of a moose and M is the biomass of 

moose present.  Therefore, if the availability of resources, such as nutrients or light, 

and/or the consumption of browse vary across the landscape at the scale of the feeding 

station, then the change in biomass over time will also vary.  In other words, in some 

feeding stations moose consumption may be greater than growth, resulting in a decline in 

plant biomass and possibly even extinction of preferred species.  In other feeding 

stations, growth may be greater than consumption, resulting in increased plant biomass.  

Ultimately, this will result in spatial variation in abundance at the feeding station scale.   

Furthermore, density dependent growth and/or consumption can result in increases or 

decreases in the aggregation of browse at the feeding station scale (Lloyd 1967) and the 

strength of these density dependent processes could vary with the size of the moose 

population.  Thus biotic factors could lead to a non-random spatial pattern of abundance 

of woody biomass on Isle Royale that changes over time. 

 

In Chapter 2 of this dissertation, I determine if the spatial pattern of woody browse 

biomass at two study sites on Isle Royale is non-random.  In addition, using data on 
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browse availability and consumption that were collected during a 20 year period from 

1988 to 2007, I also test whether the spatial distribution of browse changes over time 

with changes in moose population and moose consumption.  During the period of this 

study, the size of the moose population fluctuated greatly from just over 1000 moose in 

1988, to a high of 2500 in 1995, before crashing to a low of around 350 moose by 1997.  

After 1997, the moose population continued to cycle, reaching around 1000 moose by 

2001 before dropping again to 385 moose by 2007.  If patterns of moose consumption are 

creating spatial patterns of browse abundance, these large fluctuations in the moose 

population should also result in fluctuations in the strength of these spatial patterns.  

Therefore, also in Chapter 2, I investigate the cause of spatial patterns of browse 

abundance over time using known relationships between mean density of browse 

available and the intensity of the spatial pattern of abundance (Lloyd 1967) to determine 

if the spatial pattern is created by density dependent growth and/or consumption. 

 

Consequences of spatial patterns of browse abundance 

 

If forage is distributed non-randomly among feeding stations, the mean distance between 

feeding stations may be less or greater than that predicted by a random distribution.  

Therefore, one consequence of a non-random distribution of forage is that the velocity at 

which moose move between feeding stations, and their encounter rate with them, will 

also vary from those predicted by a random distribution.  Ultimately, a non-random 

distribution of browse should affect intake rate, which is a function of encounter rate and 
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foraging velocity.  Recently, Fryxell et al. (2007), showed that encounter rate and intake 

rate of a predator feeding on gregarious prey is much less than that of a predator feeding 

on randomly distributed prey.  There results, however, assume that the searching time and 

the handling time of the predator are mutually exclusive events and the prey is mobile, so 

that the predator is only able to consume one prey individual from each prey group.  For 

ungulates, however, searching and handling are not mutually exclusive events and prey is 

immobile.  In Chapter 3, I investigate whether aggregation of moose forage influences 

intake rate under these conditions.  For this analysis, I use the ungulate foraging model 

developed by Spalinger and Hobbs (1992) that does not assume exclusivity of searching 

and handling.  In addition, I introduce a newly developed method for calculating mean 

distance between feeding stations that is necessary to incorporate aggregation of forage 

into the Spalinger and Hobbs foraging model. 

 

A second consequence of spatial aggregation of browse within feeding stations is its 

influence on diet selection.  According to optimal foraging theory, a predator will attempt 

to choose a diet that maximizes its net rate of intake (Stephens and Krebs 1986).  For 

carnivorous predators, who consume food items that are not stoichiometrically different 

from their own tissues and which do not vary much in digestibility or energy content 

(Golley 1961), the optimal diet is one that maximizes intake rate by minimizing searching 

and handling time (Stephens and Krebs 1986).  Herbivores, however, consume food 

items that are stoichiometrically different from their own tissues and which show great 

variability in digestibility and energy content (Renecker and Hudson 1988).  In this case, 
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the optimal diet is one that maximizes intake rate of those forage species that provide the 

greatest net energy. 

Previous researchers developed a mechanistic model of optimal diet selection by large 

herbivores, known as the extended contingency model (Belovsky 1984, Farnsworth and 

Illius 1996, 1998, Fortin 2001).  Since the development of this model, there have been 

few empirical tests of its predictions (Bergman and Fortin 2003), and no tests of whether 

the model can predict long-term changes in an herbivore’s diet selection.   

According to the extended contingency model, in order to maximize intake rate when 

choosing a diet, an herbivore should consume its most profitable type of prey and all 

subsequently profitable types up to the number of types (m) where the herbivore reaches 

its next bite of food before it finishes processing its last bite of food in its mouth.  This 

type of foraging maximizes intake rate by eliminating searching time that is exclusive of 

handling.  In addition, the herbivore should not consume prey type m at its encounter rate, 

but should consume just enough of prey type m so that it becomes handling-limited, 

otherwise the herbivore will be forfeiting the opportunity to consume more profitable 

prey.  This model, therefore predicts that the diet of moose will be a function of the 

spatial pattern of abundance of the browse species that it consumes.  In Chapter 4 of this 

dissertation, I incorporate the spatial pattern of browse abundance into the extended 

contingency model and conduct one of the first tests of whether the extended contingency 

model can provide a mechanistic explanation for moose diet selection.  
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Chapter 2 

Biotic factors create temporal changes in spatial patterns of browse 

during a 20 year period 
 

Introduction 

 

Ecologists determine mechanisms by observing spatial and temporal patterns of 

abundance and distribution in natural systems.  There is a long history of research on 

techniques for describing temporal patterns of abundance, and their causes and 

consequences (Kingsland 1995, Ricklefs 2001).  Similarly, there is an extensive literature 

on techniques for describing spatial patterns of abundance (Bliss and Fisher 1953, David 

and Moore 1954, Lloyd 1967, Morisita 1971, Legendre and Fortin 1989, Rossi et al. 

1992).  Levin (1992), however, pointed out the need for ecological research to focus on 

the causes and consequences of spatial patterns, and researchers are beginning to focus 

more on linking spatial pattern to process (McIntire and Fajardo 2009).  Progress on this 

goal, though, has been hindered by the lack of long-term data on development and 

stability of spatial patterns in natural ecosystems.   

 

Spatial patterns in landscapes can influence animal and plant population dynamics, 

biogeochemical fluxes, movement of organisms, ecosystem stability and the maintenance 

of genetic diversity (Levin 1992, Pickett and Cadanesso 1995, Pastor et al. 1998, Adler et 

al. 2001, Sayama et al. 2003).  Much of the early empirical research on the causes of 

spatial patterns has focused on abiotic factors (such as soil chemistry, topography and 

climate), and human and natural disturbances (such as blowdowns and clearcuts), which 
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often act at large scales and create clumped patches of vegetation or soil nutrients with 

stable boundaries.  Theoretical work, however, has shown that spatial patterns in 

ecosystems may result solely from biotic interactions (such as predator-prey dynamics 

with dispersal or plant-plant interactions), in the absence of any underlying abiotic factors 

(Levin and Segal 1976, Hassell et al. 1991, Anderson and Neuhauser 2002, Okubo and 

Levin 2002).  Spatial patterns created by biotic interactions are likely to occur at scales of 

the order of magnitude of the sizes of organisms and their dispersal range; these patterns 

can fluctuate dynamically over time as organisms are born, move around, and die.   

 

One method, therefore of elucidating the mechanism creating observed spatial patterns is 

to characterize the scale of the spatial pattern and then observe how, or if, the spatial 

pattern changes over time.  In this paper, I present findings from one of the first long-

term studies of changes in spatial patterns of plants in response to herbivory.  My 

research took place in the southern boreal forest on Isle Royale, Michigan, and focused 

on temporal changes in the spatial pattern of woody saplings that are consumed by a large 

herbivore (moose).   

 

Studies over the past decades have identified both abiotic and biotic factors that can 

influence the spatial distribution of forest plants.  Abiotic factors include landscape or 

resource heterogeneity and disturbance (Pastor and Broschart 1990, Mladenoff et al. 

1993, Miller et al. 2002, Scheller and Mladenoff 2002, Schwarz et al. 2003); biotic 

factors include neighborhood effects, such as reproductive or dispersal mechanism, and 
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competition (Frelich et al. 1998, Condit 2000, Miller et al. 2002, Schwarz et al. 2003), 

and predation or parasitism (Pastor et al. 1998, Condit et al. 2000, Adler et al. 2001, De 

Jager and Pastor 2009, Holdo et al. 2009).  Almost all of these studies, however, have 

looked at spatial distribution at one point in time and have not analyzed whether the 

spatial distribution of plants can change over time at short time scales (but see Frelich 

and Reich 1995, for changes in forest pattern on a long time scale).   

 

The growth of browsed woody saplings is constantly influenced by biotic factors that can 

change on short-time scales.  As succession of overstory trees proceeds there will be 

changes in light and nutrient availability that can influence growth of understory trees 

(Pastor et al. 1984, Frelich et al. 2003).  In addition, changes in the rate of consumption 

of woody biomass can retard the growth of palatable species, and allow unpalatable 

species to be released from competition (McInnes et al. 1992).  If the resources that 

influence woody sapling growth change at different rates across the landscape, then 

dynamic spatial patterns should develop.  Similarly, if the pattern of consumption by 

moose changes with temporal changes in moose population size, then dynamic spatial 

patterns should develop. 

 

 There have been large and sometimes rapid changes in moose abundance and the 

biomass of the woody species that they consume during the past 20 years on Isle Royale 

(Figure 1).  The first objective of this study was to determine if the spatial pattern of 

browsed woody sapling biomass has also changed during this period.  If changing spatial 
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patterns are seen, my second objective was to determine if these changes are influenced 

by moose consumption, neighborhood effects or a combination of these two factors.  I 

hypothesized that if moose herbivory is the primary factor influencing the spatial patterns 

of browse biomass, then changes in spatial patterns of browsed forest plants will be 

correlated with moose abundance (Adler et al. 2001).  If, however, the spatial pattern of 

woody saplings is more influenced by changing neighborhood effects created by patterns 

of succession, then the spatial pattern will not be correlated to annual changes in the 

moose population. 

 

To address my objectives I examined temporal changes in the frequency distribution of 

browse density within feeding stations over a 20-year period.  To determine whether 

biotic factors were influencing the temporal stability of spatial patterns, I analyzed 

correlations in spatial patterns of browse biomass, and abundance of browse and moose.  

I also tested for frequency dependent consumption or growth that could lead to dynamic 

spatial patterns. 

  

Study Area 

 

This study was conducted in Isle Royale National Park, which is well known for the long-

term studies of wolf-moose dynamics that have been conducted there (Peterson 1984, 

McLaren and Peterson 1994, Vucetich and Peterson 2004).  Since the 1930’s moose have 

been the only large herbivores on the island, so their interactions within the ecosystem 
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can be determined without having to account for the influence of other herbivores, such 

as deer.  Since hunting is not allowed on the island, the moose are relatively free from 

human influence.  Over the last 15 years, the moose population on the island has 

fluctuated from a low of 500 to a high of over 2500 animals, providing for great temporal 

variation in foraging pressure. 

 

Isle Royale is a 544-km
2 

island in the northwest portion of Lake Superior (47º 55’N, 89 º 

W) 24 km southeast of the Canadian mainland.  The island was formed by uptilted layers 

of basaltic lava during the Precambrian and is characterized by a central ridge, running 

approximately 64 km from the southwest to the northeast, with steep north facing slopes 

and gentle south facing slopes (Huber 1973).  The upland vegetation consists of typical 

southern boreal forest plants (Pastor and Mladenoff 1992) including quaking aspen 

(Populus tremuloides) and paper birch (Betula papyrifera) forests that succeed to balsam 

fir (Abies balsam) and white spruce (Picea glauca).  Sugar maple (Acer saccharum) and 

yellow birch (Betula alleghaniensis) are found in higher elevation sites near the ridgeline.  

Annual precipitation on Isle Royale averages 760 mm (Stottlemyer 1982).  Fires can 

change the successional stage of the boreal forest, but no fires have been recorded in my 

study sites since the turn of the century (Hansen et al. 1973).   

 

Data were collected at two study sites - Moskey Basin and Lane Cove - approximately 10 

km apart, at the northeast end of Isle Royale National Park, MI.  Both study sites are 
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occupied by boreal forests of aspen-birch-spruce-fir and understory species of mountain 

ash (Sorbus americana), dogwood (Cornus stolonifera) and hazel (Corylus cornuta).   

 

Methods 

 

Grids of 100 points at Moskey Basin and 103 points at Lane Cove were established.  

Large-scale patterns of browsing and nitrogen availability in these grids were previously 

discussed by Pastor et al. (1998) for the period 1988 to 1990.  Each grid was located in a 

valley bottom and points within the grid were arranged along 10 transects that ran up the 

slope from the valley bottom.  Distance between transects and distance between points 

along transects were determined by choosing a random number between 10 and 100.  The 

number of points located along each transect depended on the valley width.  Originally, 

X, Y coordinates were assigned to each point in the grid using standard land survey 

techniques (Breed and Hosmer 1970) that involved measuring the distance and direction 

between adjacent pairs of points.  Direction between points was obtained by having two 

observers sighting backward and forward towards each other to obtain compass bearings 

and the direction between the points was taken as the average of the two compass 

readings (Pastor et al. 1998).  In 2004, plots were resurveyed using a Geographical 

Positioning System to assign UTM coordinates.  

 

Annual availability and consumption of browse by moose in the grids was recorded in 2-

m
2
 plots placed concentric to each grid point from 1988-1990 and 1994 – 2005.  A 2-m

2
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plot is the estimated size of a moose feeding station, or the area that a moose can reach 

without moving its front legs (Senft et al. 1987). Measurements were taken in May to 

estimate winter browse availability and consumption and in late September or early 

October to estimate summer browse consumption and availability. During the winter 

moose browse on woody twigs and during the summer moose strip the leaves of 

deciduous browse species.  Availability and consumption of browse were determined by 

visually inspecting each woody plant in the plots and counting the number of twigs 

available or consumed by moose in the winter, or the number of twigs with leaves present 

or stripped in the summer.  The number of bites counted in each sampling plot was 

multiplied by the average bite size for that species (0.5 – 1.5 g-dry weight; Miquelle 

1983, Risenhoover 1987), to obtain the density of browse (g/m
2
) available and consumed 

for each browse species at each grid point during each season.   

 

Analysis of spatial distribution 

 

To analyze the spatial distribution of browse among feeding stations, a frequency 

distribution of the grams of browse available within 1 g bins was created for each browse 

type (aspen, non-aspen deciduous and balsam fir) during each studied year (1988 – 1990, 

1994 – 1997 and 1999-2007) at each study site (Lane Cove and Moskey Basin).   The 

mean and variance of each frequency distribution was calculated.  Aspen is the most 

preferred browse of moose in my study sites during both summer and winter, and it 

accounts for about 60% of the woody browse consumed by moose during the summer 
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and 20 to 50 % of the woody browse consumed by moose in the winter (Chapter 4).  

Non-aspen deciduous browse includes deciduous species that are selected in greater 

proportion than their availability in either summer or winter and includes juneberry, 

birch, mountain ash, and dogwood.  Balsam fir is consumed by moose only in the winter 

and composes 20 to 50 % of the moose winter diet, but it is never selected in greater 

proportion than would be predicted by its availability. 

 

If browse is distributed randomly among feeding stations according to a Poisson 

distribution, the ratio of the population variance to the population mean (σ
2
/µ) will equal 

one, while browse that is aggregated in a few feeding station will have a σ
2
/µ ratio greater 

than one and browse that is uniformly distributed among feeding stations will have σ
2
/µ 

ratio less than one.  While a σ
2
/µ ratio equal to one does not confirm that browse is 

distributed randomly, as many types of distributions can have a ratio that equals one, a 

σ
2
/µ ratio not equal to one does imply that browse is not distributed according to a 

Poisson distribution (Hurlbert 1990).   For each frequency distribution I tested whether 

the observed σ
2
/µ differed significantly from 1 using a chi-square test criterion Χ

2
=(Qs-

1)(s
2
/m), where Qs=number of feeding stations in the sample, s

2
 equals the sample 

variance and m equals the sample mean (David and Moore 1954).  I also measured 

goodness of fit between observed frequency distributions and values expected for a 

Poisson.  Goodness of fit was determined using the log-likelihood G statistic  

 

 
(1) 
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where Oi and Ei are the observed and expected frequencies for cell i, respectively.   

 

If browse is not distributed randomly, it is likely to be aggregated and may fit a negative 

binomial distribution.  This distribution is described by two parameters: the arithmetic 

mean (m) and the dispersion parameter (k), which measures the dispersion of the 

distribution.  Thus, the probability of observing x units of browse at a feeding station, 

where x = 0,1,2…, is  

 

 

 

 

 

The parameter k measures the extent of clumping of a value within equally sized plots.  

As , the negative binomial distribution approaches a Poisson distribution, which 

assumes spatial independence.  As , the negative binomial distribution approaches 

a logarithmic series (Bliss and Fisher 1953).  To obtain estimates of parameters m and k, I 

iteratively optimized the maximum likelihood estimator (MLE) described by Bliss and 

Fisher (1953), where k is chosen so that  

 

 

where x = 1,2,3 . . . N, m is the mean grams of browse per feeding station and Ax is the 

(2) 

(3) 
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accumulated frequency.  I estimated k to three decimal places. Goodness of fit of the data 

to a negative binomial distribution was determined using chi-square analysis and the 

statistical software Quantitative Parasitology (Reiczigel and Rózsa 2005) 

 

For distributions that are aggregated, but do not fit the negative binomial distribution, the 

degree of aggregation can be determined using Morisita’s index of dispersion (Im).  

