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Browsing  ungulates  alter  forest  productivity  and  vegetation  succession  through  selective  foraging  on
species  that  often  dominate  early  succession.  However,  the  long-term  and  large-scale  effects  of  browsing
on forest  succession  are  not  possible  to project  without  the  use  of  simulation  models.  To  explore  the
effects  of ungulates  on succession  in  a spatially  explicit  manner,  we  developed  a  Browse  Extension  that
simulates  the  effects  of  browsing  ungulates  on the  growth  and  survival  of  plant  species  cohorts  within
the  LANDIS-II  spatially  dynamic  forest  landscape  simulation  model  framework.  We  demonstrate  the
capabilities  of  the  new  extension  and  explore  the  spatial  effects  of ungulates  on  forest  composition  and
dynamics  using  two  case  studies.  The  first case  study  examined  the  long-term  effects  of  persistently  high
white-tailed  deer  browsing  rates  in the  northern  hardwood  forests  of  the  Allegheny  National  Forest,  USA.
In the  second  case  study,  we incorporated  a  dynamic  ungulate  population  model  to  simulate  interactions
between  the  moose  population  and  boreal  forest  landscape  of Isle  Royale  National  Park,  USA.  In  both
model  applications,  browsing  reduced  total aboveground  live  biomass  and  caused  shifts  in forest  com-
position.  Simulations  that  included  effects  of  browsing  resulted  in  successional  patterns  that  were  more
similar  to those  observed  in the study  regions  compared  to simulations  that  did  not  incorporate  browsing

effects.  Further,  model  estimates  of  moose  population  density  and  available  forage  biomass  were  simi-
lar to previously  published  field  estimates  at Isle Royale  and  in  other  moose-boreal  forest  systems.  Our
simulations  suggest  that neglecting  effects  of browsing  when  modeling  forest  succession  in ecosystems
known  to  be  influenced  by  ungulates  may  result  in flawed  predictions  of  aboveground  biomass  and  tree
species  composition.

Published by Elsevier  B.V.
. Introduction

Browsing ungulates (e.g., moose and white-tailed deer) can
odify plant growth and survival, successional trajectories, soil

roperties, nutrient cycles, and fire regimes (Hobbs, 1996; Healy,
997; Rooney and Waller, 2003; Horsley et al., 2003; Danell et al.,
006). The magnitude and extent of their effects are determined

y the intensity of browsing pressure relative to the amount and
istribution of forage resources available in a landscape (deCalesta
nd Stout, 1997; Rooney et al., 2015), the selectivity of the ungulate

∗ Corresponding author.
E-mail address: ndejager@usgs.gov (N.R. De Jager).

ttp://dx.doi.org/10.1016/j.ecolmodel.2017.01.014
304-3800/Published by Elsevier B.V.
population for specific plant species (Pastor and Cohen, 1997), and
how different plant species respond to the loss of photosynthetic
tissue (Danell et al., 1994; Skarpe and Hester, 2008).

Ungulates both affect and are affected by available plant biomass
within their reach. These animals require large amounts of plant
tissue to meet their daily energy requirements. For example, esti-
mates of dry matter intake can be near 5 kg per day for white tailed
deer (Odocoileus virginiana)  (Ullrey et al., 1970) and as high as 10 kg
per day for moose (Alces alces) (Persson et al., 2000). Although most
browsing ungulates are commonly referred to as ‘generalists’, the
majority of the biomass they consume each year comes from a

handful of highly preferred woody, and often early successional
plant species (Shipley et al., 2009). The large amount of biomass
removed from plants by ungulates influences plant growth and sur-

dx.doi.org/10.1016/j.ecolmodel.2017.01.014
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.01.014&domain=pdf
mailto:ndejager@usgs.gov
dx.doi.org/10.1016/j.ecolmodel.2017.01.014
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ival, particularly of preferred plants (Danell et al., 1994; Russell
t al., 2001). Where browsing alters growth and survival, less pre-
erred species that remain unbrowsed or weakly browsed often win
n bouts of competition, causing changes to the rate and trajectory
f forest succession (Pastor and Naiman, 1992; Horsley et al., 2003;
ooney and Waller, 2003; Tripler et al., 2005; Krueger et al., 2009;
schtruth and Battles, 2008; Nuttle et al., 2013).

Browsing ungulates inhabit a diverse array of forest ecosys-
ems and are subject to varying degrees of management. Some
ild populations are sustained at very high densities (e.g., white-

ailed deer in North America) due to the loss of top-predators, the
ncreased availability of alternative (non-forest) food resources,
nd population management strategies that were insensitive to
abitat impacts (Alverson et al., 1988; Mysterud, 2006; Carson et al.,
014). Such persistently high populations can cause long-lasting
ffects on forest succession and composition, and thereby alter
abitat suitability of landscapes for a wide-range of animal species
deGraaf et al., 1991; deCalesta, 1994; Russell et al., 2001; Rooney
nd Waller, 2003; Nuttle et al., 2011; Côté et al., 2014). Other ungu-
ate populations are managed to support objectives related to forest
iversity and sustainability, while also providing hunting oppor-
unities (Angelstam et al., 2000). In yet other systems, ungulate
opulations interact dynamically with food resources, predators,
nd other disturbances that influence the composition and struc-
ure of forests (e.g., fire, wind, and insect outbreaks) (Peterson et al.,
014). Finally, browsing impacts are not limited to wild ungu-

ates. For example, browsing by domestic goats is known to have
omparable magnitude of effects on forest composition and suc-
essional trajectories (Zamora et al., 2001). Given the wide range of
cosystems that browsing ungulates inhabit and varying degrees
f population management that they experience, it is important
o understand the dynamics of forest-ungulate interactions in the
ontext of management actions and other processes that influence
oth population dynamics and forest succession.

Simulation modeling offers a useful way to examine the com-
lexities of plant-animal interactions within the context of other
patially explicit processes. A number of spatially explicit mod-
ls have been developed to address the roles ungulates play in
andscape-scale vegetation dynamics and to address questions
bout how landscape patterns influence ungulate movement and
opulation dynamics (e.g., Moen et al., 1997, 1998; van Oene
t al., 1999; Kramer et al., 2001, 2003; Coughenour, 2002; Forsyth
t al., 2015; Riggs et al., 2015). For a thorough review of some
f these models, see Weisberg et al. (2006). Some models cap-
ure vegetation processes and the effects of herbivory on plant
rowth and survival, but over-simplify animal foraging behavior
nd population dynamics. Other models focus on animal disper-
al, foraging mechanics, energetics and/or population dynamics but
ver-simplify vegetation dynamics and the effect herbivory can
ave on them. Furthermore, each model was developed to repre-
ent particular ecosystems or phenomena (e.g., herbivory by fire
nteractions, Riggs et al., 2015) which sometimes operate over a
imited range of spatial and temporal scales. There remains a need
or a linked plant-herbivore ecosystem model that can forecast
ffects of succession in a broad range of forest ecosystems, and
ddress critical ecological questions and management scenarios −
deally, one that is embedded within a modeling framework that
an account for interactions with other critical processes affecting
orest dynamics in time and space.

In this paper, we describe a new browse extension for the forest
andscape simulation model, LANDIS-II (Scheller et al., 2007). The
xtension uses the biomass associated with annual net primary

roductivity as a common currency linking tree species cohort
rowth, ungulate populations, and browsing impacts. Our aim was
o develop an extension with a degree of complexity and flexi-
ility comparable to that of other LANDIS-II extensions (such as
odelling 350 (2017) 11–29

those representing wind, fire, insects, and harvesting), enabling
the modeling system to represent ungulate browsing processes
and consequences at broad spatial and temporal scales. This paper
introduces the extension within the framework of LANDIS-II and
demonstrates adaptability of the extension to address effects of
browsing via two  case study applications. The first examines effects
of browsing by white-tailed deer on aboveground biomass and for-
est succession in a northern hardwood forest (Allegheny National
Forest, USA, Fig. 1) with persistently high rates of browsing. The
second case study examines interactions between a moose popula-
tion and spatial patterns of available forage biomass and associated
impacts on forest succession in a boreal landscape (Isle Royale
National Park, Michigan, USA, Fig. 1). Our primary question is
whether incorporating effects of browsing in these two landscapes
results in different model estimates of forest biomass, composition,
and successional trajectories.

2. Methods

2.1. LANDIS-II

LANDIS-II (Scheller et al., 2007) is a process-based forest land-
scape disturbance and succession model that simulates the forest
generative processes of dispersal, establishment, growth and com-
petition, and the forest degenerative processes of senescence and
disturbances, such as insects and timber harvesting, at large spatial
scales (>1000 ha) and long temporal scales (centuries) (Mladenoff
et al., 1993; Mladenoff and He, 1999) The Browse extension is
currently designed to work with succession extensions that track
biomass (e.g., Biomass Succession, Scheller and Mladenoff, 2004),
which simulate the processes of establishment, growth, compe-
tition and senescence as they affect the biomass of cohorts of
species on a collection of landscape sites (grid cells) of user defined
size, typically from 30 m2 to 1 km2. The succession extension sim-
ulates the processes of species establishment (propagule arrival
and the establishment of a viable cohort), competition for growing
space and senescence, based on life history attributes of the taxa.
Additional details on the Biomass Succession extension, as well as
calibration data may  be found in Scheller and Mladenoff (2004)
and for v. 3.2 which is applied here, Scheller and Miranda (2015).
Other processes that kill cohorts or remove some of their biomass
can be simulated by other independent disturbance extensions. The
Browse Extension, introduced below, functions within the LANDIS-
II framework as a disturbance extension, in that it impacts tree
species cohorts through biomass removal, growth reduction, and
mortality within cells in the landscape.

2.2. Browse extension

In this extension, ungulate browse pressure is defined for pop-
ulation regions (zones) within the landscape, either externally as
a browser density index (BDI) or internally as a dynamic browser
population (DBP). The externally defined BDI should be used when
simulating a relatively constant population density that does not
respond to changes in forest resources, such as might be the case
with heavily managed ungulate populations or where alterna-
tive forage resources maintain persistently high populations (e.g.,
agricultural areas). The BDI would also be useful in more theoret-
ical simulations where isolating the effects of alternative constant
browsing pressures is the study aim. The internally defined (DBP)
should be used when simulating a population that responds to

changes in forage availability brought about by any factor that
influences forest growth (including past browsing).

Browsing by free ranging ungulates is often conceptualized as
a series of decisions and processes nested in a hierarchy (Senft
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Fig. 1. The LANDIS-II Browse Extension was applied to two landscapes to illustrate its functionality, Allegheny National Forest in Pennsylvania, USA, and at Isle Royale
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ational Park, Michigan, USA.

t al., 1987). Tree species dynamics at the site (cell) scale, com-
ined with functions defining browse accessibility and selective
reference by the browsing ungulate define the amount and qual-

ty of browse on a given site. Intermediate to these two scales,
eighborhood functions, typically at the scale of an ungulate
ome range, define how population density and browsing intensity
i.e., biomass consumed/removed) are distributed across a given
opulation zone. Once browsing intensity is distributed across
he simulated landscape, forage biomass is removed from sites
n proportion to the browse pressure, defined either externally
BDI) or internally (DBP), and according to user-defined species
references and target removal rates derived from the litera-
ure. Finally, herbivory influences the growth and development
f browsed cohorts via the direct removal of biomass and addi-
ionally through user-defined species-specific growth response
arameters. The sequence of model operations is shown in Fig. 2
nd a complete list of user-defined model parameter estimates
s provided in Table 1. Below, we describe how various parame-

ers and model operations function within the Browse Extension,
ut a more complete description of the model, including all equa-
ions, can be found in the User Guide (https://sites.google.com/site/
andismodel/extensions/browse-disturbance).
2.2.1. Available forage biomass
At the start of each annual time step, the proportion of new

growth which is both in the diet and within the reach of the her-
bivore is calculated for each species-cohort on each site. Within
the extension, estimates of available forage biomass are summed
on an annual basis and used to link forest growth, the browser
population, and browsing effects. Because the Biomass Succession
extension does not simulate plant height, we developed five param-
eter estimates to derive and calibrate available forage biomass from
annual net primary productivity (ANPP). First, most studies esti-
mate available forage biomass as the current annual growth of
leaves and twigs accessible to foraging herbivores (Risenhoover,
1987; Persson et al., 2005; Butler and Kielland, 2008). We  start by
representing this with the parameter ANPPForageProp (Table 1),
which is the proportion of ANPP that is leaves and twigs. Next, we
use cohort biomass as a surrogate for height to determine which
cohorts have ANPPForageProp within the height reach of the her-
bivore, under the assumption that established cohorts are “fully

stocked” with respect to the available growing space in a cell (i.e.,
tree density is consistent). A cohort begins to escape the height
reach of the herbivore at a user-defined proportion of the maximum
biomass a site can support (BrowseBiomassThreshold, Table 1). The

https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
https://sites.google.com/site/landismodel/extensions/browse-disturbance
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Fig. 2. The sequence of model calculations for the Browse Extension. At each time step a series of site and landscape attributes are calculated (inset) and used to distribute
the  browser population and associated browse impacts to sites. Forage biomass removal is based on user defined species browse preferences and consumption rates. Cohort
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amage  is based on user defined species-specific tolerance to browsing impacts. At
t  the next time step are calculated and used to influence cohort growth and surviv

roportion of a cohort’s biomass that is at or below this biomass
hreshold is within browse reach and constitutes available forage
iomass. We  further assumed that apical dominance within low-
tatured cohorts would drive susceptibility to browsing and that
rowsing of lower branches would be compensated for by growth
eyond the browse line (McLaren and Peterson, 1994; Vila et al.,
002). Hence, cohorts with less than a user-defined proportion
f their forage biomass within browse reach (MinBrowsePropin-
each, Table 1) are assumed to have ‘escaped’ browsing and are
herefore not included in estimates of available forage biomass.
ccording to these functions, any factor that reduces the growth
f cohorts serves to prolong the period of time that they provide
vailable forage biomass and are susceptible to browsing. Next,
e further ensured that senescing mature cohorts with declining

iomass could not re-enter the available forage biomass pool by
stablishing an age threshold (EscapeBrowsePropLong, Table 1).

inally, in some systems, first-year cohorts may  not be accessible to
erbivores, especially in systems with deep snow cover during the
inter and tall herbivores (e.g., moose). For this reason, users can
d of each time step the degree to which cohort growth and mortality are impacted
he Biomass Succession extension. See methods for more details.

choose not to use the initial biomass estimates associated with an
establishing cohort to be available immediately after establishment
(UseInitBiomassAsForage, Table 1).