Morisita’s index of dispersion is easily interpretable because it measures the ratio of the 

probability that two individuals drawn at random from the observed distribution are from 

the same feeding station to the probability that two individuals drawn at random from a 

random distribution are from the same feeding station.  Morisita’s index of dispersion 

(Im) is calculated as 

 

where q is the number of feeding stations measured, xi is the number of individuals in the 

ith feeding station and N=  (Morisita 1971).   

 

Temporal changes in aggregation 

 

For frequency distributions that fit a negative binomial distribution, I followed the 

method of White and Bennetts (1996) to determine if the arithmetic mean browse 

abundance, m, and its spatial distribution, k, were changing over time.  This method uses 

Akaike’s Information Critera (AIC) to determine if modeling the data using the m and k 

(4) 
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calculated for each year (t) provides a significantly better fit to the data then modeling the 

data using the mean m and/or k.  I compared the following models using AIC: 

 m,k:  m and k do not vary among years 

 mtk: m varies among years, k does not vary among years 

 mkt: m does not vary among years, k varies among years 

 mtkt: m and k both vary among years 

 

The AIC for each model was computed as: 

 

where L is the maximum likelihood for the model.  The negative log likelihood is 

calculated as  

 

where E is a vector of residuals obtained from fitting a model with P parameters, σ is the 

standard deviation of the residuals and n is the number of measurements. 

 

Effect of moose on temporal changes in density and spatial pattern of browse 

 

For browse types whose spatial pattern was changing through time, I used cross-

correlation analysis to determine if moose population size, browse biomass and spatial 

pattern of browse, as measured by Morisita’s index of dispersion, were correlated at 7 

temporal lags (t+3 years to t-3 years).  In order to induce a stationary mean and variance 

(5) 

(6) 
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needed for cross-correlation analysis, I transformed all data sets using log10 and then 

calculated Ndifference = log(Nt+1) – log(Nt) (Royama 1996).   

 

Effect of biotic factors on spatial pattern 

 

Morisita’s index of aggregation (Im) is equal to Lloyd’s index of crowding  (which 

measures the average number of biomass units that share a feeding station with a 

randomly selected biomass unit) divided by biomass density (m) (Hurlbert 1990).  As 

density increases or decreases, crowding will always increase or decrease.  Spatial 

aggregation as measured by Morisita’s index of dispersion, therefore, should change with 

changes in mean browse density due to either consumption or growth.  In each of the 

feeding stations in my study sites, I knew the biomass of browse available and the 

number of bites consumed.  I determined the relative effect of consumption and growth 

on changes in spatial pattern by calculating the expected frequency distribution at the end 

of the year if only consumption occurred. Using these expected frequency distributions, I 

then calculated the change in Im and m caused by consumption.  Next, I computed the 

change in Im and m between my expected frequency distribution after consumption and 

the frequency distribution measured the following year to determine changes caused by 

growth or mortality factors other than consumption.   

 

Lloyd (1967) showed that if an increase or decrease in biomass density due to mortality 

or growth is density independent then the value {Im + 1/m} will remain constant from 



 

 21 

year to year.  If {Im + 1/m} increases from year t to t+1, an aggregative process, which 

could be either inverse density dependent consumption or density dependent growth, has 

occurred.  For example, if mortality is density dependent, where biomass in feeding 

stations with high browse density is more likely to be consumed, then the change in 

patchiness  will decrease more than the change in density , 

resulting in an increase in {Im+1/m} at time t+1.  If {Im + 1/m} decreases from year t to 

t+1, a dispersive process, which could be either density dependent consumption or 

inverse density dependent growth, has occurred.   

 

I plotted the change (∆) in {Im + 1/m} attributed to consumption and growth during each 

year.  If consumption or growth are random processes, then the change in {Im + 1/m}will 

be 0.  I analyzed annual changes in the value Im + 1/m attributed to consumption and 

growth to determine if either or both of these processes were significantly different from 

a random process by using a t-test to test the null hypotheses (Ho) that average ∆{Im + 

1/m} = 0.    

 

Results 

Aggregation of browse within feeding stations 

 

The modal number of bites in all frequency distributions was 0, and few frequency 

distributions had greater than 5 bites (Figure 2).  The sample variance to sample mean 

ratio  of all frequency distributions was greater than >1, indicating an aggregation 
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of browse within feeding stations (Table 1).  A chi-square test of frequency distributions 

showed that all were significantly different from a Poisson distribution (p<0.05) and most 

were also significantly different from a negative binomial distribution (Table 1).   

 

 Morisita’s Index of Dispersion varied across years for all browse types in all study sites 

(Table 1).  In Lane Cove, aspen and non-aspen deciduous browse were both 2 to 3 times 

more aggregated within feeding stations than would be expected from a random 

distribution (mean Im = 2.39 and 3.03, respectively), but balsam fir was 8 times more 

aggregated (mean Im=8.29).  In Moskey Basin, aspen was the most aggregated browse 

type (mean Im=5.03), while non-aspen deciduous browse and balsam fir were about 3 

times more aggregated within feeding stations than would be expected from a random 

distribution (mean Im = 3.40 and 3.24, respectively).   

 

 

Change in aggregation over time 

 

The model {mtkt} was the best fit for aspen density in both study sites indicating that both 

mean aspen browse density, m, and its spatial dispersion, k, vary over time (Figures 3 and 

4).  In contrast, the model {mtk} was the best fit for non-aspen deciduous browse biomass 

in both study sites indicating that the mean non-aspen deciduous browse abundance 

varies over time but its aggregation does not (Figure 3 and 4).  The model {mtkt} was the 
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best fit for total deciduous browse density in Lane Cove, but the model {mtk} was the 

best fit for total deciduous density in Moskey Basin (Figures 3 and 4). 

 

Cross-correlation of aggregation, browse density and moose population 

 

In both study sites, mean aspen browse biomass in year t was negatively correlated with 

moose population size in year t-1.   Aggregation of aspen browse biomass was positively 

correlated with aspen browse density in Moskey Basin, but not in Lane Cove (Fig 5).  

There was no correlation between aspen aggregation and moose population size in either 

study site.  In contrast, in both study sites, total deciduous browse biomass was 

negatively correlated with moose population size in year t-1, aggregation of total 

deciduous browse biomass was negatively correlated with its density, and aggregation 

was positively correlated with moose population at year t-1 (Fig. 6).   

 

Effect of biotic factors on spatial pattern 

 

During almost all years for all browse types, annual change in {Im + 1/m} attributed to 

consumption was positive, indicating an aggregative process (Figure 7).  In contrast, 

during most years for all browse types, annual change in {Im + 1/m} attributed to growth 

was negative, indicating a dispersive process (Figure 7).  The mean change in {Im + 1/m} 

due to consumption of aspen browse in both study sites and non-aspen deciduous browse 

in Moskey Basin was significantly different from 0 (Table 2).  The mean change in {Im + 
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1/m}due to growth of aspen or non-aspen deciduous browse in both study sites was not 

significantly different from 0 at the α=0.05 level, but was significantly different from 0 

for aspen and non-aspen deciduous browse in Moskey Basin at the α=0.1 level. 

 

Discussion 

 

While many authors have acknowledged that the spatial distribution of plants is often 

aggregated (Bliss and Fischer 1953, Pielou 1960, Frelich et al. 1993, 1998, Schwarz et al. 

2003), and others have recognized the importance of spatial distribution of food to animal 

population dynamics (Hassell and Wilson, 1987, Fryxell et al. 2007), I know of no other 

studies that have computed a quantitative measure of large herbivore browse aggregation 

within feeding stations.  My results indicate that woody sapling biomass browsed by 

moose on Isle Royale is aggregated within feeding stations and that the spatial pattern of 

abundance of browse has changed significantly during the last 20 years.  The temporal 

pattern of changes in spatial distribution of browse indicates that the interaction between 

plant regrowth and consumption are creating dynamic spatial patterns.   

 

All frequency distributions of browse density in feeding stations for all browse types 

(aspen, non-aspen deciduous and balsam fir) in both study sites (Lane Cove and Moskey 

Basin) were non-random and had a variance/mean ratio > 1, indicating aggregation. The 

method by which browse species reproduce did not seem to affect aggregation.  Aspen 

browse, which primarily reproduces vegetatively (Schier et al. 1985), was 2.4 times more 



 

 25 

aggregated in Lane Cove and 3.1 times more aggregated in Moskey Basin than would be 

expected if it was distributed randomly among feeding stations.  The other deciduous 

browse species, including mountain ash, juneberry, dogwood and a small number of 

birch, mostly reproduce from seed (except for birch) and were about 3 times more 

aggregated then would be expected from a random distribution.  Browse of balsam fir 

browse (which also reproduces from seed) was also similarly aggregated in Moskey 

Basin (Im= 3.24) but was much more aggregated in Lane Cove (Im= 7.1).   

 

In most years, the frequency counts of deciduous browse density followed a negative 

binomial distribution, but balsam fir browse rarely fit a negative binomial distribution.  

Fitting a negative binomial to a frequency distribution that is left-skewed allows 

computation of the standard error of the dispersion parameter, k, using moments and thus 

allows for determination of significant changes in dispersion.  It is not possible to 

compute an accurate estimate of the standard error of other dispersion statistics, such as 

Lloyd’s index of patchiness or Morisita’s index of dispersion using moments (Lloyd 

1967, Morisita 1971).  Furthermore, it is common to relate k to Morisita’s and Lloyd’s 

indices via the following relationship 

 

 

where  is Lloyd’s index of patchiness (Morisita 1962, Lloyd 1967), because both of 

these indices have a biologically interpretable definition.  These indices measure how 

many times more likely it is that two individuals, drawn at random from an unknown 

(7) 
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frequency distribution, are from the same quadrat than if they were from a Poisson 

frequency distribution.  The relationship between k and these indices was originally 

derived by Simpson (1949).  My data, however, shows that this relationship is only 

accurate if k is from an “exact” negative binomial distribution.  Many of my frequency 

distributions fit a negative binomial distribution, as determined by chi-square, but 1 + 1/k 

is in almost all cases an overestimate of Im (Figure 8).  Furthermore, inspection of my 

data shows that the degree of overestimation becomes larger as the number of quadrats in 

the right tail of the distribution increases (Figure 9).    

 

Previous studies have assumed that left-skewed frequency distributions, like I found for 

all browse types during all years, can be modeled with the negative binomial distribution 

without testing goodness-of-fit (Owen 1989, Knudsen et al. 2004).  My study, however, 

shows that many of these distributions do not fit a negative binomial distribution.  White 

and Bennetts (1996) warned that researchers should have little confidence in statistical 

results that are not based on an appropriate model, such as using ANOVA when data do 

not fit a Poisson distribution.  Similarly, I suggest that researchers should test whether left 

skewed frequency distributions can actually be modeled by a negative binomial before 

being confident in statistical results based on this assumption.  Furthermore, use of the 

relationship between k and Morisita’s and Lloyd’s indices may be inappropriate for 

distributions that have a large number of quadrats in the right tail of a left-skewed 

distribution.  My data show that these estimates of aggregation will over estimate actual 

patchiness.  
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Temporal changes of browse aggregation within feeding stations 

 

Using the method of White and Bennetts (1996) to analyze changes in frequency 

distributions that fit a negative binomial distribution, I showed that both the mean density 

and aggregation of aspen browse have changed significantly over the past 20 years.  In 

contrast, the mean density of non-aspen deciduous browse has changed significantly but 

its aggregation has remained relatively unchanged.  Balsam fir frequency distributions 

could only be fit by a negative binomial distribution during 5 of 14 years for Lane Cove 

and 2 of 14 years in Moskey Basin.   Visual analysis of temporal changes in Morisita’s 

index of dispersion, however, shows little variation in mean density or dispersion of 

balsam fir over the past 20 years. 

 

Changes in the aggregation of aspen browse biomass could have important consequences 

for moose population dynamics by altering functional response and foraging behavior.  In 

both of my study sites, aspen was the most preferred browse type eaten by moose 

(Chapter 4).  Furthermore, woody biomass usually accounts for 80 to 90 % of the yearly 

consumption by moose (Renecker and Schwartz 1997), and in my study sites, 60% of the 

woody biomass consumed in the summer and 20 to 50% of the woody biomass consumed 

in the winter was aspen (Chapter 4). 
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Classic models of functional response are based on the premise that forage is distributed 

randomly.  Recent analyses have shown that when prey is actually aggregated in space, 

consumption rate can decline (Nachman 2006, Fryxell et al. 2007).  In addition, it has 

been shown that prey patchiness and predator aggregation can result in a Type III 

functional response, which can stabilize population dynamics, as opposed to a Type II 

functional response that is predicted when prey are assumed to be randomly distributed 

(Nachman 2006).  Furthermore, changes in the density and spatial distribution of prey 

can result in adaptive foraging that can greatly influence the shape of the functional 

response and stability of the predator prey system (Beckerman 2005).  Therefore, models 

of predator-prey population dynamics should not only be based on temporal changes in 

prey density, but also on temporal changes in prey spatial distribution. 

 

Factors influencing temporal changes in browse spatial distribution  

   

Temporal changes in total deciduous browse aggregation have been similar in both of my 

study sites and these changes have been correlated with changes in total deciduous 

browse density and moose density (Figure 6).  The temporal scale and pattern of these 

changes suggest that they are being caused by similar biotic factors acting in both study 

sites, and not by abiotic factors.  As total deciduous browse biomass increased, there was 

a significant decline in aggregation during the same year, and browse density and 

aggregation were not significantly correlated at other time lags (Figure 6).  Moose density 

was correlated with both aggregation and density at time lag t-1.  An increase in moose 
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density, therefore, led to a decrease in total deciduous browse density and an increase in 

browse aggregation the following year.  This analysis suggests that moose browsing is 

having a significant effect not just on the abundance of aspen browse biomass, but also 

on its spatial aggregation during the following year.   

 

Previous research on the effects of browsing on aspen density and regrowth gave mixed 

results.  Some studies have found mortality of aspen suckers subjected to repeated 

browsing (Schier 1975), while others have found no effect of browsing over a period of 4 

years (Zakrisson et. al. 2007).  Still others have found that in the short-term the effect of 

browsing varies with intensity, with overcompensation at medium browsing intensity and 

reduction in biomass at high browsing intensity (De Jager et. al. 2009).  It has also been 

noted that the tolerance of aspen to browsing may vary with nutrient availability and by 

genotype (Stevens et al. 2007).   My study showed a negative correlation between moose 

population and aspen density the following year, which suggests that high moose 

populations were resulting in lower density of aspen biomass the following year. 

 

If moose were consuming browse randomly  increases or decreases will result in a change 

in spatial aggregation that is proportional to the change in density, while density 

dependent increases or decreases will result in changes in spatial aggregation that are not 

proportional to density (Lloyd 1967, Pielou 1969, Schneider 1992).   In my study sites, I 

found a negative correlation between aspen or total deciduous biomass and aggregation, 

indicating that the change in aggregation was due to a density dependent process. 
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Biotic factors that might be affecting the aggregation of aspen browse include 

neighborhood effects, which can influence growth, such as light and nutrient availability, 

and/or herbivory.  Random browse consumption by moose results in decreased biomass 

and decreased aggregation, but density dependent consumption decreases spatial 

aggregation even more than random consumption and inverse density dependent 

consumption results in less decrease in spatial aggregation or even an increase.  Likewise, 

random growth increases aggregation, but density dependent growth increases spatial 

aggregation even more than random growth and inverse density dependent growth results 

in less increase in aggregation or even a decrease. Density dependent growth could be 

due to greater abundance of nutrients or light in certain areas, while inverse density 

dependent growth could be caused by reduced competition.  Analyzing changes in the 

value {Im + 1/m} can determine if changes in aggregation are the result of density 

dependent or density independent factors. 

 

Though I have shown that moose preferentially feed on aspen and other species of 

deciduous browse (Chapter 4), results from this study suggest that moose do not select 

feeding stations with greater density of browse.  I suggest that moose probably move 

randomly among feeding stations at the scale of my study sites but consume a greater 

proportion of browse in feeding stations with less browse available. My observations in 

the field show that in feeding stations that contain one or two bites of browse (usually on 

a single sapling), moose will usually consume all of the bites available.  In feeding 
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stations that contain > 5 bites of browse, however, moose will often consume only 1 or 2 

bites.  This pattern of feeding can result in inverse density dependent consumption.  

Previous researchers have also found that consumption of browse by moose is inverse 

density dependent in an experimental study (Vivas and Saether 1987) and in the wild 

during a single year (Edenius et al. 2002).  The overall effect of inverse density 

dependent foraging is greater aggregation of browse species.  As browsed species 

become aggregated in fewer feeding stations, unpalatable woody saplings will be released 

from competition and could have increased growth rates. 

 

The aggregation of aspen in my study sites, however, has been tempered by inverse 

density dependent growth of new aspen shoots.  This is most likely the result of 

vegetative regrowth of aspen suckers, which can reach breast height in only 1 to 3 years 

(Jones and Schier 1985).  Aspen only rarely reproduce from seed (Schier et al. 1985).  It 

is possible that inverse density dependent browsing is promoting inverse density 

dependent growth.  Herbivore damage of the apical shoots results in a decrease in 

production of the hormone auxin, which suppresses vegetative regrowth (Schier et al. 