2.2.2. Site preference
The quality of available forage biomass at a site is based

on user-defined species-specific preference values (SpeciesPrefer-
ence, Tables 1 and 2). These preference values are defined as the
fraction of available forage biomass that ungulates are expected
to remove from a given species and they can be derived from the
literature for many plant and ungulate species (e.g., Healy, 1971;
Risenhoover, 1987; Hewitt, 2011). However, the actual amount of
biomass removed from species varies spatially and temporally in
accordance with animal population density and distribution (see
Forage Biomass Consumption 2.2.6). At each time-step a map of site

preference is produced by calculating the available forage biomass-
weighted average preference value for each site (SitePreference,
Table 1). Because the presence of non-forage species could influ-
ence the preference of herbivores for sites (Bee et al., 2009), users
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Table  1
The LANDIS-II Browse Extension requires a series of user-defined parameter estimates, which are described here. Also given are the parameter values used in model
applications at Allegheny National Forest (ANF) and Isle Royale National Park (ISRO).

Component. Variable Name (Abbreviation) Units ANF ISRO Description

Available Forage
Biomass

ANPPForagePropr Proportion 0.66 0.66 Proportion of ANPP that is available
forage biomass

MinBrowsePropinReach Proportion 0.5 0.3 Minimum proportion of forage within
reach for a cohort to be considered
accessible

BrowseBiomassThreshold Proportion 0.05 0.05 Proportion of ecoregion maximum
biomass when a cohort begins to
escape browsing

EscapeBrowsePropLong Proportion 0.57 0.57 The proportion of the longevity of a
species, at which cohorts escape
browsing

UseInitBiomassAsForage Y/N T F Use the total biomass of first-year
cohorts as available, F-use only a
fraction of ANPP from year 1–2 as
available

Browse  Biomass
Removal

SpeciesPreference Proportion see Table 2a see Table 2b Target proportion of available forage
biomass to be removed from a species,
also used to rank species by preference

ConsumptionRate kg/animal/yr N/A 2327 Annual consumption rate per animal
Browser Density Index (BDI) Proportion 0.45 N/A Proportion of total available forage to

remove

Effects of Browsing Growth Reduction Threshold (GRT) Proportion see Table 2a see Table 2b Proportion of available forage biomass
removed that triggers a reduction in
ANPP at t + 1

Growth Reduction Maximum (GRM) Proportion see Table 2a see Table 2b Maximum reduction in ANPP at t + 1 at
100% removal of available forage
biomass

Mortality Threshold (MT) Proportion see Table 2a see Table 2b Proportion of available forage biomass
removed that triggers an increase in
probability of mortality at t + 1

Mortality Maximum (MM)  Proportion see Table 2a see Table 2b Maximum increase in the probability
of  mortality at t + 1 at 100% removal of
available forage biomass

Population Density Initial Population Size (Ninit) # animals N/A 450 (∼1 per km2) Initial population size, by population
zone

Population Growth Rate (R) Rate N/A 0.15–0.25 Min and Max  population growth rate,
by population zone

Miscellaneous mortality (M)  Rate N/A 0.0–0.1 Min and Max  mortality rate, by
population zone

Predation (P) Rate N/A 0.03–0.1 Min and Max  predation rate, by
population zone

Harvest (H) Rate N/A 0.0–0.0 Min and Max  harvest rate, by
population zone

Habitat Suitability/Population
Distribution

ForageQuantity Y/N, m Y, 321 N Utilize available forage biomass in
calculating HSI, optional moving
window size

SitePreference Y/N, m Y, 1284 Y, 1500 Utilize site preference in calculating
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CountNonForageSitePref Y/N 

an optionally include non-forage species (preference = 0) in calcu-
ations of site preference (CountNonForageSitePref, Table 1).

.2.3. Habitat suitability
At each time step, the quantity and quality of available forage in

he neighborhood of individual sites (cells) are used to distribute
rowsing impacts by estimating a habitat suitability index (HSI).
eighborhood effects are implemented by calculating moving win-
ow averages with user-defined window sizes. Habitat suitability
an be based solely on a moving window average of forage qual-
ty (SitePreference), available forage biomass (ForageQuantity), or
he product of the two  (Table 1, Fig. 3). At each time step, a map  of
SI is produced and used to calculate the local population density
when defined internally, DBP) or site browsing rate (when defined
xternally, SBI) and subsequent browse impact (Fig. 3, see details
elow). While the approach allows the flexibility to include other
abitat factors affecting suitability (e.g., thermal cover, road den-
HSI, optional moving window size
N N include non-forage species in

calculations of site preference

sity, proximity to water, alternative habitats or food sources, etc.),
these other habitat features are not yet explicitly incorporated.

2.2.4. Browser density index
When externally defining a population, users must supply a

Browser Density Index (BDI), which varies between 0 and 1, and
represents the ungulate population density relative to the capac-
ity of the landscape or population zone to support it. Input maps
may  optionally define different zones (Z) with independent values
of the BDI, representing spatial variation in the density index, as
might occur due to different population management zones. BDI
values for each zone can vary through time within a simulation,

but must be predefined by the user and do not respond dynam-
ically to landscape changes. Site-level browse impacts (SBIS) are
downscaled from the zone or landscape level browser index (BDI)
to reflect spatial variation in forage quantity and habitat suitability
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Table 2
A and B: Browse disturbance parameters used in LANDIS-II simulations for the Allegheny National Forest (A, ANF), and Isle Royale National Park (B, ISRO). Preference values
are  used to rank species according to their preference by the herbivore and define a target proportion of available forage biomass to be removed at a site during a given
time  step. Growth reduction and mortality parameters define a threshold proportion of available forage biomass removed that triggers a growth or mortality response, and
a  maximum growth or mortality response when 100% of available forage biomass is removed. See Fig. 5 for graphic representation of the growth and mortality parameters.

A

Growth Reduction Mortality

Species Preference Threshold Max  Threshold Max

F. grandifolia1,3,5 0.330 0.2 0.55 0.95 0.05
A.  rubrum1,3,5 0.600 0.10 0.7 0.75 0.15
A.  saccharum1,3,5 0.495 0.10 0.8 0.75 0.15
B.  alleghaniensis1,3,4,5 0.400 0.15 0.7 0.90 0.15
B.  lenta1,3,5 0.400 0.15 0.7 0.90 0.15
P.  serotina1,3,5 0.165 0.15 0.4 0.90 0.20
General Quercus1,4,5 0.600 0.10 0.4 0.80 0.15
Q.  rubra1,5 0.600 0.10 0.4 0.80 0.15
T.  canadensis1,2,5 0.495 0.10 0.8 0.75 0.5

B

Growth Reduction Mortality

Species Preference Threshold Max  Threshold Max

A. balsamea1,2,4,6 0.15 0.2 0.6 0.8 0.1
A.  saccharum2,3,6 0.15 0.2 0.6 0.8 0.1
B.  alleghaniensis 2,3,6 0.15 0.2 0.6 0.8 0.1
B.  papyrifera2,5,6 0.25 0.5 0.4 0.9 0.1
F.  nigra1,2,6 0 0 1 0.8 0.1
Other Deciduous1,2,6 0.25 0.5 0.4 0.9 0.1
P.  banksiana1,2,6 0 0 1 0.8 0.1
P.  glauca1,2,6 0 0 1 0.8 0.1
P.  mariana1,2,6 0 0 1 0.8 0.1
P.  tremuloides1,2,3,6 0.30 0.5 0.4 0.9 0.1
T.  occidentalis1,2,6,7 0.05 0.2 0.6 0.8 0.1

Note for Table 2A: 1, Latham et al. (2005); 2, Anderson and Loucks (1979); 3, Marquis (1981); 4, Rooney and Waller (2003); 5, Russell et al. (2001).
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t the site scale according to the following equation:

SBIS =
∑

BDIZ ×
[(

ForageQuantityS
ForageQuantityZ

× BDIZ

)

+
(
HSIS
HSIZ

× (BDIZ − 1)
)]

(1)

here SBIS is the site-level browse removal rate, BDIZ is the
rowser density index for zone Z, ForageQuantityS is the site-

evel forage quantity, ForageQuantityZ is the total forage quantity
ummed within a zone, HSIS is the site-level habitat suitability
ndex, and HSIZ is the sum of habitat suitability indices within

 zone. This equation describes a decreasing influence of habi-
at suitability and increasing influence of forage quantity as BDI
pproaches 1 (100% forage biomass removal). In other words, the
opulation is allowed to be more selective and target sites of high
abitat suitability when it is far from the capacity of the landscape
o support it. However, as the browsing index approaches 1, its
istribution must match that of forage availability (quantity) or it
ould not be possible to remove 100% of available forage biomass.

his concept may  reflect the notion that herbivores can adjust their
oraging behavior in proportion to variation in dietary reward and
hus ‘match’ the distribution of food resources (Senft et al., 1987),
epending on the ratio of population size to carrying capacity.
.2.5. Dynamic browser population
When simulating an internally defined population, which

esponds dynamically to forage availability (DBP, dynamic browser
opulation), temporal changes in the ungulate population are char-
al. (2009); 5, De Jager and Pastor (2008); 6, Murie (1934); 7, Parikh (2015).

acterized by the discrete time quadratic model for logistic growth
(May  1975):

�Nz = RzNz

(
1 − Nz

Kz

)
(2)

where �Nz is the change in population (#) within zone z; Rz is
the intrinsic rate of population growth (births – deaths) in zone
z; NZ is the total population (DBP) within zone z and Kz is the
carrying capacity (non-trivial (non-zero) equilibrium population)
within zone z. This model is useful because K serves as an attrac-
tor for the ungulate population. As N approaches K, �N  goes to
0. When N < K, recruitment exceeds mortality and the population
increases. When N > K, mortality exceeds recruitment and the pop-
ulation declines. Carrying capacity is thus the population size at
which density dependent factors balance reproduction and mor-
tality (Begon et al., 1996). More specifically, we quantified carrying
capacity as the maximum number of animals that can be supported
by the forage biomass available within the landscape or zone at
a given time, based on the annual intake rate of an average ani-
mal  from the population (ConsumptionRate, Table 1). This method
allows the carrying capacity of the population to emerge from all
processes that regulate plant growth and forage production across
the landscape and to vary from one time step to the next. Addi-
tional density independent factors that affect animal survival due
to: a) harvesting (population management), b) predation, and c)
other random factors can also be incorporated and change Eq. (2)
to: ( )

�Nz = RzNz 1 − Nz

Kz
− HzNz − PzNz − MzNz (3)

Where Hz is the zone specific mortality rate due to harvesting,
Pz is the zone specific predation rate, and Mz is the zone spe-
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Fig. 3. In the LANDIS-II Browse Extension, browsing impacts are downscaled to sites using a Habitat Suitability Index (HSI). Users have the option to calculate HSI using
m less). S
u ne (A
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oving window averages of forage availability (A, g/m2) or site preference (B, unit
sing  a 40 km2 moving window. HSI in map  C is derived from forage availability alo
SI  in map  D is derived from site preference alone (B) and used to downscale the p

ific mortality rate for random factors. At each time step, each
f these parameters, as well as the population growth rate (R),
an be randomly generated between user-defined minimum and
aximum estimates to incorporate stochasticity in the modeled

opulation. While the approach allows the flexibility to include

dditional feedbacks among the population growth rate, popula-
ion size, and other sources of animal mortality, these features are
ot yet implemented.
hown here are HSI maps (C and D, unitless) for the western portion of Isle Royale,
), and used to downscale the population (and browsing impacts) in map  E (#/km2).
ion (and browsing impacts) in map  F (#/km2).

Similarly to how BDI is downscaled to sites when using the non-
dynamic population, the dynamic population (DBP) is distributed
to sites based on site-level forage quantity and habitat suitability,
weighted by the proximity of the population to carrying capacity
(K):
Ns = Nz

[(
ForageQuantityS
ForageQuantityZ

× Nz
Kz

)
+

(
HSIS
HSIZ

×
(
Nz
Kz

)
− 1

)]
(4)
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here NS is the site-level population used to determine site-level
rowse impacts. This equation characterizes a decreasing impor-
ance of habitat suitability and increasing importance of forage
uantity as the ungulate population approaches K, allowing the dis-
ribution of the population to match that of forage availability as
he population reaches K.

.2.6. Forage biomass consumption
The total forage removed from sites is determined by the site

opulation (NS) or the site browse index (SBI; if using non-dynamic
opulation). The total forage to be removed (consumed) for a
ynamic population is the site population multiplied by the Con-
umptionRate (Table 1). For a non-dynamic population, the SBI
erves as the proportion of available forage biomass to be removed.

ithin a site, species are rank-ordered by their preference values
SpeciesPreference, Table 1). These preference values not only rank
pecies but define a target removal rate, which can be thought of as
he fraction of available forage biomass that the ungulate popula-
ion typically removes from a given species. Forage biomass is then
emoved from cohorts in proportion to their target removal rate
p to the amount of forage to be consumed. If necessary, browsing
ontinues beyond target removal rates, in rank order of prefer-
nce, until the forage consumption amount is reached. This foraging
rocess is analogous to a fractional foraging strategy (Moen et al.,
997) and allows the annual and local diet composition of the ungu-

ate population to change over time in response to the abundance
nd distribution of preferred plant species and the forage require-
ents of the population, in contrast to setting a pre-defined diet

omposition.