1985).  So consumption of a large portion of small aspen saplings could result in 

increased rate of vegetative regrowth in these feeding stations, and thus lead to inverse 

density dependent growth.   
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Implications of spatial patterns 

 

Most models of animal functional response are based on the premise that prey are 

distributed randomly, but this assumption is probably not true for most species (Turchin 

and Karieva 1989).  Animals are often found in social groups (Fryxell et al. 2007) and the 

limitations on seed dispersal and survival result in clumped patterns of plant distribution 

(Condit et al. 2000).  For example, I found that moose browse on Isle Royale was 

actually 2 - 7 times more aggregated within feeding stations than would be expected 

based on a random distribution.  For deciduous browse (aspen and other deciduous 

browse species) the distribution of browse among feeding stations can be modeled by a 

negative binomial distribution during most years.   

 

Recent experimental studies have shown that aggregation of prey does affect the predator 

functional response.  Pitt and Ritchie (2002) found that predation rate of lizards increased 

as aggregation of prey was experimentally increased, and Nachman (2006) found that the 

predation rate on aggregated prey was higher than on randomly distributed prey at low 

prey densities, but was lower on aggregated prey at high prey densities.  Understanding 

the temporal changes in prey density and spatial distribution will be essential to 

developing adaptive functional response models which can more accurately predict 

predator and prey population dynamics. 
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Table 1.  Annual mean density, variance/mean ratio, dispersion parameter (k) and 

Morisita’s Index of dispersion (Im) for aspen, other deciduous and balsam fir browse 

biomass in Lane Cove and Moskey Basin study sites on Isle Royale, Michigan.  * 

indicates that the frequency distribution of browse biomass did not fit a negative binomial 

distribution, so k was not calculated.  

 
Lane Cove – Aspen Browse 

Year m s
2
/m k Im 

1988 2.88 5.06 0.480 2.40 

1989 1.29 2.53 * 2.19 

1990 1.49 2.68 0.588 2.13 

1994 0.54 1.69 0.573 2.30 

1995 1.12 2.09 * 1.98 

1996 1.50 2.89 0.543 2.25 

1997 3.26 3.68 * 1.82 

1998 4.69 6.64 * 1.82 

1999 3.64 5.65 0.747 1.98 

2000 3.02 6.67 0.402 2.54 

2001 2.79 3.41 * 1.79 

2002 2.54 4.8 0.494 2.36 

2003 2.93 4.34 0.453 2.31 

2004 3.96 6.16 * 2.75 

2005 4.63 9.41 0.263 3.01 

2006 3.99 10.75 * 3.09 

2007 2.88 10.13 0.256 3.27 

Mean     2.39 

 

 

Lane Cove – Other Deciduous Browse 

Year m s
2
/m k Im 

1988 3.91 8.05 0.410 2.79 

1989 2.41 6.84 0.327 3.41 

1990 2.98 6.75 0.455 2.92 

1994 1.00 2.29 * 2.29 

1995 1.72 3.68 * 2.55 

1996 2.76 5.78 0.463 2.72 

1997 4.47 7.4 0.438 2.42 

1998 3.93 7.55 0.664 2.11 

1999 3.11 8.4 0.349 2.87 

2000 2.68 6.75 0.376 2.84 

2001 2.84 4.56 * 2.32 

2002 1.95 4.4 * 2.19 

2003 2.79 5.16 0.405 3.12 

2004 2.62 7.4 0.335 3.28 

2005 3.53 7.66 0.287 3.53 

2006 2.74 8.23 0.351 3.03 

2007 3.91 6.84 * 3.12 

Mean    3.03 
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Lane Cove - Balsam Fir 

 

Year m s
2
/m k Im 

1988 1.61 10.85 * 7.10 

1989 1.03 10.01 * 9.76 

1990 1.38 12.60 * 9.41 

1994 -- -- -- -- 

1995 -- -- -- -- 

1996 1.52 11.73 0.082 7.78 

1997 2.26 13.58 0.076 6.54 

1998 1.51 9.39 0.182 9.15 

1999 2.07 14.72 0.064 6.99 

2000 1.48 15.39 * 7.98 

2001 0.96 12.74 * 11.84 

2002 -- -- -- -- 

2003 0.64 11.93 * 10.30 

2004 1.12 6.96 0.067 7.44 

2005 1.92 8.19 * 6.16 

2006 1.77 10.96 * 7.38 

2007 1.61 12.34 * 8.29 

Mean    7.10 

 

 

Moskey Basin – Aspen 

 

Year m s
2
/m k Im 

1988 1.06 4.94 0.183 4.71 

1989 0.71 2.77 0.280 3.50 

1990 0.74 3.84 0.215 4.85 

1994 0.44 3.46 0.178 6.66 

1995 1.21 4.68 * 4.04 

1996 1.16 5.2 0.172 4.62 

1997 1.91 8.21 0.231 4.76 

1998 2.65 11.54 0.272 3.73 

1999 2.17 12.1 0.137 4.84 

2000 1.68 9.63 * 4.95 

2001 2.07 7.03 * 4.58 

2002 1.83 6.65 * 3.71 

2003 2.25 9.77 0.115 5.77 

2004 2.83 12.16 0.118 5.93 

2005 2.99 13.51 0.120 5.39 

2006 2.28 14.15 0.137 5.37 

2007 1.06 14.35 * 6.82 

Mean    5.03 
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Moskey Basin – Other Deciduous 

 

Year m s
2
/m k Im 

1988 2.48 7.53 0.252 3.62 

1989 1.35 5.71 0.277 4.48 

1990 1.30 5.87 0.265 4.73 

1994 1.40 4.4 0.352 3.42 

1995 1.96 6.24 0.285 3.66 

1996 2.46 7.39 0.306 3.58 

1997 3.16 7.39 0.315 3.01 

1998 2.66 8.08 0.516 2.52 

1999 2.75 8.55 0.274 3.82 

2000 4.05 8.1 * 3.56 

2001 3.26 7.14 * 2.50 

2002 2.04 7.97 0.319 3.12 

2003 2.79 4.64 * 2.78 

2004 3.86 6.67 0.385 3.02 

2005 4.35 8.66 0.307 2.97 

2006 3.94 9.73 0.286 2.99 

2007 2.48 9.48 * 3.14 

Mean    4.40 

 

 

 

Moskey Basin – Balsam Fir 

 

Year m s
2
/m k Im 

1988 5.54 13.96 0.15 3.32 

1989 4.63 13.88 * 3.76 

1990 4.43 13.3 0.176 3.76 

1994 -- -- -- -- 

1995 -- -- -- -- 

1996 5.98 14.34 0.382 3.21 

1997 5.64 13.71 * 3.24 

1998 5.42 10.74 * 2.27 

1999 7.02 13.92 * 3.36 

2000 5.69 14.62 * 2.92 

2001 3.86 13.61 * 3.20 

2002 -- -- -- -- 

2003 3.3 10.77 * 3.51 

2004 4.15 8.62 * 3.29 

2005 4.81 9.00 * 2.91 

2006 5.57 9.89 * 2.83 

2007 5.54 11.18 * 2.81 

Mean    3.24 
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Table 2.  Cumulative change in the value{Im+ 1/m} due to consumption and growth of 

browse in Lane Cove (LC) and Moskey Basin (MB) on Isle Royale, Michigan.  A 

positive change in this value indicates inverse density dependent consumption or density 

dependent growth.  A negative change in this value indicates density dependent 

consumption or inverse density dependent growth.  p-value gives the significance of a 

test of Ho: Mean ∆{ Im+ 1/m} = 0. 

 

 

 Consumption Growth 

 ∆{ Im+ 

1/m} 

p-value ∆{ Im+ 1/m} p-value 

LC aspen 0.14 0.01 -0.18 0.137 

MB aspen 0.53 0.0002 -0.60 0.056 

     

LC non-aspen 

deciduous 

0.027 0.26 -0.001 0.99 

MB non-aspen 

deciduous 

0.30 0.017 -1.46 0.083 

 



 

 37 

 

Figure 1.  Total deciduous browse density at two study sites, and total moose population 

on Isle Royale, Michigan. 
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Fig 2.  Examples of two frequency distributions constructed for aspen browse available.  

A) Lane Cove, 2007, negative binomial parameters were m=3.99 and k=0.256, B) Lane 

Cove ,1997, negative binomial parameters were m=3.26 and k=0.850. 

 

 

A)        B) 

    
 

Grams of browse per feeding station 
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Figure 3.   Temporal changes in mean density (m) and dispersion (k) of browse in Lane 

Cove.  As k  0, aggregation increases.  Dark circles indicate years in which the 

frequency count data fit a negative binomial distribution.  Error bars show 95% 

confidence intervals for m and k.  AIC weights (wi) for the model that best fit the data are 

shown.  A) Aspen, B) Non-aspen deciduous, C) Balsam fir  
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Figure 4.   Temporal changes in mean density (m) and dispersion (k) of browse in 

Moskey Basin.  Dark circles indicate years in which the frequency count data fit a 

negative binomial distribution.  Error bars show 95% confidence intervals for m and k.  

AIC weights (wi) for the model that best fit the data are shown.  A) Aspen, B) Non-aspen 

deciduous, C) Balsam fir   
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Figure 5.  Cross-correlation results for relationships between Morisita’s index of 

dispersion, aspen density and moose population in Lane Cove and Moskey Basin from 

1996 to 2007.  Moose population used for these analysis was the total moose population 

estimates for Isle Royale (Vucetich  n.d.).  Lines indicate 95% confidence intervals.  

 

 

   Lane Cove     Moskey Basin 

Morisita’s Index of dispersion vs. Aspen density 

-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o

rr
e

la
ti
o

n

      
-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o

rr
e

la
ti
o

n
 

 

Morisita’s index of dispersion vs. Moose population 

-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o

rr
e

la
ti
o

n

      

-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o
rr

e
la

ti
o
n

 
 

Aspen Density vs. Moose population 

-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o

rr
e

la
ti
o

n

              
-4 -3 -2 -1 0 1 2 3 4

Lag

-1.0

-0.5

0.0

0.5

1.0

C
o

rr
e

la
ti
o

n

 



 

 44 

Figure 6.  Cross-correlation results for relationships between Morisita’s index of 

dispersion, total deciduous density and moose population in Lane Cove and Moskey 

Basin from 1996 to 2007.  Moose population used for these analyses was the total moose 

population estimates for Isle Royale (Vucetich and Peterson (2007).  Lines indicate 95% 

confidence intervals.  
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Figure 7.  Annual changes in the value {Im + 1/m} due to consumption and growth of 

aspen biomass from year t-1 to t.  A positive change in this value indicates inverse 

density dependent consumption or density dependent growth, which both lead to more 

aggregated browse.  A negative change indicates density dependent consumption or 

inverse density dependent growth, which both lead to more dispersed browse.  Values 

were not significantly different from 0 at the α=0.05 level.  A) Lane Cove – Aspen 

biomass, B) Moskey Basin – Aspen biomass, C) Lane Cove – Non-aspen deciduous 

biomass, D) Moskey Basin – Non-aspen deciduous 
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Figure 8.  Comparison of Morisita’s index of patchiness (Im) to the value {1 + 1/k} for the 

annual frequency distributions of aspen browse biomass available.  k is the dispersion 

parameter of the negative binomial distribution that best fits each observed frequency 

distribution.  Error bars show the 95 % confidence intervals for {1 + 1/k}.  Closed 

squares indicate years in which the observed distribution was not significantly different 

from a negative binomial distribution (χ
2
>0.05) and open squares indicate years in which 

the observed distribution was significantly different from a negative binomial distribution 

(χ
2
<0.05). 
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Figure 9.  Observed frequency distributions of aspen browse biomass available for three 

years.  Note that the value {1+1/k} is most different from Morisita’s index of patchiness 

(see figure **) during years when there is a greater frequency of feeding stations in the 

right tail of the distribution. 

 

   
 

 

 

 

 

 

 

 

 

Grams of aspen biomass/feeding station 
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Chapter 3 

 

Influence of prey aggregation on functional response of large 

herbivores: an improved model of herbivore intake rate 
 

 

Introduction 

 

Herbivores influence, and in turn, are influenced by lower trophic levels via their 

consumption of vegetation.  This interaction is quantitatively described by the functional 

response, the rate of energy or biomass intake as a function of prey availability.  The 

shape of the functional response is central to determining the dynamics of herbivore-prey 

systems (Noy-Meir 1975, Turchin 2003), herbivore diet choice (Farnsworth and Illius 

1996, 1998, Fortin et al. 2002), and ultimately higher-level ecosystem processes such as 

nutrient cycling (Pastor et al. 2006, Pastor and Naiman 1992).     

 

The currently accepted model for herbivore functional response is that proposed by 

Spalinger and Hobbs (1992).  Unlike most carnivores, large herbivores can process food 

while simultaneously searching for their next bite, so this mechanistic model differs from 

the traditional functional response models of Holling (1959) by allowing searching and 

handling time to overlap.  Also, in contrast to carnivores, herbivores only partially 

consume each individual prey item (plant), so the functional response of herbivores is not 

measured in units of individuals killed and consumed, but in units of biomass or bites 

removed.    
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The Spalinger and Hobbs (1992) model showed that the intake rate of large herbivores is 

not only a function of prey abundance, but also depends on prey spatial arrangement.  In 

general, if the distance between individual bites of food is less than a threshold distance 

d* an herbivore will be able to reach its next bite of food before it has completed the 

processing of its current bite.  Intake rate in this case, known as Process 3 foraging in the 

Spalinger and Hobbs model, is limited by the handling time, or the time it takes an 

herbivore to crop and chew each bite of food, and is calculated as 

 

 

where Rmax is the maximum rate that food can be processed in the mouth (bites/min), S is 

the bite mass (g) and h is the time required for cropping a bite (min/bite).   

 

If the distance between individual bites of food is greater than d* and bites are distributed 

randomly, then intake rate is a function of the herbivores encounter rate with food items.  

In the Spalinger and Hobbs model, Process 1 and 2 foraging are both encounter-limited 

and intake rate is calculated as  

 

 where λ is the encounter rate with forage.  Process1 and 2 foraging differ in the way that 

the encounter rate is calculated.  Process 1 foraging occurs when food is dispersed so that 

upon completion of a bite of food, the herbivore is not able to sense the next bite of food, 

and so it must search.  For Process 1 foraging, λ is the product of forage density (D bites 

(1) 

(2) 
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or plants/m
2
), mean foraging velocity ( , m/min) and width of the search path (w, m).  

Process 2 foraging occurs when upon completion of a bite of food the herbivore is able to 

sense the next bite and can walk directly to it.  For Process 2 foraging, λ is  (m/min) 

divided by the distance between bites of plants (d, m). 

 

Since the first model of the functional response was developed (Volterra 1926), it has 

been assumed that the predators would encounter prey according to the principles of mass 

action.  Prey was assumed to be distributed randomly within a landscape or a patch, and 

the encounter rate of a foraging predator would be a function of prey density.  The 

Spalinger and Hobbs model (1992), assumes that bites are distributed randomly and the 

herbivore moves between each bite.  Average foraging velocity ( ), or the velocity at 

which an herbivore can move between bites of food, is calculated as a function of bite or 

biomass density and then used to determine both d* and λ (Shipley et al. 1996, Fortin 

2006).   

 

Observation of large herbivore foraging behavior, however, shows that they often do not 

move between each bite of food.  Instead, their large size allows them to consume 

multiple bites of food within a feeding station, or the area that a large herbivore can reach 

without moving its front feet (Senft et al. 1987, Searle et al. 2005).  Moreover, I have 

shown (Chapter 2) that the bites of browse consumed by moose are not distributed 

randomly, but are aggregated in feeding stations, and that these feeding station patches 

are then distributed randomly across the moose home range.  I, therefore, agree with 
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Turchin (2003) who stated that “the natural approach to modeling functional response in 

such a situation is to treat each patch as an individual resource item.”   Recently, Fryxell 

et al. (2007) came to a similar conclusion when they suggested that the encounter rate for 

predators foraging on social animal prey should be modeled as a function of group 

density and not animal density.  For example, for a given density of wildebeest, lions will 

encounter an individual wildebeest less frequently if they are aggregated in a few 

gregarious social groups, than if they are distributed randomly across the lion’s home 

range.  In this system, a lower encounter rate results in lower intake rate.   

 

In this paper, I propose that the intake rate of moose and other large herbivores that feed 

on browse aggregated within feeding stations, where they can consume more than one 

bite of food without moving their front feet, is a function of the density of feeding 

stations, and not solely a function of the density of individual plants or bites of food 

within the feeding station.   For moose, the size of a feeding station is 2 m
2
.  When using 

the feeding station as the individual resource item, however, it is not possible to calculate 

foraging velocity, and ultimately encounter and intake rate, using traditional methods 

(Shipley et al. 1996, Farnsworth and Illius 1996, 1998, Fortin et al. 2002).  To calculate 

foraging velocity, it is necessary to know the mean nearest neighbor distance.  Mean 

nearest neighbor distance has traditionally been calculated as , where d is the 

mean nearest neighbor distance and D is the density of resource items (Clark and Evans 

1959).  This relationship was derived for point particles whose centers are randomly 

distributed,  however, and cannot be used to determine the mean nearest-neighbor 
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distance between 2-dimensional non-overlapping feeding stations which have a different 

mean nearest-neighbor distribution function. 

 

In this paper, I introduce a method for calculating the mean nearest neighbor distance 

between feeding stations using an equation derived by physicists to predict the mean 

nearest neighbor distance between impenetrable discs moving by Brownian motion 

(Torquato et al. 1990).  In addition, I analyze how treating the bite versus the feeding 

station as the individual resource item affects values of foraging velocity, encounter rate 

and energy intake rate for a large range of theoretical bite and feeding station densities.  