.2.7. Effects of browsing on cohort growth and mortality
Browsing is known to impact the growth of woody plants

Pastor and Danell, 2003) and many species display threshold or
on-linear growth responses to increasing rates of tissue removal
Persson et al., 2005; De Jager and Pastor, 2008). We  therefore

odel browsing effects on growth by allowing users to define a
pecies-specific threshold fraction of available forage biomass, that
f removed, triggers a reduction in ANPP in the subsequent year
GRT, Tables 1 and 2, Fig. 4), as well as defining a maximum pro-
ortional growth reduction at 100% forage biomass removal (GRM,
ables 1 and 2, Fig. 4). Although we explicitly model negative effects
f browsing on growth, these equations do not rule-out the poten-
ial for positive effects of browsing on forage production. As we
ointed out above (see Available Forage Biomass), any factor that
educes growth can serve to maintain cohorts within browse reach
or a longer period of time, and ultimately increase forage biomass.
n the case of browsing, whether a cohort remains within height
each depends on the local browsing rate and the tolerance of a
iven species to lost tissue.

Some studies have also reported increases in plant mortal-
ty rates in response to increasing browsing intensity (Krefting,
974; Edenius et al., 1995; Heinen and Sharik, 1990; Augustine
nd Frelich, 1998; Horsley et al., 2003; Tilghman, 1989; Russell
t al., 2001). We  model browsing effects on cohort mortality simi-
arly to effects on growth. Users define a species-specific threshold
raction of available forage biomass, that if removed, triggers an
ncrease in the probability that a cohort will die in the subsequent
ear (MT, Tables 1 and 2, Fig. 4), as well as defining a maximum
ncrease in mortality probability at 100% forage biomass removal
MM,  Tables 1 and 2, Fig. 4).

.3. Test cases
We  tested the browse extension in two landscapes. One was
 north-temperate forest in the eastern United States (Allegheny
ational Forest, ANF) with persistently high populations of white-
odelling 350 (2017) 11–29

tailed deer and the other was  a boreal forest at Isle Royale National
Park (ISRO), USA, where moose interact dynamically with the
forested landscape and other factors that limit moose population
density (Fig. 1). We  therefore used the ANF simulation to illus-
trate the use of an externally defined population (BDI option) and
the ISRO simulation to illustrate the use of an internally defined
population (DBP option) that responds dynamically to spatial and
temporal changes in food resources.

To derive parameter estimates and better understand the tem-
poral dynamics of available forage biomass for these two simplified
case studies, we  integrated the browse extension calculations
into the LANDIS-II-Site utility (L2-Site; Miranda and Sturtevant
2016; (L2-Site-Browse; https://sites.google.com/site/landismodel/
projects/veg-site-tool). L2-Site-Browse is a Microsoft Windows-
based utility that implements the cohort and biomass growth and
senescence equations of the Biomass Succession extension (v3.2)
for up to six species on a single site, and includes all browse
functions described above. We  specifically examined the effects of
different parameter estimates and combinations on the amount of
available forage biomass within reach and the time it took cohorts
to escape browse height. These simulations were conducted for
single cohorts growing alone on a site and multiple cohort grow-
ing together and competing for growing space. Simulation results
were compared with sapling height growth data and available for-
age biomass estimates from Persson et al. (2005), De Jager and
Pastor (2008) and De Jager et al. (2009). The parameters in Table 1
yielded reasonable estimates of available forage biomass as well as
the time that cohorts remained within browse height and supplied
available forage biomass. Both competition and effects of brows-
ing served to reduce cohort growth and available forage biomass,
and prolonged the period of time that cohorts remained within
height reach, which is consistent with the design of the parameters
introduced in Section 2.2.1 Available Forage Biomass.

2.3.1. Allegheny national forest
The Allegheny National Forest (ANF) comprises an area of

2092 km2 and lies within the Appalachian Plateau Geomorphic
Province (Fig. 1). Northern hardwood species (e.g., Acer saccha-
rum, A. rubra, Betula alleghaniensis, B. lenta, Fagus grandifolia, Prunus
serotina, Quercus spp., and Tsuga canadensis) are most prevalent;
current forest composition is strongly influenced by historic land
use and management practices (Williams et al., 2000). We  used
USDA Forest Service Forest Inventory Analysis (FIA) data, along with
ANF ecological land type data (Williams et al., 2000), and the US
National Land Cover Database (Homer et al., 2015) in Landscape
Builder ver 2.1.5 (Dijak, 2013) to develop LANDIS-II ecoregion and
initial community maps (Appendix A) at 30 m cell resolution. For
the purposes of demonstrating the Browse extension, we chose to
model the far Southeastern portion of ANF and we did not incor-
porate effects of fire or wind. Forest management regimes on the
ANF at present represent very light harvesting (ranging down from
0.5% per year depending on management objectives), so we did not
model harvesting impacts.

The Biomass Succession extension was parameterized using
prior published plant species life history attributes and estab-
lishment and potential growth rates from Duveneck et al. (2014)
(Appendix A). We  conducted three replicate 100-year simula-
tions for two  scenarios: one with the browse extension turned
on (with deer browsing) and another with the extension turned
off (without browsing). After noting that the results of replicate
simulations were nearly identical, we  chose to report results for a
single replicate. For the browsing scenario, we simulated a static

deer population with an index (BDI) of 0.45, which represents a
moderate index value similar to conditions during the late 20th
century, as described by Tilghman (1989) and Horsley et al. (2003).
Plant species preferences and tolerances were derived from pre-

https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
https://sites.google.com/site/landismodel/projects/veg-site-tool
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Fig. 4. In the LANDIS-II Browse Extension, removal of plant tissue results in a direct reduction in aboveground live biomass during a given time step. Effects of browsing
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n  cohort growth and survival during the next time step can also be incorporated b
rowth  and/or survival response, and by defining the maximum growth or survival 

ffect  parameters used in modelling at Allegheny National Forest (see Table 2A) and

iously published studies (Table 2a). All species in the simulation
ould be browsed by deer (preference > 0), with the most highly
referred species being A. rubrum, Quercus spp., and Q. rubra. Mod-
rately preferred species consisted of T. canadensis,  A. saccharum,
. alleghaniensis,  B. lenta, while less preferred species included F.
randifolia and P. serotina (see Table 2A for parameter estimates and
upporting citations). The species most tolerant to browsing was  F.
randifolia, followed by B. lenta and B. allegheniensis. T. canadensis
as the least tolerant species. We  used a moving window in calcu-

ations of habitat suitability that varied between a 321 m radius for
orage quantity and 1284 m radius for site preference (per Marquis,
987). The larger radius for site preference was based on deer
ome range sizes for the region (Brenneman, 1987; Marquis, 1987;
osenberry et al., 2009; Tierson et al., 1985). The smaller forage
uantity radius was calculated as ¼ of the site preference value,
r the area deer more locally occupy over the course of a year
Campbell et al., 2004; Rosenberry et al., 2009; Tierson et al., 1985;

ebb et al., 2010) and the assumption that local foraging decisions
re primarily based on forage availability.

.3.2. Isle Royale National Park, USA
Isle Royale National Park (ISRO) is a 534 km2 island in the

orthwestern part of Lake Superioroff the coast of Minnesota and
ntario, Canada (Fig. 1). The vegetation types present on Isle Royale

eflect its position within the temperate-boreal forest transition
one (Goldblum and Rigg, 2010), with species characteristic of
he southern boreal forest (e.g., Abies balsamea, A saccharum, B.
lleghaniensis, B. papyrifera, Picea glauca, Populus tremuloides, and

huja occidentalis). The initial community map  was developed by
atching FIA data to similar forest types in a land cover dataset

TNC, 1999). Ecoregions were developed based on soils data (see
ppendix A for more information). Cell resolution for this case
ning a threshold proportion of available forage biomass removed, which triggers a
nse when 100% of available forage biomass is removed. Shown here are the browse

oyale National Park (see Table 2B).

study was  set at 50 × 50 m.  We  parameterized the Base Wind exten-
sion (v. 2.0) (Scheller and Mladenoff, 2005; Scheller and Domingo,
2013) using historical assessments of disturbance in Minnesota
(White and Host, 2008) and assumed a constant wind regime for
all simulations. We  did not simulate effects of fire because there
have been no large-scale fires on the island since the 1930s and
the fire regime has been characterized as minor and episodic over
a 4500 year period prior to settlement (Flakne and Cole, 1995).

We parameterized the Biomass Succession extension using
plant species life history attributes and establishment and poten-
tial growth rates from a previously published study from similar
forests in northeastern Minnesota (Appendix A, Duveneck et al.,
2014). We  then conducted three replicate 110-year simulations
for two  scenarios: one with the browse extension turned on (with
moose browsing) and another with the extension turned off (with-
out browsing). For the browsing scenario, population parameters
were derived from a long-term study of wolf and moose population
dynamics (Peterson et al., 2014). We  simulated a moose population
with an initial population of 1 moose per km2, similar to the long-
term average. The population growth rate ranged between 0.15 and
0.25, estimates made during an exponential increase in the moose
population during the mid-1990s. Random mortality rates ranged
between 0 and 0.1, and wolf predation rates ranged between 0.03
and 0.1, reflecting long-term average rates at Isle Royale (Peterson
et al., 2014). The consumption rate was set at 2327 kg per moose
per year, reflecting a daily intake rate of 10 kg dry mass in summer
and 5 kg dry mass in winter (Persson et al., 2000), assuming that
half of the year is winter and half is summer, and that 85% of dry
matter intake is from woody plants (Persson et al., 2005). We  used

a single moving window size that approximated a moose home
range (1500 m radius, Cedarlund and Sand, 1994) in calculations of
habitat suitability.
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Fig. 5. Model results for the Allegheny National Forest with deer browsing (black
0 N.R. De Jager et al. / Ecolog

Plant species preferences and tolerances to browsing were
erived from previously published studies (Table 2b). Preference
alues were derived from estimates of the fraction of available for-
ge biomass that moose typically remove from different species
n long-term studies conducted at Isle Royale (see parameter esti-

ates and supporting citations in Table 2b). Species tolerances to
rowsing were primarily derived from De Jager et al. (2009) and
e Jager and Pastor (2008). These studies have shown that the
rowth of conifers, such as A. balsamea, is typically more strongly
nfluenced by browsing than boreal hardwood species such as B.
apyrifera and P. tremuloides. Much less is known about how mor-
ality is impacted by browsing. We  therefore used a conservative
pproach to modelling mortality, with very high rates of tissue
emoval (>80%) required to trigger mortality. Further, mortality
hresholds were correlated with growth thresholds so that species
ess tolerant of browsing in terms of growth were also less tolerant
f browsing in terms of survival.

.4. Data analysis

We  examined results for the following model outputs for the
wo study areas: 1) moose population density (ISRO only), 2) aver-
ge biomass removal (including that due to direct tissue removal
y herbivory as well as indirect losses due to browsing induced
ohort mortality), 3) average forage availability and the equivalent
andscape carrying capacity (ISRO only), and 4) average above-
round live biomass (AGB, total and by species). The above averages
epresent total values across the entire simulation area, divided
y the simulation area. Forest biomass estimates were attained
rom the LANDIS-II Biomass Output extension (v. 2; Scheller and
omingo, 2015). Finally, for both case studies we examined the

ensitivity of: 1) total and species-specific biomass, 2) population
ensity (ISRO only), 3) forage availability, 4) biomass removed from
he landscape, and 5) number of cohorts killed by browsing. In
oth landscapes we increased and decreased the parameter esti-
ates listed in Table 1 by 10%, and the percent difference in the

esponse variables between the original and adjusted parameter
stimates was calculated after 50 and 100 years across the entire
andscapes to examine time-specific sensitivity to parameteriza-
ion (see Sturtevant et al., 2012 more details on procedure).

. Results

.1. Allegheny National Forest

In simulations with deer browsing, biomass removed from the
NF landscape fluctuated between 30 and 50 g/m2 during the first

wo decades before gradually declining from 50 to 35 g/m2 over
he remainder of the simulations (Fig. 5). These early fluctuations

ay  be artifacts of the initial conditions, but balance out relatively
uickly to a moderately declining trend. During this same period
f time, available forage biomass showed a shallow declining trend
o near 23 g/m2 in the simulations with deer browsing. In contrast,
imulations without deer browsing resulted in a decrease in avail-
ble forage biomass from year 30 to year 60, before recovering to
pproximate the same level as simulations with deer browsing by
he end of the simulations.

Deer browsing reduced total aboveground live biomass by 48%
y the end of the simulations (Figs. 5 and 6). Browsing depressed
otal biomass of all species. However, the relative abundance of
ome species increased with deer browsing, particularly for species

hat were less preferred, had a higher tolerance for lost tissue, or
oth (Fig. 7). For example, the relative abundance of the mod-
rately preferred and resilient B. alleghaniensis and B. lenta were
13 and 72% greater after 100-year-simulations with deer brows-
lines) and without deer browsing (gray lines). Note that only results for black lines
(deer browsing) are plotted for biomass removed because the no deer scenario did
not include this model outcome.

ing than they were after simulations without browsing. Other
species increased more moderately to browsing, such as F. gran-
difolia (+10%), which was moderately unpreferred and resilient to
browsing and P. serotina (20%), which was unpreferred but yet vul-
nerable to browsing. In contrast, Quercus spp. (−19%), T. canadensis
(−23%), A. rubrum (−33%), and A. saccharum (−54%) all had lower
relative abundance after 100-year-simulations with deer than in
simulations without deer.