Finally, I test whether an intake model that considers the bite as the individual resource 

item or one that considers the feeding station as the individual resource item is a better 

predictor of actual intake rate of moose on Isle Royale, Michigan. 

 

The Model 

Variables used in this model are summarized in Table 1. 

 

Calculation of foraging velocity 

 

Average foraging velocity of an herbivore can be calculated as 

 

 

(3) 
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 where d is the mean nearest-neighbor distance between resource items, Vmax is the 

maximum velocity of a foraging herbivore and ao is the acceleration and deceleration of 

an herbivore as it leaves and approaches a resource item (Shipley et al. 1996).  When the 

resource item being considered is a bite distributed randomly, d can be calculated as db = 

, where db is the mean nearest neighbor distance between bites of food and  D is 

the density of bites or plants to be eaten (Clark and Evans, 1954). 

 

To determine the mean nearest neighbor distance between feeding stations (df) I use an 

equation of Torquato et al. (1990) who derived a set of equations to determine the 

nearest-neighbor distance between N-dimensional impenetrable particles moving by 

Brownian motion.  A search of Web of Science found that this paper has been cited 125 

times in the physics, chemistry and engineering literature and is used often to determine 

the effect of a neighboring  2- or 3-dimensional object on a reference object.  To calculate 

the mean nearest-neighbor distance between feeding stations, I use the Torquato et al. 

(1990) equation for mean nearest-neighbor distance between randomly distributed 2-

dimensional impenetrable discs 

 

 

where  

 

 

(4) 
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erfc denotes the complementary error function, σ is the diameter of the feeding station 

and  is the density of feeding stations that contain browse (feeding stations/m
2
).  If 

, df can be approximated by 

 

 

 

Calculation of encounter rate 

 

When bites are distributed randomly, the encounter rate (λb, bites/minute) for Process 1 

foraging is the product of bite density (D, bites/m
2
), mean foraging velocity ( , m/min) 

and width of the search path (w, m) and for Process 2 foraging encounter rate (λb) is 

    

 

When browse is aggregated into feeding stations, it is necessary to know the encounter 

rate with individual feeding stations.  For Process 1 foraging, when the moose must 

search for the next feeding station, the encounter rate (  is 

the product of the velocity ( ) a moose can move between feeding stations, the density 

of feeding stations ( ) and the width of the search path (w).  For Process 2 foraging, 

where the moose can move directly from one feeding station to the next, the encounter 

rate ( ) is  

 

 

(5) 
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Calculation of intake rate as a function of bite density 

 

When bites are assumed to be randomly distributed, intake rate (I) for a handling- limited 

(Process 3) or encounter- limited (Process 1 and 2) herbivore consuming N prey types 

can be calculated as 

 

 
 

 

where  is encounter rate for the ith prey type, Si is the bite size (g/bite), ηi is the 

proportion of handling time that is exclusive of time spent searching, and hi is the 

handling time including cropping and chewing (see Farnsworth and Illius 1998 for 

derivation of the equation for encounter-limited foraging and see Illius 2001 for 

derivation of the equation for handling-limited foraging).   The threshold value d*, above 

which handling-limited foraging becomes encounter-limited foraging, can be calculated 

as  

 

 

 where S is the bite size, n is the number of bites cropped before the beginning of a 

(6) 

(7) 
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chewing bout and Rmax is the rate of processing of food in the mouth in the absence of 

cropping (Fortin 2006).   

 

I calculated intake rate as grams of biomass consumed per min and then converted to net 

rate of energy intake (kcal/min).   Net energy gain (eb, kcal/min) was calculated 

as , where K is the gross caloric content (kcal/g dry weight), G is 

the dry matter digestibility, S is the bite size and L is the energetic cost of locomotion 

(kcal/m).   

 

Calculation of intake rate as function of feeding station density 

 

When browse is aggregated in feeding stations, I calculated intake rate as the number of 

bites per feeding station divided by the total time (Tt) that an herbivore needs to move 

between feeding stations and consume all of the bites in the feeding station, 

 

 

where Ts is the time spent searching that is exclusive of handling, Th is the time spent 

consuming browse that is exclusive of searching and Th(1-η) is the time in which 

handling and searching occur together, where η is the proportion of time spent handling 

exclusive of searching (i.e. time spent cropping) (see a similar method for calculating 

intake rate in Hobbs et al. 2003).  These parameters are calculated as 

(8) 
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and 

 

 

where h equals the total time spent handling one prey item (the sum of time spent 

chewing and time spent cropping).  So, intake rate (bites/min) is calculated as  

 

 

Net energy gain (ef, kcal/min) was calculated as, 

 

 

 

  Methods 

 

I calculated values of db, df, , and   using a range of bite and feeding station densities 

(D = 0.5 to 1000 bites/m
2
 and = 0.01 to 0.5 2-m

2
 feeding stations/m

2
).  I chose this 

range of bite densities to include almost all densities that any herbivore in North America 

would likely encounter.  For moose on Isle Royale feeding on sparse woody saplings, 

total deciduous browse bite density ranged from about 0.5 to 4.5 bites/m
2
.   In 

comparison, for bison in Saskatchewan, feeding on dense stands of grass and forbs, 

(9) 

(1

0) 

(11) 

(12) 
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biomass density ranged from about 100 to 300 g/m
2
 (Fortin 2002).  I calculated encounter 

rates ( λb and λf ) and intake rates (Ib and If) using all combinations of  nearest neighbor 

distance and foraging velocity to analyze how use of the bite or the feeding station as the  

individual resource item affects these values.   To parameterize equations I used values 

for foraging moose derived from the literature and my research (Table 3) and for ease in 

comparison of results I compared the foraging behavior of moose eating only one type of 

browse (aspen).  Values for intake rate were calculated for both summer and winter, 

when moose forage on leaves and stems, respectively, and bite size differs.    

 

To test if my mechanistic model of browse intake rate (Eq. 4), which considers the 

feeding station the individual resource item, could account for variability in actual yearly 

intake rates, I used data on moose browse availability and consumption from a long-term 

study on Isle Royale (Pastor et al. 1998, Moen et al. 1997, Pastor et al. 1993, Pastor and 

Naiman 1992).  Hodgson and Pastor (In prep) showed that the woody browse used by 

moose on Isle Royale was aggregated within 2-m
2
 feeding stations and that these feeding 

stations were, in most years, distributed randomly within their home ranges.  I compared 

values of mean nearest neighbor distance, velocity, encounter rate and intake rate using 

my model, to values obtained by using the traditional intake model that assumes that bites 

of browse are distributed randomly (bite was the individual resource item).  Data on 

browse availability and consumption were collected in two study areas on Isle Royale, 

Michigan.  Description of this study area and methods for collection of bite and feeding 

station density can be found in Chapter 2. 
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I used regression of observed intake vs. predicted intake rates to assess model fit.  

Observed intake rates were calculated as kilograms of browse consumed per moose per 

foraging season (summer or winter).  I calculated per capita intake rates by dividing 

browse consumed per m
2
 per season by mean moose density (moose/km

2
) across the 

island and assumed that moose were distributed evenly throughout Isle Royale.  Yearly 

moose population estimates were obtained from Vucetich (n.d.).  

 

To convert my predicted intake rates (g/min) to seasonal intake rates it was necessary to 

know the number of days and the mean number of hours per day that moose foraged in 

each season.  I collected my consumption data every 6 months, so I used 180 days as 

foraging season length.  I determined the foraging time per day by iteratively trying 

foraging times rounded to the nearest ½ hour until I found the time that gave us a 

regression slope that was as close to 1 as possible.  Model fit is often assessed by testing 

whether the slope of the regression is not significantly different from one, but the purpose 

of my analysis was not to predict the kg of browse consumed per season, but to determine 

which model explained most of the variation in seasonal intake rates.  Manipulating the 

mean time per day that moose spend foraging changes the slope of the observed vs. 

predicted regression, but does not change the intercept or R
2
.  I, therefore, used the R

2
 

value to assess model fit and analyzed whether the mean foraging time per day that gave 

the best model fit was realistic for a foraging moose.   
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Results 

 

Analysis of d and  

 

A density of 0.5 2-m
2
 feeding stations/m

2
 corresponds to the maximum density of 2-m

2 

feeding stations possible; at this density, a moose would encounter a feeding station 

containing aspen browse with every step.  Browse would then be continuously distributed 

across the landscape.  Conversely, a feeding station density of 0.01 feeding stations/m
2
 

corresponds to one 2-m
2
 feeding station containing aspen browse for every 200 m

2
 of 

habitat.  As feeding station density ( ) or bite density increases, df and db decrease and 

corresponding values of foraging velocity ( ) decrease (Table 3 and 4).  Using 

the data in Tables 3 and 4 I can see that in a landscape with 0.5 bites/m
2
, mean nearest 

neighbor distance between bites or feeding stations could range from 0.71 m if bites are 

randomly distributed to 7.26 m if bites were aggregated within feeding stations that had a 

density of 0.01 feeding stations/m
2
, or about a 10-fold difference.  For a landscape with 

30 bites/m
2
, mean nearest neighbor distance could range from 0.09 m if bites are 

randomly distributed to 7.26 m if bites were aggregated within feeding stations that had a 

density of 0.01 feeding stations/m
2
, or about an 80-fold difference. 

 

If browse density is low (0.5 bites/m
2
) and aggregated in feeding stations, the calculated 

foraging velocity of a moose traveling between feeding stations was approximately 1.5 to 

2.5 times greater than the foraging velocity of moose traveling between randomly 
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distributed individual bites (Tables 3 and 4).  If browse density is high (30 bites/m
2
) and 

aggregated in feeding stations, the foraging velocity of a moose traveling between 

feeding stations was approximately 4 to 7 times greater than the foraging velocity of a 

moose traveling between randomly distributed individual bites (Tables 3 and 4). 

 

Analysis of encounter rate 

 

I compared bites of browse encountered per minute for the bite and feeding station 

models by multiplying λf (feeding stations/minute) by the mean number of bites per 

feeding station.  At low browse density (0.5 bites/m
2
), the encounter rate for browse 

aggregated within feeding stations (λf) was almost equal to the number of bites 

encountered per minute (λb) when it is assumed that bites are distributed randomly 

(Figure 1).  Encounter rate for the feeding station model, however, increased rapidly with 

browse density so that when browse density was 30 bites/m
2
, encounter rate for the 

feeding station model (λf) was 18 to 32 times greater than encounter rate (λb) if the bites 

had been distributed randomly (Figure 1).   

 

Analysis of intake rate 

 

Using the parameter values in Table 2 and Eq. 7, I calculated d* as 2.4 m during the 

summer when moose are feeding on deciduous leaves, and 0.4 m during the winter when 

moose are feeding on woody stems.  These correspond to feeding station densities of 0.13 
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and 0.5 2-m
2
 feeding stations/m

2
, respectively.  During the summer, all intake rates were 

handling limited if bites were distributed randomly (db < d*).  If browse was aggregated 

within feeding stations, intake rate was handling limited for feeding station densities > 

0.13 2-m
2
 feeding station/m

2
 (df  < d*) and encounter limited for feeding station densities 

< 0.13 2-m
2
 feeding station/m

2
 (df > d*).   During the summer, when browse density was 

low and aggregated within few feeding stations ( ), energy intake rate was up to 

20% less than intake rate for bites that were randomly distributed (Figure 2a).  At high 

browse density (> 5 bites/m
2
), there was little difference between intake rates when 

browse was aggregated within feeding station or when it was randomly distributed 

(Figure 2a). 

 

During the winter, intake rates were handling limited when bites were distributed 

randomly and bite density was > 1.5 bites/m
2
 and encounter limited when bite density 

was ≤ 1.5 bites/m
2
.  If browse was aggregated with feeding stations, intake rates (If) were 

always encounter limited (df>d*).  At low browse density If was 10 – 20% less than Ib, at 

all feeding station densities, but at high browse densities (> 5 bites/m
2
) there was little 

difference between If and Ib (Figure 2b).   

 

Analysis of intake times 

 

The times with which moose consume 1 kcal of browse varied with browse density and 

spatial distribution of browse (Figure 3).  During the summer, for a given browse density, 



 

 65 

the highest amount of time spent consuming 1 kcal of occurred at a feeding station 

density of approximately 0.4 feeding stations/m
2
.  Intake times declined slightly as 

feeding station density increased and declined more sharply as feeding station density 

decreased (Figure 3a).  During the winter, the high intake time occurred at high feeding 

station density (0.5 feeding stations/m
2
) and declined as feeding station density declined.  

Intake times reached a minimum at a feeding station density of about 0.1 feeding 

stations/m
2
 and then increased again as feeding station density continued to decline 

(Figure 3b). 

 

Aspen intake rate on Isle Royale 

 

Density of browse consumed (D, bites/m
2
) and density of feeding stations in which 

browse was consumed ( , feeding stations/m2) varied considerably between years for 

moose foraging on Isle Royale, Michigan, but mean browse density and feeding station 

densities were similar between study sites (Table 5).  Mean nearest neighbor distances 

when assuming  randomly distributed bites of browse (db) were 2 to 3 times less than 

mean nearest neighbor distances between feeding stations (df, Table 5, Figure 4a).  Mean 

foraging velocities when assuming randomly distributed bites of browse (Vb) were about 

30 to 40% less than mean foraging velocities between feeding stations Vf (Table 6, Figure 

4b).  Mean foraging velocity approaches Vmax as nearest neighbor distance approaches 

infinity and as density approaches 0.  Mean λb was about 30 to 40% greater than mean λf 

(Table 6, Figure 4c).   
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The mean distance between feeding stations in my two study sites ranged from 1.77 to 

2.45 during the summer, and 1.78 to 3.48 m during the winter.  A moose requires 0.99 

(calculated as 0.5(V
2
/a )) m to accelerate to maximum velocity and the same distance to 

decelerate from maximum velocity back to 0.  So, feeding stations must be greater than 

1.98 m apart for a moose to reach maximum velocity between feeding stations.  The 

velocities that I calculated, given the observed distances between feeding stations, were 

much less than maximum velocity because in many years the mean distance between 

feeding stations was small enough so that a moose did not have enough distance to be 

able to accelerate to maximum velocity before having to decelerate as it approached the 

feeding distance.  During some years moose were able to reach maximum velocity for a 

very short distance (<1.5 m).   

 

During the summer, if bites of browse were considered to be randomly distributed, intake 

rates (Ib) were handling limited (db < d*) during all but four years in Lane Cove and in all 

but two years in Moskey Basin.  In contrast, if the feeding station is considered to be the 

individual resource item, intake rates (If) were encountered limited in all but three years 

in Lane Cove and in all years in Moskey Basin (df > d*).  Comparison of Ib and If for 

each year shows that at high browse density (> 0.6 bite/m
2
) there is a small difference 

between Ib and If,  but as browse density declines the difference increases, until Ib 

becomes encounter limited at very low browse density (<0.1 bites/m
2
) and Ib≈If  (Figure 

5).   
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During the winter, in Moskey Basin and Lane Cove, Ib and If were encounter limited for 

all years.   At high browse densities intake followed the Process 2 foraging model and 

rates Ib and If were more similar, but If declined faster as browse density declined (Figure 

6).  At very low browse density, intake switched to the Process 1 model and rates for Ib 

and If were similar. 

 

The R
2
 values for regressions of observed vs. predicted values of intake rate showed that 

the model in which the feeding station is the individual resource item explained more of 

the variation in intake rates in both Moskey Basin and Lane Cove during both foraging 

seasons (Figure 7). 

 

Discussion 

 

My observations of foraging moose indicate that using the feeding station as the basic 

resource item is more consistent with actual moose foraging behavior then using single 

bites as the basic resource unit.  As moose are moving through a foraging area they will 

encounter palatable browse and, similar to grazers such as bison and wildebeest, moose 

are able to reach all browse within an approximately 2-m
2
 feeding station without moving 

their front feet.  Unlike grazers, however, moose forage is aggregated within feeding 

stations.  Therefore, while most 2-m
2
 feeding stations have 0 or 1 bites of browse, some 

have 3 or 4 and a few feeding stations have greater than 5 bites of browse (Chapter 2).   
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This arrangement violates the assumption of classical foraging theory that individual prey 

(i.e. plant or bite) is distributed randomly and that encounter rate is a function of prey 

density.  I argue that the feeding station is the individual resource item and encounter rate 

is a function of feeding station density.  Use of Eq. 4 makes it possible to estimate mean 

nearest neighbor distance for 2-dimensional non-overlapping feeding stations and, 

therefore, to calculate encounter rates and energy intake rates as a function of feeding 

station density.    

 

In this paper I examined how estimations of velocity, encounter rate and intake rate differ 

if the same amount of browse is distributed randomly or aggregated within feeding 

stations.  I can also use these analyses to determine how velocity, encounter rate or intake 

rate are over- or underestimated if I assume that browse is randomly distributed when it is 

actually aggregated into feeding stations.  Velocity is directly related to nearest neighbor 

distance.  When bites of browse are far apart, a large herbivore can leave one bite, 

accelerate to maximum velocity and then travel at this velocity until it approaches the 

next bite, when it must decelerate to a stop.  As nearest neighbor distance decreases, 

however, the length of time during which the herbivore is traveling at maximum velocity 

decreases and mean foraging velocity decreases.  At high browse density, the mean 

nearest neighbor distance decreases to a point where a large herbivore leaving one bite 

does not have enough distance to accelerate to maximum velocity before it needs to 

decelerate as it approaches the next bite of browse.  As distance between prey decreases, 

therefore, the length of acceleration decreases and thus foraging velocity decreases.  If 

(13) 
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browse is distributed randomly the foraging velocity will approach 0 as the nearest 

neighbor distance approaches 0.  In contrast, if browse is aggregated within feeding 

stations, the mean nearest neighbor distance will approach the diameter of the feeding 

station (df,min) and the foraging velocity will approach the minimum  

 

 

For moose with a 2 m
2
 feeding station, the minimum mean foraging velocity is reached at 

maximum feeding station density of 0.5 feeding stations/m
2
 and equals 29.62 m/min.  

One bite of browse per feeding station corresponds to a browse density of 0.5 bites/m
2
.  

So, if it is assumed that 0.5 bites/m
2
 is randomly distributed, the mean foraging velocity 

equals 19.7 m/min.  Therefore, if browse is aggregated within feeding stations, but mean 

nearest neighbor distance and velocity are calculated as if bites of browse were randomly 

distributed, the actual foraging velocity will be underestimated.  As browse density 

increases, the degree of underestimation increases rapidly (Figure 2). 

 

Fryxell et al. (2007) showed that when carnivorous predators feed on gregarious prey, 

encounter rate with aggregated prey was always less then encounter rate with the same 

density of prey that were distributed randomly.  Fryxell et al. (2007), however, assumed 

that the predator can only capture and consume one prey item per encounter with a group.  

For browsers or grazers foraging on plants, however, aggregation of prey almost always 

leads to increased encounter rates and plants do not scatter.  Large herbivores can move 
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quickly between aggregated prey and consume multiple prey once they reach the 

aggregation.  As with travel velocity, if prey are aggregated within feeding stations, but 

encounter rates are calculated assuming randomly distributed prey, encounter rate will be 

underestimated (Figure 1). 

 

The intake rate for an herbivore, therefore, is a function of encounter rate and time 

needed to consume prey before searching resumes.  When browse density is low, the 

intake rate for forage aggregated in feeding stations is always less than the intake rate for 

randomly distributed bites, largely due to the longer time needed to travel between 

feeding stations (Figure 2).  On the other hand, when forage densities are high, intake 

rates of randomly distributed forage is almost equal to that of aggregated forage even 

though encounter rates with individual bites of browse aggregated to high density within 

feeding stations can be tens to hundreds time greater than encounter rates with randomly 

distributed bites (Figure 2).  The large amount of time that it takes to process all of the 

bites of food in each feeding station slows down the overall intake rate and thereby 

compensates for the reduced search time when food is aggregated into feeding stations.  

Therefore, when forage is at high average density and aggregated into feeding station 

patches, intake rate approaches the maximum intake rate limited by handling time 

 

For moose consuming browse aggregated into feeding stations, the spatial arrangement 

that results in the highest foraging efficiency changes from season to season.  During the 

summer, the highest foraging efficiency occurred at a feeding station density of 
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approximately 0.4 feeding stations/m
2
.  If feeding stations were more uniformly arranged 

( = 0.5 feeding stations/m
2
), intake efficiency declined slightly.  When feeding stations 

were further apart and more randomly arranged, intake efficiency declined more sharply.  

In contrast, in the winter the highest intake efficiency occurred at the highest and lowest 

feeding station densities used in my analyses.  A feeding station density of approximately 

0.1 feeding stations/m
2
 resulted in the lowest intake efficiency.  Intake efficiency when 

browse is aggregated in feeding station is a function of a complex relationship among bite 

size, handling time, browse density and browse aggregation that requires further 

mathematical analysis that I will discuss in a future paper.   

 

The Spalinger and Hobbs (2003) model of large herbivore foraging dynamics accurately 

predicts short-term intake rate in experimental tests with lemmings, black-tailed prairie 

dog, domestic rabbit, white-tailed deer and elk (Hobbs et al. 2003).  In these experimental 

situations, however, browse was uniformly spaced and not aggregated within feeding 

stations.  My model which calculates intake rate as a function of feeding station density 

explained more of the variation in observed seasonal intake rates for moose in two study 

sites on Isle Royale, than the traditional Spalinger and Hobbs model (1992), which 

assumes that bites of browse are randomly distributed.  During the summer, if aspen 

browse is assumed to be randomly distributed, d is almost always less than d*.  Intake 

rate is, thus, handling limited and browse consumed per season is only a function of the 

number of hours foraged and not a function of forage density or spatial distribution.  This 

can be seen as a maximum predicted aspen browse consumption rate in Lane Cove and 
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Moskey Basin during the summer (Figure 8).  Observed consumption rates in both 

summer and winter, however, showed considerable year to year variation.  The feeding 

station model explained more of this temporal variation in intake rate.  In addition, the 

predicted hours of foraging per day for the model that calculates intake rate as a function 

of feeding station density was closer to the known number of hours that moose forage 

each day.  Estimates of number of hours moose feed per day range from 5 to 10 hours 

(Renecker and Schwartz, 1997). 

 

Hobbs et al. (2003) state, that when intake rate is handling limited “variation in plant 

density or spatial pattern will have no consequences for herbivore intake rate”.  For their 

analysis, Hobbs et al. (2003) used the Spalinger and Hobbs model that assumes that bites 

of browse are distributed randomly.  While it is true that gross intake rate is not 

influenced by plant density or spatial pattern, net intake rate is influenced by plant 

density and spatial pattern.  Net energy intake can be calculated as gross intake rate 

minus energy lost in movement to procure browse.  Net intake rate is the actual amount 

of energy that the herbivore is able to use to meet its metabolic needs, so is a more 

appropriate measure of intake rate for models of population dynamics.  At high plant 

densities a large herbivore has to expend much less energy moving between each bite of 

food and energy lost per bite is less than at low browse density.  So when browse is 

distributed randomly and d < d* spatial arrangement of browse does influence net intake 

rate (Figure 8). 
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If browse is aggregated into feeding stations, net intake rate is influenced by both plant 

density and aggregation.  For a given plant density, as plants become more aggregated 

into fewer feeding stations, the distance between feeding stations increases and a large 

herbivore needs to expend more energy in travel between feeding stations.  The number 

of bites per feeding station for highly aggregated browse, however, increases so energy 

lost on travel per bite declines with increased browse aggregation (Figure 9). 

 

In summary, I suggest that observed foraging behavior of moose in the field and 

aggregation of browse within feeding stations (Chapter 2) is more consistent with using 

the feeding station rather than the bite, as the individual resource item in a mechanistic 

model of moose foraging.  Adaption of Torquato’s equation for calculating the mean 

nearest neighbor distance in a 2-dimensional array allows for calculation for mean nearest 

neighbor distance between feeding stations, and ultimately foraging velocity, encounter 

rate and intake rate.  Similar to Fryxell et al. (2007), this paper shows that intake rate for 

a predator feeding on aggregated prey is not just a function of prey density, but also a 

function of the spatial distribution of that prey.  Unlike carnivores, however, where prey 

aggregation always results in lower intake rates than would be predicted by assuming that 

prey are randomly distributed (Fryxell et al. 2007), an herbivore’s intake rate in a 

landscape of aggregated prey can be less, the same, or slightly greater than intake rate 

predicted for a landscape of randomly distributed prey, depending on bite size, handling 

time, foraging velocity and average browse density.  This results from the ability of an 

herbivore to consume more than one prey item from each aggregation or feeding station.  
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The patterns presented here apply only to moose whose behavior conforms to the 

parameters given in Table 2.  A future area of research should be to analyze how changes 

in bite size, handling time and foraging velocity, which are consistent with the foraging 

behavior of other large herbivores, influence intake efficiency in landscapes with 

aggregated browse.    

 

Implications for population modeling, and management and monitoring of moose habitat 

 

Depending on browse density and extent of aggregation, large herbivore velocity and 

encounter rate with food can be underestimated and net intake rate can be overestimated 

if the feeding station is not considered to be the individual resource item.  At low prey 

density and high aggregation, a condition seen on Isle Royale and probably in many other 

moose habitats, intake rate can be overestimated by 10 to 20 % using traditional foraging 

models.  Failure to consider aggregation of food into feeding stations could cause 

significant errors in models of population dynamics based on energy intake. 

 

The assessment of moose habitat quality should be based on density of browse and its 

spatial arrangement.  The efficiency with which moose can consume aggregated browse 

depends on the extent of aggregation.  In habitats where browse is highly aggregated, 

intake efficiency declines and moose must spend more time consuming a given amount 

of browse.  At low and aggregated browse density, the net energy gained from a given 

amount of browse also declines because of increased travel costs.  On Isle Royale, I have 
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not seen a decline in average browse available in my study sites, but we have seen an 

increase in the aggregation of browse (Hodgson and Pastor In prep).  Results from this 

study suggest that moose on Isle Royale are faced with a habitat where it will take 

increased time and energy to procure the same amount of energy, even though overall 

browse density has not declined. 
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Table 1.  Variables in model. 

 

Variable Description 

db Mean nearest neighbor distance between bites 

df Mean nearest neighbor distance between feeding stations 

 Mean foraging velocity between bites distributed randomly 

 Mean foraging velocity between feeding stations distributed 

randomly 

Vmax Maximum foraging velocity of the herbivore 

ao Acceleration 

σ Diameter of feeding station 

 Density of feeding stations 

Λb Encounter rate when bites of browse are distributed randomly 

Λf Encounter rate when bites of browse are aggregated in feeding 

stations 

S Bite size 

η Proportion of handling time that is exclusive of time spent searching 

h Handling time including cropping and chewing 

Rmax Rate of processing of food in the mouth 

eb Net energy gain when bites are distributed randomly 

ef Net energy gain when bites are aggregated in feeding stations 

K Gross caloric content 

G Dry matter digestibility 

L Energetic cost of locomotion 
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Table 2.  Parameters used in calculation of moose intake rate. 

 

Parameter Value Reference 

   

S, Bite size aspen leaves (S) 1.99 g/bite summer,   DeJager et al., 2009 

Rmax, Maximum chewing 

rate 

31.11 g/min Gross et al., 1993 

ηh,Cropping rate 0.038 min/bite Gross et al., 1993 

w, search width 2.2 m Chapter 2 

Vmax, maximum velocity 65.93 m/min for 350 kg 

moose 

Shipley et al., 1996 

a, acceleration 0.6095 m/s
2
 for 350 kg 

moose 

Shipley et al., 1996 

L, cost of locomotion 0.09 kcal/m Belovsky and Jordan, 1978 

K, gross caloric leaf content 4.2 kcal/g-dry weight Belovsky and Jordan, 1978 

G, Digestibility of aspen 60% Renecker  and Hudson, 1988 
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Table 3.  Mean nearest-neighbor distance between feeding stations calculated using Eq. 2 

for a range of densities of 2-m
2
 feeding stations, and the average foraging velocity of a 

moose moving between feeding stations (Eq 1).   

Feeding 

stations/m
2
 

Mean nearest 

neighbor distance 

(meters) 

Velocity 

(meters/min) 

   

0.01 7.26 51.80 

0.1 2.63 37.62 

0.2 2.07 33.70 

0.3 1.85 31.88 

0.4 1.74 30.83 

0.5 1.6 29.46 

 

 

 

 

 

Table 4.  Mean nearest-neighbor distance between randomly distributed bites of browse 

at the given density, and the average foraging velocity of a moose moving between bites. 

Browse 

Density 

(bites/m
2
) 

Mean nearest neighbor 

distance (meters) 

Velocity 

(meters/min) 

   

0.5 0.71 19.70 

1 0.5 16.56 

3 0.29 12.58 

5 0.22 11.08 

10 0.16 9.31 

15 0.13 8.42 

30 0.09 7.08 
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Table 5.  Temporal change in bite density (D), feeding station density ( ), and nearest 

neighbor distances (db= mean nearest neighbor distance between bites if they are assumed 

to be distributed randomly and df= mean nearest neighbor distance between randomly 

distributed feeding stations) for aspen browse during the summer and winter in two study 

sites on Isle Royale, Michigan.  FS = feeding station 

 

 
 Lane Cove Summer Moskey Basin, Summer 

Year D 

(bites/m
2
)  

 
(FS/m

2
) 

db 

(m) 

df 

(m) 

D 

(bites/m
2
)  

 
(FS/m

2
) 

db 

(m) 

df 

(m) 

1988 0.40 0.17 0.79 2.19 0.11 0.08 1.49 2.94 

1989 0.03 0.01 3.08 6.13 0.05 0.02 2.23 5.40 

1990 0.02 0.01 3.33 6.10 0.09 0.06 1.64 3.31 

1994 0.02 0.02 4.08 5.33 0.03 0.02 2.84 5.40 

1995 0.07 0.07 1.87 3.08 0.22 0.11 1.07 2.57 

1996 0.20 0.12 1.12 2.46 0.26 0.12 0.98 2.47 

1997 0.30 0.16 0.92 2.21 0.11 0.07 1.49 3.05 

1999 0.39 0.15 0.80 2.28 0.33 0.11 0.88 2.57 

2000 0.53 0.14 0.68 2.30 0.33 0.11 0.87 2.52 

2001 0.45 0.20 0.74 2.08 0.27 0.11 0.97 2.52 

2002 0.29 0.11 0.92 2.58 0.03 0.03 2.84 4.73 

2003 0.20 0.13 1.13 2.39 0.40 0.11 0.79 2.57 

2004 0.24 0.12 1.03 2.46 0.18 0.04 1.17 3.94 

2005 0.05 0.05 2.26 3.40 0.11 0.04 1.52 3.69 

2006 0.11 0.06 1.54 3.28 0.39 0.07 0.80 3.05 

2007 0.28 0.10 0.94 2.62 0.13 0.04 1.40 3.94 

         

Mean 

(SD) 

0.22 

(0.17) 

0.10 

(0.06) 

1.58 

(1.06) 

3.18 

(1.39) 

0.19 

(0.13) 

0.07 

(0.04) 

1.44 

(0.67) 

3.42 

(1.01) 

         

 Lane Cove, Winter Moskey Basin, Winter 

1988 0.15 0.12 1.29 2.49 0.21 0.09 1.08 2.70 

1989 0.05 0.08 2.28 2.89 0.11 0.05 1.50 3.48 

1990 0.03 0.01 2.70 7.40 0.02 0.07 3.25 3.12 

1996 0.20 0.02 1.12 4.81 0.13 0.09 1.41 2.85 

1997 0.21 0.04 1.10 3.71 0.13 0.09 1.40 2.85 

1999 0.53 0.17 0.69 2.17 0.54 0.14 0.68 2.33 

2000 0.56 0.16 0.67 2.23 0.57 0.14 0.66 2.33 

2001 0.31 0.11 0.90 2.58 0.35 0.08 0.85 2.94 

2002 0.27 0.07 0.97 3.08 0.25 0.15 0.99 2.30 

2003 0.37 0.04 0.82 3.71 0.26 0.11 0.99 2.54 

2004 0.30 0.09 0.91 2.78 0.24 0.12 1.01 2.50 

2005 0.51 0.13 0.70 2.42 0.54 0.14 0.68 2.33 

2006 0.56 0.05 0.67 3.54 0.36 0.14 0.83 2.33 

2007 0.21 0.03 1.10 4.43 0.14 0.09 1.33 2.74 

         

Mean 

(SD 
0.30 

(0.18) 

0.08 

(0.05) 

1.14 

(0.61) 

3.44 

(1.39) 

0.28 

(0.18) 

0.11 

(0.03) 

1.19 

(0.66) 

2.67 

(0.36) 
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Table 6.  Temporal changes in velocity (Vb and Vf) and encounter rate (λb and λf) for 

aspen browse during the summer and winter in two study sites on Isle Royale, Michigan.  

Mean Vb significantly different from mean Vf in summer and winter in both study sites 

(p<0.05) and mean λb significantly different from mean λf in summer in both study sites 

and in winter in Moskey Basin(p< 0.05).  Mean λb not significantly different from mean 

λf in the winter in Lane Cove (p=0.09). 