Sensitivity analysis to user-defined deer browsing parame-
ters resulted in little effect on species composition or on forage
biomass removed from the landscape and resulting cohorts killed.
Total aboveground live biomass was  not sensitive to minor (±10%)
changes in any of the browse extension parameters (Appendix B).
Aboveground biomass of specific species was  rarely sensitive to
minor changes in model parameters. However, at year 50 and 100,
F. grandifolia biomass tended to be most sensitive to parameter
adjustments followed by P. serotina and A. saccharum.  Of all of the
parameter adjustments, a change in the Browse Biomass Threshold
had the greatest effect on species biomass, affecting 5 of 9 species

at year 50 by more than 10%. At year 50, total biomass removed and
cohorts killed decreased by 20.1 and 17.0% respectively in response
to a 10% decrease in the deer population index. At year 100, a 10%
decrease in the deer population index resulted in species biomass



N.R. De Jager et al. / Ecological Modelling 350 (2017) 11–29 21

F tional
c

i
1
p

3

i
t
b
t
b
t

ig. 6. Changes in the distribution of total aboveground live biomass at Allegheny Na
auses  an overall reduction in total biomass across the landscape.

ncreases for F. grandifolia,  A. saccharum,  and P. serotina. At year
00, P. serotina biomass decreased with a 10% increase in the deer
opulation index.

.2. Isle Royale National Park

The simulated moose population at Isle Royale initially
ncreased from 1 to 2 moose per km2 during the first two decades of
he simulations before equilibrating near 1.5 per km2 (Fig. 8). The

iomass removed from the landscape showed a similar increasing
rend during the first couple of decades of the model simulation
efore equilibrating near 15 g/m2. Available forage biomass across
he initial landscape was approximately 16 g/m2, which is equiv-
 Forest over a 100-year period with and without simulated deer browsing. Browsing

alent to a carrying capacity of approximately 7 moose per km2 in
the model (Figs. 8 and 9). The rise in the moose population and
biomass removal rates during the first few decades of the simu-
lation corresponded with a reduction in available forage biomass
to approximately 8 g/m2 or a carrying capacity of approximately
3.5 moose per km2. Hence the long term population density was
approximately 40% of the carrying capacity of the landscape, indi-
cating that moose were directly removing 40% of the total forage
availability. These removal rates reflect the effects of random mor-

tality factors and wolf predation, which served to keep the moose
population within 40% of carrying capacity. Such removal rates
were sufficient to cause a reduction in available forage biomass,
as the ‘no moose’ scenario sustained available forage biomass
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Fig. 7. The composition of total above ground live biomass for model simulations with and without browsing by deer at Allegheny National Forest. Note that browsing causes
a  shift in composition away from the most highly preferred species and toward less preferred species (species preferences are given in Table 2A).
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ig. 8. Model results for the Isle Royale landscape with moose browsing (black lin
opulation density and biomass removed because the no moose scenario did not in

bove 20 g/m2 over the long-term (carrying capacity > 8 moose per
m2).

Moose browsing also reduced total aboveground live biomass

y approximately 26% by the end of the simulations (Fig. 8).
ffects of browsing were strongest and caused a decrease in the
elative abundance of the most highly preferred species (A. bal-
d without moose browsing (gray lines). Note that only black lines are plotted for
 these model outcomes.

samea (−500%), B. papyrifera (−154%), P. tremuloides (-190%), and
the other deciduous species (−88%)) (Fig. 10). Effects of browsing
on the moderately preferred species were weaker (A. saccharum

(−68%), B. alleghaniensis (−22%), and T. occidentalis (−26%). Finally,
unbrowsed species increased in biomass and relative abundance
with browsing (P. glauca (+60%), F. nigra (+80%), P. mariana (+70%).
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Fig. 9. Changes to the distribution of available forage biomass at Isle Royale National Park with and without simulated moose browsing.
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auses  a shift in composition away from the most highly preferred species and tow

ence, browsing caused a shift in the composition of aboveground
iomass away from the most highly preferred species and toward
nbrowsed species (Fig. 10).

Total aboveground live biomass was not sensitive to minor

±10%) changes in any of the browse input parameters at year
0 or year 100 (Appendix B). Further, the composition of above-
round biomass was rarely sensitive to minor changes in model
arameters. Only 2 parameter changes resulted in a ∼20% change
 and without browsing by moose at Isle Royale National Park. Note that browsing
ss preferred species (species preferences are given in Table 2b).

in forage availability (Initial population size and population growth
rate). Population size appeared to be slightly sensitive to changes
in parameters that influenced forage availability (and hence carry-
ing capacity) as well as those that directly influenced population

density (consumption rate and population growth rate). However,
only one parameter change led to a > 25% change in population size
(-10% consumption rate) in year 50, and by year 100 population
size was  back to within 2% of the original simulation (Appendix B).
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The total biomass removed from the landscape and number
f cohorts killed were much more sensitive to minor parameter
hanges than any of the other model outcomes. However, both
ncreases and decreases in parameter estimates often had simi-
ar effects on these two outputs. In the first 50 years, all but 3 of
he parameter changes led to increases in biomass removed and
ohorts killed. Yet in year 100, all but 7 parameter changes led to
ecreases in biomass removed and cohorts killed. Further exami-
ation of other time steps not shown in Appendix B indicated that
he sensitivity of these two parameters varied substantially over
ime, without any predictable trends. We  believe that this is due to
he fact that the total biomass removed from the landscape largely
eflects a loss of biomass due to cohort mortality, which is a stochas-
ic process. Hence, the sensitivity of these two model outcomes is

ore likely due to the stochasticity in model simulations than to
hanges in parameter inputs. Furthermore, despite relatively large
hanges in cohort mortality and biomass removed, total biomass
emained relatively unchanged from the original estimates. A > 20%
hange in biomass removed or cohorts killed never corresponded
ith a change in total biomass that exceeded 12% (Appendix B).

. Discussion

The LANDIS-II framework has enabled investigation of the
ffects of a wide-range of landscape-scale disturbances on north-
rn forests (Gustafson et al., 2010; Sheller et al., 2011; Sturtevant
t al., 2012; Duveneck et al., 2014). Effects of timber harvest, wind,
re, and insects are well represented by various extensions that
lug into the core LANDIS-II model. In this paper, we outlined the
evelopment of a new browse extension similar to these previously
eveloped extensions in scope and complexity. This new extension
ill allow researchers and managers to explore effects of browsing,

s well as how browsing might interact with other disturbances
nown to impact forest productivity and succession. Although a
umber of spatially explicit models have been developed to exam-

ne plant-herbivore interactions (e.g., Moen et al., 1997, 1998; van
ene et al., 1999; Kramer et al., 2001, 2003; Coughenour, 2002;
orsyth et al., 2015; Riggs et al., 2015), few achieve the level of
alance among plant and animal components or has such broad
pplicability for a variety of ungulates and forest systems. In the
emainder of this paper we: 1) compare results from two  case
tudies with previously published data to illustrate consistencies
etween model results and our current understanding of effects of
rowsing on forest ecosystems, 2) discuss the strengths and lim-

tations of our modeling approach, and 3) introduce a series of
dditional questions that the model is well-suited to address.