 

 
 Lane Cove, Summer Moskey Basin, Summer 

 

Year 

vb 

(m/min) 

vf 

(m/min) 

λb 

(bites/

min) 

λf 

(bites/

min) 

vb 

(m/min) 

vf 

(m/min) 

λb 

(bites/min) 

λf 

(bites/min) 

1988 20.80 34.60 26.37 22.25 28.61 39.42 19.17 7.08 

1989 40.14 49.83 1.69 2.10 34.91 48.23 2.81 3.88 

1990 41.34 49.77 1.49 1.79 30.00 41.26 4.46 6.13 

1994 44.38 48.08 1.07 1.16 38.85 48.23 1.92 2.39 

1995 32.04 40.10 3.66 4.58 24.27 37.25 22.60 12.91 

1996 24.79 36.51 22.13 11.63 23.21 36.58 23.64 15.17 

1997 22.44 34.76 24.45 16.51 28.61 39.97 19.17 7.18 

1999 20.95 35.27 26.19 22.05 21.93 37.25 25.01 19.37 

2000 19.38 35.46 28.31 30.26 21.87 36.90 25.08 19.42 

2001 20.20 33.78 27.16 24.43 23.02 36.90 23.83 15.81 

2002 22.51 37.28 24.37 17.48 38.85 46.46 1.92 2.30 

2003 24.91 36.06 22.02 11.27 20.79 37.25 26.38 23.98 

2004 23.76 36.51 23.09 13.80 25.36 43.88 21.63 12.77 

2005 35.15 41.66 2.75 3.26 28.87 42.89 19.00 7.43 

2006 29.08 41.10 18.86 6.92 20.95 39.97 26.19 24.99 

2007 22.73 37.56 24.13 16.93 27.71 43.88 19.80 8.97 

         

Mean 

(SD) 

27.79 

(8.27) 

39.27 

(5.44) 

17.36 

(10.84) 

12.90 

(9.08) 

27.36 

(5.29) 

41.02 

(4.12) 

17.66 

(9.21) 

11.86 

(7.36) 

         

 Lane Cove, Winter Moskey Basin, Winter 

1988 25.96 36.74 20.65 8.87 23.31 38.01 22.50 12.95 

1989 35.29 39.09 2.71 3.00 28.38 42.02 19.14 7.50 

1990 38.03 52.00 2.09 2.85 40.97 40.33 1.55 1.53 

1996 23.83 46.70 22.12 14.87 27.46 38.91 19.70 7.78 

1997 23.57 42.96 22.31 14.15 27.25 38.91 19.83 7.99 

1999 19.43 34.45 28.24 29.12 19.28 35.63 28.45 31.02 

2000 19.18 34.91 28.60 31.04 19.02 35.63 28.84 32.75 

2001 22.22 37.28 24.69 18.42 21.56 39.42 25.44 21.95 

2002 23.03 40.10 23.82 17.17 22.02 35.44 23.50 14.37 

2003 21.23 42.96 25.84 25.47 23.26 37.04 23.58 15.22 

2004 22.34 38.51 24.55 18.60 22.32 36.78 23.26 14.32 

2005 19.55 36.26 28.05 29.85 19.34 35.63 28.36 30.63 

2006 19.18 42.27 28.60 37.58 21.31 35.63 25.75 20.81 

2007 23.57 45.57 22.31 15.00 26.45 38.27 20.33 8.69 

         

Mean 

(SD) 

24.03 

(5.75) 

40.70 

(5.02) 

21.76 

 (8.61) 

19.00 

(10.50) 

24.42 

(5.70) 

37.69 

(2.07) 

22.16 

(6.79) 

16.25 

(9.85) 
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Figure 1.  Comparison of encounter rates for moose browsing in landscapes with the 

given browse densities.  Each bar corresponds to a different spatial arrangement of 

browse, from randomly distributed to aggregated within 2 m
2
 feeding stations with 

densities from 0.5 feeding stations/m
2
 to 0.01 feeding stations/m

2
.   
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Figure 2.  Comparison intake rates for moose browsing in landscapes with the given 

browse densities.  Each bar corresponds to a different spatial arrangement of browse, 

from randomly distributed to aggregated within 2 m
2
 feeding stations with densities from 

0.5 feeding stations/m
2
 to 0.01 feeding stations/m

2
.  A) Summer intake rate, B) Winter 

intake rate 

 

A) 

 
B) 
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Figure 3. Time to consume 1 kcal of energy for different spatial patterns of browse 

distribution.  Each line represents the indicated browse density (bites/m
2
).  Spatial 

distribution of browse varies from uniform distribution at 0.5 2-m
2
 feeding stations/m

2
 to 

highly aggregated at 0.01 2-m
2
 feeding stations/m

2
.  A) Summer foraging times, B) 

Winter foraging times 

 

A) 

 
 

B) 
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Figure 4.  Comparison of the mean nearest neighbor distance, velocity and encounter rate, 

each calculated as a function of bite density and feeding station density, versus bite 

density for summer aspen deciduous browse in Lane Cove, Isle Royale, Michigan.  

Relationships between nearest neighbor distance, velocity and encounter rate between the 

bite and feeding station models showed similar patterns during the winter in Lane Cove 

and during both seasons in Moskey Basin. 



 

 85 

 

 

 

 

 



 

 86 

Figure 5.  Comparison of intake rates, calculated as a function of bite density and feeding 

station density, versus bite density for aspen browse during the summer in two study sites 

on Isle Royale, Michigan.  A) Lane Cove-Summer, B) Moskey Basin-Summer 

 

 

A) 

 
B) 
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Figure 6.  Comparison of intake rates, calculated as a function of bite density and feeding 

station density, versus bite density for aspen browse during the winter in two study sites 

on Isle Royale, Michigan.  A) Lane Cove-Winter, B) Moskey Basin-Winter 

 

A) 

 
B) 
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Figure 7.  Comparison of predicted versus observed values of intake rate for aspen 

browse consumption on Isle Royale in two study sites during two seasons, using the 

feeding station model and the bite station model.  The feeding station model considers the 

feeding station to be the individual resource item and encounter rate is function of density 

of feeding stations.  The bite model considers the bite to be the individual resource item 

and encounter rate is only a function of bite density.  Solid line on each graph is y=x.  

A)Lane Cove-Summer, B)Moskey Basin – Summer, C) Lane Cove-Winter, D) Moskey 

Basin-Winter  



 

 89 
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C) 

 
 

D) 
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Figure 8.  Changes in net energy intake, which is defined as gross energy intake minus 

energy used from travel between bites, as a function of browse density.  Intake rates are 

calculated for handling-limited foraging by moose consuming winter browse, where 

db<d*.  Bites of browse are assumed to be distributed randomly. 
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Figure 9.  Changes in net energy intake, which is defined as gross energy intake minus 

energy used from travel between bites, as a function of browse density.  Browse is 

assumed to be aggregated in feeding stations and each line represents the extent of 

aggregation (feeding stations/m
2
.  Intake rates are calculated for handling-limited 

foraging by moose consuming winter browse, where df<d*.   
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Chapter 4 

An extended contingency model predicts long-term changes in moose 

diet selection: evidence for adaptive foraging 
 

Introduction 

During the past decade there has been increasing interest in the effects of herbivore 

foraging behavior and diet selection on ecosystem productivity, nutrient cycling, and 

species composition (Baily et al. 2004, Pastor et al. 2006, Schmitz 2008), as well as 

herbivore population dynamics (Fryxell and Lundberg 1994, Krivan 1996, Krivan and 

Sikder 1999, Oksanen et al. 2001, Beckerman 2005). Herbivores can increase or decrease 

primary production, or change the composition of a plant community, depending on the 

diet selection of the herbivore and the tolerance to herbivory of the plants being 

consumed (Pastor and Naiman 1992, MacNaughton et al. 1995, Hobbs 1996, Augustine 

and MacNaughton 1998, Persson et al. 2005, DeJager et.al. 2009).  The strength and 

direction of the change in primary productivity and species composition can increase or 

decrease soil nutrient availability (MacNaughton et al. 1997, Singer and Schoenecker 

2003, Pastor et al. 2006), which in turn can affect the future abundance, quality and 

defenses of forage species (Stevens 2007). To complete the feedback loop, these changes 

to growth and physiology of forage species can greatly impact herbivore population 

dynamics.   

 

Population ecologists are currently incorporating herbivore foraging behavior and diet 

selection in models of herbivore and plant population dynamics by using adaptive 
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foraging behavior to determine the shape of the functional response (Abrams 1990, 

Beckerman 2005).  The stability of the herbivore-plant system can be influenced by 

whether herbivores choose the components of their diet in proportion to the components’ 

abundances or select components in fixed ratios independent of their abundances.  

Understanding diet selection by herbivores and how foraging behavior may change over 

time in response to forage species availability, therefore, is an important step in 

understanding how herbivores can affect population and ecosystem level processes (Ellis 

1976, Schmitz 2008).   

 

Optimal foraging theory arose from the premise that predators should have evolved a 

strategy of diet choice that allows them to maximize their fitness (Pulliam 1974, Stephens 

and Krebs 1985).  From this premise has arisen a model of foraging behavior, known as 

the contingency model (after Belovsky 1984), that predicts the optimal diet that should be 

selected by a predator to maximize intake rate, and thus maximize rate of energy 

acquisition.  In the contingency model, potential prey are ranked according to 

profitability, calculated as ei/hi where ei is the energy yield of the ith species and hi is the 

total time spent searching for and handling the ith species.  The diet that maximizes rate 

of energy yield at a particular time is one that includes prey species i through j; as long as 

the rate of energy gain, E, calculated by  

 

 

  

(1) 
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where λ is the encounter rate, h is the time to crop one bite and e is the net energy gain for 

food item i, is greater than energy gain obtained by including only the j-1 most profitable 

prey species (MacArthur and Pianka 1966, Schoener 1971, Stephens and Krebs 1986).  

For carnivorous predators, who consume food items that are not stoichiometrically 

different from their own tissues and which do not vary much in digestibility or energy 

content (Golley 1961), the optimal diet is one that maximizes intake rate by minimizing 

searching and handling time (Stephens and Krebs 1986). 

 

In contrast, large ungulate herbivores consume plants that can often be eaten with 

minimal time spent searching or handling, but which vary greatly in digestibility, crude 

energy content and protein content, concentration of defensive secondary compounds 

(Golley 1961, Renecker and Hudson 1985, Robbins et al. 1987), and whose stoichiometry 

differs greatly from that of the herbivore (Elser et al. 2000).  For ungulates feeding on the 

leaves and twigs of saplings, profitability of individual food bites, measured as 

digestibility, energy content, or N content, can vary among forage species (Risenhoover 

1987, Renecker and Hudson 1988), among individuals of the same species (Thompson 

1989, Stevens et al. 2007), among tissues on the same individual (Golley 1961, Jones and 

Schier 1985, Vivås and Sæther 1987, Renecker and Hudson 1988, Palo et al. 1992, 

Shipley and Spalinger 1995) and within the same tissue over time (Stevens et al. 2007).    

 

To accommodate this chemical variety of potential food offerings to ungulate herbivores, 

researchers have extended the classic contingency model to aid in understanding diet 
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selection by herbivores (Owen-Smith and Novellie 1982, Fryxell and Doucet 1993, 

Farnsworth and Illius 1998, Fortin 2001, Fortin et al. 2002).  Ungulate herbivores, 

however, violate one of the main assumptions of this model- that searching and handling 

are mutually exclusive activities.  Spalinger and Hobbs (1992) postulated that when 

searching and handling are not mutually exclusive activities, intake rate of ungulate 

foragers will be limited by encounter rate at low prey density and by ingestion time (the 

time required to crop and chew food) at high prey density.  Recently, this composite 

model was shown to accurately predict intake rates for a diverse array of mammalian 

herbivores (Hobbs et al. 2003).  

  

The modified contingency model for diet selection when ingestion and searching are not 

mutually exclusive events (developed by Farnsworth and Illius 1996, 1998 and modified 

by Fortin 2001) makes predictions about optimal herbivore diet choice based on the prey 

encounter rate (λ, prey/minute), digestible energy (e Kj/g), handling time (h, 

minutes/prey) and the proportion of the handling time that is exclusive of searching (η). If 

the time it takes for an herbivore to process a bite of food ((1-η)h, minutes/prey) is less 

than the time to reach its next bite of food (1/ λ, minutes/prey), then the intake rate will 

be encounter limited, and the rate of energy yield can be maximized according to Eq. (1).  

If the time it takes for an herbivore to process a bite of food ((1-η)h, minutes/prey) is 

more than the time to reach its next bite of food (1/ λ, minutes/prey), then the intake rate 

will be limited by the processing rate, or handling-limited.  An herbivore that has m types 

of prey items to consume will be handling limited when 
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In order to maximize intake rate when choosing a diet, an herbivore should consume its 

most profitable type of prey and all subsequently profitable types up to the number of 

types (m) where the herbivore becomes handling limited (according to Eq. 2, Fortin 

2001).  In addition, the herbivore should not consume prey type m at its encounter rate, 

but should consume just enough of prey type m so that it becomes handling-limited, 

otherwise the herbivore will be forfeiting the opportunity to consume more profitable 

prey.  Fortin (2001) showed that the proportion of prey type m (pm = biomass of prey type 

m/biomass of prey types m-1) that should be consumed is calculated as 

 

 

 

The handling-limited diet that includes partial acceptance of prey type m only maximizes 

energy gain per unit time, however, when the inclusion of this prey type provides a 

greater rate of energy intake than the energy intake rate for the encounter-limited diet 

with only m-1 prey items (Fortin, 2001). 

 

(2) 

(3) 
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Encounter rate is proportional to prey density.  Therefore, according to the contingency 

model, as density increases the number of different types of prey included in the diet of 

both the encounter-limited or handling-limited forager, also known as diet breadth, 

should decrease.  Herbivores, therefore, should adapt to changing availability of preferred 

browse species by adjusting their diet selection to maximize instantaneous rate of energy 

intake (Fryxell and Doucet 1993).  Adaptive foraging also allows an herbivore to adjust 

to changes in plant species composition induced by previous foraging.  It follows from 

optimal foraging theory that an herbivore should increase its intake rate of its most 

preferred browse species as the abundance of that species increases (Elton and 

Greenwood 1979, Hubbard et al. 1982), but as the abundance of the preferred browse 

species decreases, optimal foraging theory predicts that the herbivore should consume a 

greater proportion of less preferred species, thereby increasing its diet breadth. 

 

Large herbivores adapt their diet to apparently maximize the rate of energy intake in 

response to variation in the availability and quality of forage types (Vivås and Sæther 

1987, Fryxell and Doucet 1993, Shipley and Spalinger 1995, Bergman et al. 2000, Fortin 

2002).  Few studies have examined whether large herbivores select diet items in 

proportion to their abundances and the results have been mixed, with findings of both 

positive (Fortin et al. 2003)  and negative frequency dependent selection (Edenius et al. 

2002), as well as frequency independent selection (Lundberg et al. 1990, Fortin et al. 

2003).  These studies have all involved offering manipulated food to herbivores under 

experimental conditions and /or been completed during one or two field seasons.  To my 
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knowledge, however, there have been no studies of how an herbivore adapts its foraging 

behavior to long-term changes in forage availability across the landscape, some of which 

it itself has caused, and whether long-term changes in diet selection follows from the 

mechanistic extended contingency model (Eq. 3). 

 

In this paper I report the results of a study of moose forage selection on Isle Royale, 

Michigan, during a 20-year period (1988 to 2007) to determine if a mechanistic extended 

contingency model can predict diet selection, and if foraging behavior changes with 

changes in forage abundance.  During this time, the moose population on the island 

underwent a large population cycle, fluctuating from a low of 500 to a high of 2500 and 

then back to a subsequent low of 385 moose on the island (Vucetich n.d.). This has 

provided an ideal opportunity to study how the forage selection of moose varies with 

changes in browse density and moose population density.  This study is part of a long 

term analysis of moose foraging behavior and its affect on browse temporal and spatial 

dynamics and soil nutrient availability (McInnes et al. 1992, Pastor et al. 1993, Pastor et 

al. 1998, DeJager et al. 2009).  The specific objectives of this study were to 1) quantify 

the amount of woody browse available and consumed by moose during the winter and 

summer, 2) determine which browse species were selected by moose and which species 

were avoided, 3) assess whether long-term changes in moose diet selection could be 

predicted by an extended contingency model and 4) determine if moose diet selection at 

any one time varied with abundances of forage species. 
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Study Area 

 

This study was conducted in Isle Royale National Park, which is well known in the 

ecological literature for the long-term studies of wolf-moose dynamics (Peterson 1984, 

McLaren and Peterson 1994, Vucetich and Peterson 2004).  Since the 1930’s, moose 

have been the only large herbivores on the island, so their interactions within the 

ecosystem can be determined without having to account for the influence of other 

herbivores, such as deer.  Since hunting is not allowed on the island, the moose are 

relatively free from human influence.   

 

Isle Royale is a 544 km
2 

island in the northwest portion of Lake Superior (47º 55’N, 89 º 

W).  The island is 24 km southeast of the Canadian mainland and was formed by the 

uptilting of layers of basaltic lava during the Precambrian.  Isle Royale is characterized 

by a central ridge, running southwest to the northeast, with steep north facing slopes and 

gentle south facing slopes (Huber 1973).  The upland vegetation consists of typical 

southern boreal forest plants (Pastor and Mladenoff 1992) including quaking aspen 

(Populus tremuloides) and paper birch (Betula papyrifera) forests which succeed to 

balsam fir (Abies balsam) and white spruce (Picea glauca).  Sugar maple (Acer 

saccharum) and yellow birch (Betula alleghaniensis) are found in higher elevation sites 

near the ridgeline, especially at the southwestern end of the island.  Annual precipitation 

on Isle Royale averages 760 mm (Stottlemyer 1982).  Fires can change the successional 
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stage of the boreal forest, but no fires have been recorded in my study sites since the turn 

of the century (Hansen et al. 1973).   

 

Data were collected at two study sites - Moskey Basin and Lane Cove - approximately 10 

km apart, at the northeast end of Isle Royale National Park, MI.  Both study sites are 

occupied by boreal forests of aspen-birch-spruce-fir and understory species of mountain 

ash (Sorbus americana), dogwood (Cornus stolonifera) and hazel (Corylus cornuta).  For 

a description of the vegetation composition, nitrogen availabilities, and distribution of 

browse in these sites, see Pastor et al. (1998).   

 

Methods 

 

Grids of 100 points at Moskey Basin and 103 points at Lane Cove were established for 

sampling browse availability and consumption.  Each grid was located in a valley bottom 

and points within the grid were arranged along 10 transects that ran up the slope from the 

valley bottom.  Distance between transects and distance between points along transects 

were determined by choosing a random number between 10 and 100.  The number of 

points located along each transect depended on the valley width.  Originally, X, Y 

coordinates were assigned to each point in the grid using standard land survey techniques 

(Breed and Hosmer 1970) that involved measuring the distance and direction between 

adjacent pairs of points.  Direction between points was obtained by having two observers 

sighting backward and forward towards each other to obtain compass bearings and the 
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direction between the points was taken as the average of the two compass readings 

(Pastor et al. 1998).  In 2004, plots were resurveyed using a Geographical Positioning 

System to assign UTM coordinates.  

 

Annual availability and consumption of browse by moose in the grids was recorded in 2 

m
2
 plots placed concentric to each grid point from 1988-1990 and 1994 – 2007.  Balsam 

fir availability data were not collected for the winter of 2002.  A 2-m
2
 plot is the 

estimated size of a moose feeding station, or the area that a moose can reach without 

moving its front legs (Senft et al. 1987). Measurements were taken in May to estimate 

winter browse availability and its consumption by moose and in late September or early 

October to estimate summer browse availability and its consumption. During the winter 

moose browse largely on current year’s woody twigs of deciduous species and balsam fir 

and during the summer moose strip the leaves of deciduous browse species.  Availability 

and consumption of browse were determined by visually inspecting each woody plant in 

the plots and counting the number of current year’s twigs available or consumed by 

moose during the winter, or the number of twigs with leaves present or stripped during 

the summer.  The number of bites counted in each sampling plot was multiplied by the 

average bite size for that species (0.5 – 1.5 g-dry weight; Miquelle 1983, Risenhoover 

1987), to obtain the density of browse (g/m
2
) available and consumed for each browse 

species at each grid point during each season.  Per capita browse availability was 

determined by dividing browse density by the number of moose estimated to be on the 

island. 
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Electivity Analysis 

 

Preference of moose for specific browse species was determined by calculating an 

electivity index (E) for each species (Jenkins 1979): 

 

 

 

where rij is the proportion of browse consumed at time j which belonged to species i and 

pij is the proportion of browse available at time j which belonged to species i.  An 

electivity index greater than 0 indicates that a browse species is being consumed more 

than would be predicted by its availability, and implies selection for a species.  An 

electivity index less than 0 indicates that a browse species is being consumed less than 

would be predicted by its availability, and implies selection against a species.  

Significance of each Eij was tested using a chi-square goodness of fit with one degree of 

freedom (Jenkins 1979): 

 

 

 

where xij and yij are the number of trees of species i browsed and available, respectively, 

at time j, and mj and nj are the total number of trees browsed and available, respectively, 

(4) 

(5) 
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at time j.  Electivity indices for summer and winter browse consumption were regressed 

against values of % digestibility found in the literature (Risenhoover 1987, Renecker and 

Hudson 1988) using linear regression.   

 

Test of contingency model  

 

I first used the predictions of the modified contingency model (Eq.3) to determine if the 

energy intake rate of moose was handling- or encounter-limited.  If I determined that 

moose would need to consume more than one prey type to become handling-limited, I 

calculated the predicted proportion of the diet that should be represented by the poorest 

quality prey type and then compared this prediction to actual diet selection.  

To test whether a modified contingency model could predict the observed diet of moose 

on Isle Royale, I calculated the parameters λ, η, and h for Eq. (3) using data from my 

study and from the literature.   

 

Calculation of λ 

 

Searle et al. (2005) emphasized that the study of herbivore foraging behavior needs to 

account for the fact that forage is often arranged in a nested hierarchical structure.  Since 

the modified contingency model is concerned with whether moose can crop a bite food 

and travel to the next bite of food before the previous bite is processed in the mouth, I 

determined that the significant unit of resource aggregation for determining encounter 
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rate should be the feeding station, or the aggregation of forage that a moose can reach 

without moving its front legs (Senft et al. 1987, Searle et al. 2005).   Encounter rate (λ), 

therefore, was calculated as the product of feeding station density (D, feeding 

stations/m
2
), average travel velocity while grazing ( , m/min) and width of the search 

path (W, m).  From my browse measurements, I calculated the number of feeding stations 

that contained a particular browse type in each study area during each season and divided 

this by the total area searched.  I assumed that the feeding station of a moose was a 

semicircle of approximately 2 m
2
 (personal observation), so I set the width of a moose 

foraging patch equal to the diameter of a semicircle with a  2 m
2
 area, or 2.2 m.  Average 

foraging velocity was calculated according to Shipley et al. (1996) where  

 

 

 

where d is the average distance between plants (m), Vmax is the maximum velocity of a 

foraging moose (m/min) and ao is the acceleration and deceleration of a moose as it 

leaves and approaches a plant (m/s
2
).  Vmax and ao were calculated for a 350 kg moose 

using the following allometric scaling functions of Shipley et al.  1996, where Vmax = 

52.16M
0.04

 and ao = 1.65M
-0.17

.  I assumed that feeding stations were distributed randomly 

within my study sites (but see Discussion), so I calculated d as  (Clark and Evans 

1954).   

 

(6) 
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Calculation of η and h 

 

Ingestion of browse by herbivores involves two processes, cropping and chewing.  

Estimation of the time for a moose to crop a plant was obtained from Gross et al. (1993), 

where h = 0.038 min/bite.  Chewing rate can be calculated as S/Rmax, where S is bite mass 

(g) and Rmax is the maximum rate that a moose can chew 1 g of browse.  Rmax was 

obtained from Gross et al. (1993), where Rmax = 31.1 g/minute.  Bite mass of woody 

forage is a function of species type and plant canopy configuration, which can be 

influenced by the intensity of past moose foraging (DeJager et al. 2009).  I used the 

regression equations of DeJager et al. (2009) to calculate the average bite mass for a 

deciduous browse species (aspen) during the summer and winter 

 

 

 

 

where, Ss and Sw are summer and winter bite mass (g), respectively, and x is annual 

consumption (in grams).  These equations are for calculating the bite mass of aspen and 

equations for calculating the bite mass of other deciduous species have not yet been 

developed.  I calculated proportion of ingestion time spent cropping (η) as 

. 

 

 

(7) 

(8) 
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Test of contingency model 

 

The contingency model requires that browse be ranked from most to least profitable.  

Due to the influence of a variety of structural and secondary compounds found in moose 

forage species profitability of browse species can be difficult to ascertain (see 

Discussion).  I assumed that moose would show the greatest preference for the most 

profitable browse species and would tend to avoid species of low profitability. Using my 

data on browse selection (see Results), I divided the browse available to moose into three 

types and ranked them as follows:  most preferred browse type was aspen, the second 

most preferred browse type was other non-aspen deciduous browse and the least 

preferred browse was balsam fir.  By using Eq. (2), I first tested whether moose were 

handling-limited if they consumed only their most preferred browse, aspen.  If moose 

were not handling-limited when consuming aspen browse, I tested whether they would be 

handling-limited if I added the second-most preferred browse species, and then both the 

second- and third-most preferred browse species.  If moose became handling-limited 

upon including the non-aspen deciduous browse, or the non-aspen deciduous browse and 

the balsam fir browse in their diet, I then used Eq. (3) to calculate the proportion of the 

diet (pm), that would consist of the least preferred browse type.  To assess how well the 

contingency model fit the dietary data, I examined the correlation between the actual pm 

and predicted pm using the Pearson’s correlation.  I also calculated a linear regression of 

predicted pm versus actual pm and tested whether the intercept was significantly different 

from 0 using standard regression methods and whether the slope was significantly 
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different from 1 using a Student’s t-test (Zar 1999).  I decomposed the squared sum of the 

predictive error ( )) to calculate Theil’s partial inequality 

coefficients (U) in order to distinguish between different sources of predictive error 

(Smith and Rose 1995).  As described in Paruelo et al. (1998), these coefficients 

distinguish between the proportion of the predicted error associated with 1) mean 

differences between observed and predicted values (Ubias), 2) slope (b) of the fitted model 

and the 1:1 line (Uβ=1), 3) unexplained variance (Ue).  Calculations of the coefficients are 

described in Paruelo et al. (1998). 

 

Frequency Dependent Selection 

 

I tested for frequency dependent selection between pairs of browse types using the model 

of Elton and Greenwood (1979), which was described by Fortin et al. (2003) as 

 

 

 

where Ui,j = total biomass of browse type i eaten/total biomass of browse type j eaten, Ai,j 

= total biomass of browse type i available/total biomass of browse type j available, bi,j is 

the slope and bi,j log Vi,j is the intercept of the relationship between log Ui,j and log Ai,j.  

Frequency dependence is indicated if bi,j is significantly different from 1 and selection for 

browse type i is indicated if Vi,j is significantly different from 0.  The significance of the 

(9) 
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slope and intercept were tested using the t-test method of Greenwood and Elton (1979).  

Significance levels for these tests were subjected to Bonferroni correction. 

 

Results 

 

Moose browsed on 14 woody species during the course of this study. Species that made 

up the majority of the moose diet included aspen, mountain ash, dogwood, hazel, 

juneberry (Amelancheir sp.) and balsam fir (Table 1). Moose browsed on paper birch, 

willow (Salix sp.), pincherry (Prunus pennsylvanicus), mountain maple (Acer spicatum) 

and American yew (Taxus Canadensis) during most years of the study, but these species 

were not common, being found in fewer than 10 % of the plots within the study sites.  

Moose rarely browsed on white cedar (Thuja occidentalis), alder (Alnus rugosa) and 

black ash (Fraxinus nigra).   Woody species that were never browsed but occurred in 

more than 10 % of plots included white spruce (Picea glauca) in Moskey Basin, and 

white spruce and juniper (Juniperus horizontalis) in Lane Cove. 

 

The species of browse available to foraging moose were the same in my two study sites 

but the distribution of that browse throughout the study site varied.  Lane Cove had 

greater availability of deciduous relative to balsam fir browse (ratio of preferred 

deciduous biomass to balsam fir biomass = 3.9). In contrast, Moskey Basin had a greater 

availability of balsam fir browse relative to deciduous browse (ratio of preferred 

deciduous biomass to balsam fir biomass = 0.6).  In addition, while the total amount of 
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deciduous browse was similar in the two study sites (Lane Cove = 5.83 g/m
2
; Moskey 

Basin = 4.00 g/m
2
), the constancy of specific browse species within the study site varied 

considerably.  Deciduous browse was found in 82% of the plots at Lane Cove, but only 

57 % of the plots at Moskey Basin.  In Lane Cove, aspen browse – the most preferred 

species – was found in 44% of surveyed plots, while in Moskey Basin it was found in 

only 23% of plots.  

  

In the summer, deciduous browse was located at an average of 82% of the plots at Lane 

Cove, and 57% of plots at Moskey Basin.  During the winter moose feed on balsam fir, in 

addition to deciduous saplings, and either balsam fir or deciduous browse was found at an 

average of 90% of the plots at Lane Cove and 63% of the plots at Moskey Basin.  

Biomass of available deciduous browse was approximately 2.5 times greater during the 

summer in Lane Cove and 2 times greater during the summer in Moskey Basin than 

corresponding browse availability during the winter.  From 1988 to 2007, total summer 

browse density (deciduous leaves) varied from 2.5 to 13 g/m
2
 and total winter browse 

density (deciduous twigs and balsam fir needles and twigs) varied from 1.4 to 7.9 g/m
2
 

(Fig. 1). 

 

During the summer, aspen composed greater than 60 % of the woody plant biomass 

consumed in both study sites.  Balsam fir composed the greatest percentage (55%) of 

woody plant biomass consumed during the winter in Moskey Basin, but was only 20% of 

woody plant biomass consumed during the winter in Lane Cove (Fig. 2).   



 

 111 

 

Browse Selection 

 

Aspen was the most strongly selected browse species in both study areas during almost 

all seasons of all years (Table 2).  During the winter, in addition to aspen, moose also 

selected dogwood in Lane Cove and juneberry, dogwood and mountain ash in Moskey 

Basin out of their proportion in the plant community.  Balsam fir was eaten less than 

would be predicted by its abundance in both grids during almost all winters. During the 

summer, aspen was the only species strongly selected for in either study site.  Hazel was 

selected against in Lane Cove and Moskey Basin during both summer and winter.  

 

During the winter, the strength of selection for a particular species increased with its 

digestibility (digestibility from Risenhoover (1987); p = 0.08, r
2 

= 0.70, df = 1,3).  I then 

calculated electivity indices for diet selection on the west end of Isle Royale using data 

from Risenhoover (1987) and these data as well as mine were regressed against 

digestibility.  This strengthened the relationship between digestibility and electivity (p = 

0.05, r
2 

= 0.77, df = 1,3, Fig. 3).  The average summer electivity indices of deciduous 

leaves was not correlated with their digestibility (digestibility calculated by Renecker and 

Hudson (1988); p = 0.99, df = 1,3, Fig. 3).  Average electivity indices were not correlated 

with crude protein and lignin content of browse species.  
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Test of contingency model 

 

During the summer in Lane Cove the intake rate of moose would be handling-limited if 

they consumed just aspen browse ( , during 1997 and 

1998, and if they consumed aspen and a portion of non-aspen deciduous browse during 

all other years 

( .  Moose 

energy intake rate was not handling-limited during the summer in Moskey Basin, even if 

moose consumed both aspen and non-aspen deciduous browse as it was encountered. 

 

During the winter in Lane Cove the intake rate of moose would not be handling-limited if 

they consumed aspen, non-aspen deciduous species and balsam fir browse as they 

encountered.  Energy intake rate would be handling-limited during the winter in Moskey 

Basin if moose consumed aspen, non-aspen deciduous and a portion of the balsam fir 

browse.   

 

The contingency model predicts that when herbivore intake rate is handling-limited the 

consumption rate of the least preferred browse type will not be in proportion to their 

density, while consumption of other browse types will be in proportion to their density.   I 

found support for this prediction during the summer in Lane Cove and during the winter 

in Moskey Basin, as there was no relationship between consumption of non-aspen 

deciduous browse and its availability in Lane Cove (p > 0.05, Fig. 4B) and no 
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relationship between consumption of balsam fir deciduous browse and its availability in 

Moskey Basin (p > 0.05, Fig 4C).  In contrast, when intake rate is encounter-limited the 

least preferred browse species included in the diet should be consumed in proportion to 

its encounter rate and my results also agreed with this prediction, as there was a 

significant relationship between consumption of non-aspen deciduous browse and its 

availability during the summer in Moskey Basin (p < 0.01, df = 16, Fig. 4A) and a 

significant relationship between consumption of balsam fir browse and its availability 

during the winter in Lane Cove (p < 0.01, df = 13, Fig. 4D).  

 

 The contingency model for handling-limited intake rate predicted most of the variation 

in the actual proportion of non-aspen deciduous browse consumed in Lane Cove during 

the summer (r = 0.66, Fig 5) and of balsam fir that was included in the winter diet of 

moose in Moskey Basin (r = 0.75, Fig. 6).  In Lane Cove, the slope of the regression of 

the actual versus predicted proportion of non-aspen deciduous browse consumed was not 

significantly different from 1 (t = 0.455, df = 15, p=0.66) and the intercept of the 

regression was not significantly different from 0 (t = 0.998, df = 15, p = 0.33).  Likewise, 

in Moskey Basin, the slope of the regression between actual predicted proportion of 

balsam fir consumed was not significantly different from 1 (t = 0.008, df =1 3, p = 0.99), 

and the intercept was not significantly different from 0 (t = 0.252, df = 13, p = 0.80). 

Decomposition of the predictive error revealed that the coefficient associated with 

unexplained variance explained most of the predictive error in each model (Table 3). 
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Changes in diet selection 

 

Moose selected aspen based on their abundance during the winter in Lane Cove, but not 

during the summer in Lane Cove or during either season in Moskey Basin (Table 4).  The 

fraction of the deciduous browse consumed per feeding station decreased as the 

deciduous browse available per moose increased (p = 0.002, r
2 

= 0.29, Y = 0.27-1.0*10
-

5
X, Fig 7).   

 

Discussion 

 

The reported density of moose browse varies widely across their geographical range and 

depends on dominant canopy trees, age of forest and years since burning (Renecker and 

Schwartz 1998).  In Quebec, Alaska and Alberta, summer browse densities ranged from 

7.3 to 352 g/m
2
, and winter browse densities ranged from 1.9 to 166 g/m

2
 (Renecker and 

Schwartz 1998).  My measured browse densities at Lane Cove (summer density = 7.23 

g/m
2
, winter browse density = 3.92 g/m

2
) and Moskey Basin (summer browse density = 

3.07 g/m
2
 and 7.48 g/m

2
) are on the low end of these reported ranges.  My winter browse 

availability was similar to that calculated by Risenhoover (1987) in a deciduous-aspen 

forest type on the west end of Isle Royale, where browse density was 9.7 g/m
2
.  Winter 

browse density was reported as 10.2 g/m
2
 in an upland aspen site in Alberta (Renecker 

and Hudson 1986) and 5.3 g/m
2
 in an aspen/spruce site in Denali National Park, Alaska 

(Miquelle et al. 1992).   
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As is typical of ungulates, moose on Isle Royale consumed a large number of woody 

browse species, but the majority of their diet in my study sites consisted of five deciduous 

species (aspen, dogwood, mountain ash, hazel and juneberry) and one conifer species 

(balsam fir).  Moose select deciduous browse in greater proportion than their abundance 

and select against conifers. Aspen had the highest electivity index during both seasons of 

almost all years in Lane Cove and Moskey Basin, and overall it was the only species that 

was selected during the summer at both study sites.  Aspen comprised about 60 % of the 

woody browse biomass consumed by moose during the summer and 20 - 40% during the 

winter.   

 

Comparison of diets of moose across its distribution is difficult because of variation in 

the composition and abundance of potential browse species, and the large number of 

species that moose are known to eat.  Renecker and Schwartz (1998) provide a list 130 

shrubs and trees that moose are known to eat just in North America.  Aspen, however, 

has long been known to be important forage for herbivores including moose, elk, deer, 

beaver, snowshoe hare and domestic cattle and sheep.  When present, aspen is always 

selected by moose in greater proportion than its abundance (Peek et al. 1976, 

Risenhoover 1987, Shipley 1999) and aspen accounted for 70% of the total browse 

consumed by moose during the year in northeastern Minnesota (Peek et al. 1976) 
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Balsam fir is often mentioned as an important winter food source for moose on Isle 

Royale (Brandner et al. 1990, McLaren and Peterson 1994).  Balsam fir made up about 

20% of the biomass consumed each winter at Lane Cove and about 55% of the biomass 

consumed each winter at Moskey Basin.  No balsam fir is consumed by moose during the 

summer.  Though balsam fir was a majority of the biomass consumed by moose at 

Moskey Basin, this species was eaten less than would have been predicted by its 

availability at both of my study sites. Therefore, despite its being a relatively large 

proportion of the diet of moose, balsam fir was selected against.  This may be because 

balsam fir is sometimes eaten as a starvation food late in winter when almost all other 

food has been severely browsed.  Ullrey (1968) found that white-tailed deer fed a diet of 

balsam fir suffered severe weight loss and drop in blood glucose levels.  In northeastern 

Minnesota balsam fir was eaten heavily only late in the winter when the availability of 

other potential browse had been diminished (Peek et al. 1976).  On the west side of Isle 

Royale, balsam fir made up a large percentage of the winter diet of moose but it was not 

selected more than would be predicted based on its availability (Risenhoover 1987).  This 

species is highly digestible and relatively high in nutrients (measured as percent ash + 

crude protein, Belovsky 1981), but moose eat balsam fir much less than would be 

predicted by its availability and only utilize this browse during the winter when browse is 

scarce.  One explanation for this phenomenon is the presence of plant secondary 

compounds (Westoby 1974), such as terpenes which are found in high concentrations in 

coniferous species (Carlow et al. 2006).   
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Beaked hazel was a very abundant potential browse species at my Lane Cove study site, 

comprising 40% of deciduous forage available.  I found, however, that moose avoided 

beaked hazel both during the summer and the winter, but showed less avoidance in the 

winter.  Peek et al. (1976) found that the leaves of beaked hazel were eaten rarely by 

moose in northeastern Minnesota, but the twigs were an important food source during the 

winter.  During previous research on Isle Royale, Risenhoover (1987) found that beaked 

hazel was eaten in proportion to its availability, while Belovsky (1981) found that beaked 

hazel was not eaten as often as expected based on its nutrient content. 

 

Digestibility was the most important factor in explaining the variation in average winter 

electivity indices for commonly eaten deciduous twigs, but there was no relationship 

between digestibility and selection of browse during the summer, when moose are eating 

more nutritious leaves.  During the winter dormancy period, the structure of twigs 

consumed by moose varies little and they are generally relatively free of plant secondary 

compounds, such as tannins (Robbins et al. 1987). During this season, therefore, 

digestibility is probably the most important factor in determining profitability (i.e. e/h) of 

particular browse species.  Belovsky (1981) also noted a significant relationship between 

digestibility and nutrient content (measured as percent ash + percent crude protein). 

 

I found no relationship between reported digestibility and summer preference for 

deciduous species.  Changes in the concentration of undigestible structural compounds, 

nitrogen and secondary compounds found in leaves throughout the growing season, 
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however, may make diet selection more complicated during the summer.  One secondary 

compound commonly found in woody browse is tannins, which are known to inhibit 

digestion in herbivores (Hagerman and Robbins 1993, Juntheikki 1996).  Moose have 

salivary proteins that bind the tannins found in some of their most preferred browse 

species, such as aspen, but these proteins bind only linear condensed tannins and not 

branched chain or hydrolysable tannins (Hagerman and Robbins 1993, Juntheikki 1996) 

which are common in Rubus sp. and alders (Alnus sp.), species not selected by moose 

(Juntheikki 1996).  The ability to bind specific tannins, or the digestion inhibiting or toxic 

effects of other secondary compounds may be playing important roles in the diet 

selection of moose.  For example, on Isle Royale, the leaves of hazel and dogwood are 

highly digestible (66% and 60.6%, respectively; Renecker and Hudson 1988) but these 

species are less preferred than aspen, which is less digestible (53.5%: Renecker and 

Hudson 1988).  Belovsky (1981) also noted that hazel and dogwood were used much less 

than would be predicted by their nutrient content.  Similarly, Shipley et al. (1998) stated 

that the lack of a significant relationship between a mixed group of deciduous and 

coniferous browse eaten by moose in Sweden and digestibility was due to the presence of 

secondary compounds in some species. 

 

Contingency model fit 

 

My study demonstrates that in areas where intake rate is handling-limited, an extended 

contingency model (Eq. 3), which allows for simultaneous searching and handling 
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(Farnsworth and Illius 1998, Fortin 2001) accurately predicts the summer and winter diet 

of moose over a 20 year period. These results are the first long-term data that I know of 

to support a mechanistic model of ungulate diet selection driven largely by the goal of 

maximizing short-term rates of energy gain.  The actual diets of moose during the 

summer in Lane Cove and during the winter in Moskey Basin did not differ significantly 

from model predictions.  These results agree with those of Bergman et al. (2001) and 

Fortin et al. (2002), who found that the diet of bison over a < 1 year period was most 

consistent with maximization of short-term energy gain rather than long-term rate of 

energy gain or time minimization. 

 

A lack of balsam fir in Lane Cove and deciduous browse in Moskey Basin resulted in 

moose energy intake rate being encounter-limited in Lane Cove during the winter and in 

Moskey Basin during the summer.  In encounter-limited foraging, inclusion of a less 

profitable browse type in the diet is governed by Eq. (1).  This equation is consistent with 

the familiar 0-1 rule of optimal foraging (Stephens and Krebs 1986), where a browse 

species should always be included in the diet upon encounter if the net energy gained 

from eating that type is above a threshold level and never included in the diet if it is 

below a threshold level.  No partial preference is possible according to this model.  If the 

less profitable prey type is included in the diet, its intake rate should be proportional to its 

encounter rate.  Non-aspen deciduous browse, the less profitable prey type, was 

consumed in proportion to its encounter rate in the summer in Moskey Basin and balsam 

fir was consumed in proportion to its encounter rate in the winter in Lane Cove (Fig 4).   
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In contrast, intake rate was handling-limited in Lane Cove during the summer and in 

Moskey Basin during the winter.  At these sites I found that consumption of non-aspen 

deciduous and balsam fir was not proportional to its availability (Fig 4), as is predicted by 

optimal foraging theory. 

 

Frequency dependent selection 

 

Hubbard et al. (1982) showed that optimal foraging should in most cases lead to 

frequency dependent selection.  As the most preferred prey species becomes more 

abundant, optimal foraging theory predicts that predators should decrease their 

consumption of less profitable prey species.  A narrowing of the diet breadth and an 

increase in the intake rate of the most profitable prey species, therefore, should result in 

frequency dependent selection.  Hubbard et al. (1982) also pointed out the need for more 

research that linked frequency dependent selection and optimal foraging.   

 

My review of the literature found very few studies that have focused on the link between 

optimal foraging and frequency dependent selection since Hubbard et al.’s (1982) paper 

(Lundberg et al. 1990, Edenius 2002, Fortin 2003).  I found evidence of frequency 

dependent selection only of aspen during the winter in Lane Cove, but did not find 

frequency dependent selection during the summer or in Moskey Basin.  Lundberg (1990) 

found no evidence for frequency dependent selection in an experiment where moose fed 

in experimental area that contained birch and rowan equally distributed in a grid.  In 
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Sweden, moose browsed more heavily on aspen plants that were located in conifer stands 

(i.e. low aspen density) than on aspen plants that were located in aspen stands (i.e. high 

aspen density), resulting in negative frequency dependent selection (Edenius et al. 2002).  

 

Moose did consume a greater proportion of the aspen and non-aspen deciduous browse in 

each feeding station as the density of these browse types declined.  This finding is similar 

to the findings of diet selection experiments that manipulated density of deciduous twigs 

available to determine how moose foraging behavior would respond.  Shipley and 

Spalinger (1995) found that as browse density decreased, moose consumed a greater 

proportion of available browse by browsing larger diameter twigs.  Similarly, Vivås and 

Sæther (1987) found that the proportion of deciduous browse consumed decreased 

curvilinearly as density of browse increased.   

 

Conclusions 

 

My long-term data on moose foraging suggests that they are selecting their diet according 

to a strategy that maximizes the short-term rate of energy acquisition.  As they move 

through the forest, they are consuming their most preferred browse, aspen, as long as it is 

abundant enough to result in handling-limited foraging.  If aspen is not abundant enough 

to result in handling-limited foraging, a proportion of the non-aspen deciduous or balsam 

fir browse encountered is included in the diet.  One of the consequences of these findings 

is that moose browsing will then decrease the long-term availability of preferred browse 
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species if regrowth of these species does not exceed consumption.  This leads to greater 

abundance of non-preferred species, such as conifers, and decreased nitrogen cycling and 

productivity (McInnes et al. 1992, Pastor et al. 1993).  Short-term rate maximizing, 

therefore, may not be beneficial in the long run, which could be the life of the moose or 

its progeny.   

 

Furthermore, my data and those of previous researchers (Edenius et al. 2002, Jiang et al. 

2009), suggest that moose are selecting individual feeding stations in which to forage, but 

are not selecting larger patches and attempting to consume most of the highly preferred 

browse in those patches.  Selection of larger patches with higher density of aspen would 

result in density dependent foraging, for which I found little evidence.  In addition, 

research has shown that moose maintain their overall direction of travel when feeding 

(Jiang et al. 2009), and this foraging behavior does not allow for frequency dependent 

foraging in large patches.  Moose do, however, consume a greater percentage of the 

browse available in any one feeding station when browse density is low, and the 

percentage consumed decreases as browse density increases.  It is possible that moose 

only consume about 20% of available aspen because of variation in N content or 

secondary compounds among leaves and stems.  Low browse density, therefore, not only 

limits the quantity of the food that moose can consume, but it may also limit the overall 

quality of their food by forcing them to consume a greater proportion of plant tissue that 

has less nutrients or more harmful secondary compounds. 
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Table 1.  Mean density available and consumed (g/m
2
) and constancy (mean percent of 

plots in which species was present) for each browse species consumed during 15 years of 

browse measurements at Moskey Basin and Lane Cove study sites, Isle Royale.   

  

Species Mean density 

available/yr 

(g/m2) 

Mean density 

consumed/yr 

(g/m2) 

Constancy 

Moskey Basin    

Coniferous    

 Abies balsam (Balsam Fir) 6.30 0.63 (10%) 41 

 Taxus canadensis (Canadian Yew) 0.11 <0.01  3 

    

Deciduous    

 Populus tremuloides (Aspen) 1.96 0.67 (34%) 27 

 Cornus stolonifera (Dogwood) 1.15 0.22 (19%) 13 

 Sorbus americana (Mountain Ash) 0.98 0.21 (21%) 24 

 Amelanchier spp. (Juneberry) 0.40 0.08 (20%) 7 

  Viburnum opulus (cranberry) 0.36 0.02 (6 %) 6 

 Prunus pennsylvanicus (Pincherry) 0.23 0.04 (17%) 1 

 Salix spp. (Willow) 0.21 0.08 (38%) 2 

 Corylus cornuta (Hazel) 0.09 <0.01 1 

 Betula papyrifera (Paper birch) 0.08 0.02 (25%) 2 

Acer spicatum (Mountain maple) 0.06 0.01 (17%) 1 

    

Total Deciduous 5.52 1.35 (25%)  

  

Lane Cove    

Coniferous    

 Abies balsam (Balsam Fir) 1.37 0.20 (15 %) 19 

 Taxus canadensis (Canadian Yew) 0.01 <0.01 2 

    

Deciduous    

 Corylus cornuta (Hazel) 4.14 0.21 (5%) 37 

 Populus tremuloides (Aspen) 2.75 0.83 (30%) 49 

 Amelanchier spp. (Juneberry) 1.22 0.12 (10%) 22 

 Cornus stolonifera (Dogwood) 1.18 0.17 (14%) 18 

 Sorbus americana (Mountain Ash) 0.33 0.04 (12%) 13 

 Betula papyrifera (Paper birch) 0.17 0.03 (18%) 4 

Acer spicatum (Mountain maple) 0.16 0.01 (6%) 7 

 Prunus pennsylvanicus (Pincherry) 0.08 <0.01  2 

 Salix spp. (Willow) 0.02 0.01 (50%) 1 

      Viburnum opulus (cranberry) 0 0 0 

    

Total Deciduous 10.05 1.42 (14%)  
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Table 2.  Mean electivity indices (N = 15 years for winter and N = 17  years for summer)  

for browse species most commonly consumed by moose in Moskey Basin and Lane Cove 

study areas, Isle Royale.  * - indicates that electivity index is significantly different from 

0, p<0.05. 

 

 Moskey Basin Lane Cove  

Species Winter Summer Winter Summer  

      

Abies balsam (Balsam Fir) -1.16*  -0.39*   

Betula papyrifera (Paper birch)      

Amelanchier spp. (Juneberry) 0.72* -0.87* 0.02 -1.14*  

Corylus cornuta (Hazel)   -0.84* -1.45*  

Cornus stolonifera (Dogwood) 0.66* -0.43* 0.16* -0.20*  

Populus tremuloides (Aspen) 1.13* 0.91* 0.70* 1.66*  

Sorbus americana (Mountain Ash) 0.91* -0.14* 0.06 0.05  

 

 

 

 

 

Table 3. Squared sum of the predictive error (d
2
) and Thiels partial inequality coefficients 

(Ubias, Uβ=1 and Ue) for the analysis of the actual versus predicted proportion of the least 

preferred browse type included in the diet of moose in two study grids and during two 

seasons.  

 

Grid Season d
2 

Ubias Uβ=1 Ue 

      

Lane Cove Summer 1.575 0.2865 0.0097 0.7937 

Moskey Basin Winter 7.735 0.0204 <0.0001 0.9832 
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Table 4.  Test of frequency dependent selection of aspen in relation to other browse types 

found at Lane Cove and Moskey Basin, Isle Royale, Michigan.  During the summer 

selection of relative consumption and availability of aspen is compared to other non-

aspen deciduous species and during the winter relative availability and consumption of 

aspen is compared to the sum of other non-aspen deciduous and balsam fir browse.  

Significant intercept indicates selection for aspen and a slope not significantly different 

from 1 indicates frequency independent selection. 

 

Comparison Regression Ho:  Intercept = 0 Ho:  Slope =1 

 df r
2
 p b logV t p  b t p 

          

Summer          

Lane Cove 15 0.44 0.005 0.45 6.93 <0.001 1.128 0.377 0.71 

Moskey Basin 17 0.61 0.01 0.344 3.75 0.002 1.086 0.361 0.72 

          

Winter          

Lane Cove 13 0.82 < 0.001 0.62 2.81 0.016 1.80 2.25 0.04 

Moskey Basin 14 0.77 < 0.001 0.120 1.71 0.11 1.02 0.015 0.99 
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Figure 1.  Moose browse density available during summer (deciduous leaves) and winter 

(deciduous trigs and balsam fir needles and twigs) on Isle Royale from 1988 to 2007.  No 

data was collected from 1991 to 1993, and only deciduous data was collected during 

winter of 2002. 
 

0

2

4

6

8

10

12

14

19
88

19
90

19
95

19
97

19
99

20
01

20
03

20
05

20
07

Year

B
ro

w
s
e
 A

v
a
il

a
b

le
 (

g
/m

2
)

Summer browse

Winter browse

 
 

 

Figure 2 .  Distribution of total biomass consumed among three browse types during 

winter and summer at Lane Cove and Moskey Basin for the years 1988-1991 and 1994-

2007.  
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Figure 3. Comparison of relationship between digestibility and electivity of deciduous 

browse species during the winter and summer on Isle Royale.  Significant relationship 

between digestibility and electivity during the winter (p=0.05, df=1,3, r
2
=0.77), but no 

significant relationship between digestibility and electivity during the summer (p=99, 

df=1,3) 
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Figure 4.  Relationship between biomass of the least preferred browse type i consumed 

and available in Lane Cove and Moskey Basin, Isle Royale, Michigan.  A) Non-aspen 

deciduous browse during the summer in Moskey Basin (df=16, p<0.00001).  B)  non-

aspen deciduous browse during the summer in Lane Cove (df=13, p=0.63), C) Balsam fir 

browse during winter in Moskey Basin (df=13, p=0.15), D) balsam fir browse during 

winter in Lane Cove (df=13, p= 0.01). 

 

A) 

 
 

 

 

 

B) 
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Figure 5. The proportion of non-aspen deciduous browse (pnon-aspen deciduous) in the sumemr 

diet of moose in relation to the proportion predicted by a modified contingency model.  

Intake rate of browse is handling-limited in Lane Cove (symbol ♦) but is encounter 

limited in Moskey Basin (symbol □).  The slope (b) of  the regression line is not 

significantly different from 1 (Lane Cove: t= 0.455, DF=15, p=0.66) and the intercept is 

not significantly different 0 ((Lane Cove: t=0.998, DF=15, p=0.33) 
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Figure 6. The proportion of balsam fir (pbalsam fir) in the winter diet of moose in relation to 

the proportion predicted by a modified contingency model.  Intake rate of browse is 

handling-limited in Moskey Basin (symbol □) but is encounter limited in Lane Cove 

(symbol ♦).  The slope and intercept of the Moskey Basin regression line are not 

significantly different from 1 and 0, respectively (Slope:  t=0.008, DF=13, p=0.99; 

intercept: t= 0.252, DF = 13, p=0.80 ) 
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Figure 7. Relationship between % of deciduous browse consumed and per capita 

deciduous browse available at Lane Cove and Moskey Basin study sites, Isle Royale. 
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