.1. Comparison and validation of case studies

Both case studies showed that browsing, represented as either
n externally defined index (ANF simulation) or as an internally
efined dynamic population (ISRO simulation) can reduce above-
round live biomass and change forest composition and succession.
he primary difference between the two simulations was  that
vailable forage biomass was much more strongly impacted by
erbivory at ISRO than at ANF, despite the fact that both popula-
ions were generally removing 40–45% of available forage biomass.

e suggest that this difference has to do with complex relation-
hips among biomass removal rates, foraging strategy, the number
f species producing available forage biomass, and species-specific
olerances to lost tissue. At ANF, available forage biomass was sup-

orted by a larger species pool than the ISRO simulation, helping to
xplain why estimates of available forage biomass were generally
ower at ISRO. Recall that our fractional foraging strategy removes

 target fraction of available forage from species in rank order. If
odelling 350 (2017) 11–29

more biomass needs to be removed from a site, the most highly pre-
ferred species are browsed again. Thus, a smaller species pool will
lead to higher browsing rates on highly preferred species where the
population (or index) is large, relative to available forage biomass.
We suggest that the greater diversity of species in the diet of deer
at ANF simply dispersed browsing impacts to more species and
reduced the overall impact of browsing. Indeed, foraging strategy
has been shown to have large effects on available forage biomass
and the sustainability of landscapes for ungulate populations in
other plant-herbivore simulation models (Moen et al., 1998). In
both simulations, available forage biomass was more dynamic in
simulations without browsing as compared to simulations with
browsing. We suggest that this is due to the relatively tight coupling
between biomass removal (i.e., browsing) and forage biomass in the
simulations with browsing. In contrast, available forage biomass in
simulations without browsing were more likely to be influenced by
other factors that might alter understory plant growth.

Nevertheless, both simulations resulted in strong declines in
aboveground biomass and changes to forest succession, consistent
with previously published field studies (see below). Not accounting
for effects of browsing in forest ecosystems with dense ungu-
late populations may  result in an over prediction of aboveground
biomass and the abundance of species that are highly preferred
and/or not tolerant of tissue removal. This is critical given that
ungulates are abundant in a wide-array of forest ecosystems.

Although it is not possible to validate model outcomes for future
scenarios, the trends in forest biomass and composition observed
in both landscapes provide some confidence in model outputs.
Across the northern Appalachians, moderate to high deer brows-
ing delays, alters, and even prevents forest regeneration (Marquis
1981; Tilghman 1989; Horsley et al., 2003; Royo et al., 2016).
In our simulations, browsing caused a strong reduction in total
aboveground biomass despite the fact that the deer population
was removing a small fraction of annual net primary productivity.
However, because biomass removal is focused on young cohorts,
browsing actively prevented recruitment into the tree stratum,
thereby constraining the total biomass accrual in mature cohorts.
Browsing impacts on tree regeneration were particularly acute
on highly preferred species including A. rubrum, A. saccharum,
T. canadensis, and Quercus spp. (Hough, 1965; Kain et al., 2011;
Krueger et al., 2009; Long et al., 2007; Whitney, 1984). Modeled
forest composition shifted towards less preferred B. lenta, and B.
allegheniensis, P. serotina, and F. grandifolia with browsing; a result
that is consistent with prior experimental work (Horsley et al.,
2003). The relatively modest increase in beech is perhaps explained
by its low abundance at the beginning of the simulation. Beech
bark disease is not modeled in our simulations, and much of the
observed increase in F. grandifolia regeneration in the region is a
result of root-suckering from plants affected by the disease (Runkle
2007). The fact that T. canadensis increased in both simulations is
unexpected, although the much greater increase without deer is
consistent with the literature. T. canadensis is very shade tolerant,
so some of these results are likely due to the fact that we did not
include harvesting in our model, which would have favored less
shade tolerant species. However, this particular species is impacted
by such a wide-range of environmental factors that it has tradition-
ally been difficult to model (Mladenoff and Sterns 1993).

At Isle Royale National Park, moose browsing limits recruitment
of highly preferred plant species (Risenhoover and Maass, 1987;
Brandner et al., 1990) and accelerates the rate of succession to
unbrowsed species (Snyder and Janke, 1976; McInnes et al., 1992;
Rotter and Rebertus, 2015). In particular, deciduous species, such

as Populus tremuloides and B. papyrifera are browsed year-round,
while Abies balsamea is heavily browsed in winter, especially in
areas where it is rare and where moose densities are relatively high.
Browsing of these species reduces their height growth and biomass
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here browsing rates are high (De Jager and Pastor, 2008; De
ager et al., 2009) and results in localized shifts toward unbrowsed
icea glauca (Snyder and Janke, 1976; McInnes et al., 1992; Rotter
nd Rebertus, 2015). Results from our simulations are consistent
ith predictions derived from these smaller-scale field studies as

he most highly preferred hardwood species and Abies balsamea
eclined strongly in our simulations with browsing as compared to
hose without browsing. As a result, the composition of the land-
cape shifted toward unbrowsed and less browsed conifer species
uch as P. glauca,  P. mariana, and T. occidentalis with moose brows-
ng.

Finally, we were also able to validate our estimates of moose
opulation density against long-term data collected at Isle Royale
Peterson et al., 2014). Using long-term average moose population
nd wolf predation parameters, our relatively simple population
odel was able to reproduce realistic estimates of moose popula-

ion density on Isle Royale, and these population estimates are also
imilar to those in other boreal forests in Alaska and Sweden (Ball
t al., 2000; Peterson et al., 2014; Paragi et al., 2015). Estimates of
orage availability (and hence landscape carrying capacity) were
lso well within the range of previously published estimates for
hese same boreal forests in our browsing scenarios (Persson et al.,
005; De Jager et al., 2009; Lord and Kielland, 2015). In contrast, our
imulations without browsing yielded extremely high and unreal-
stic estimates of carrying capacity (∼8 per km2). Our population

odel relies on the ability to derive estimates of available forage
iomass from annual net primary productivity via a series of user-
efined parameter estimates. We  calibrated these parameters at
he site scale using data from previous field studies (Persson et al.,
005; De Jager and Pastor, 2009; De Jager et al., 2009). However,
e suggest that future users examine site-scale behavior using the

ANDIS-II-Site utility (L2-Site; Miranda and Sturtevant 2016), given
hat different species, ecoregions, and systems should vary in their
bility to produce available browse.

.2. Strengths and limitations of our approach

.2.1. Effect of browsing on ecosystem structure and function
Our primary objective was to better understand and repre-

ent browsing impacts on forest ecosystems, and we  focused our
ttention on the growth and survival of woody species. How-
ver, persistently high rates of browsing by white-tailed deer
n woody species and avoidance of herbaceous and some shrub
pecies has been shown to create the formation of dense recalci-
rant understory layers (e.g., hay-scented fern; Royo and Carson,
006) that can alter, retard, or even arrest tree successional tra-

ectories (Stromayer and Warren, 1997; Horsley et al., 2003; De
ager et al., 2013; Thrippleton et al., 2016). Similar impacts have
een observed at Isle Royale National Park, where heavy moose
rowsing on deciduous species and avoidance of spruce can lead
o the lack of tree recruitment and development of ‘moose-spruce-
avannahs’ (Rotter and Rebertus, 2015). LANDIS-II, like most other
orest dynamics models, is not specifically designed to investigate
ompetitive interactions between trees and other growth forms.
owever, incorporation of the competitive effects of the herba-

eous layer on forest recruitment may  be important in browsing
ystems (Hill, 1996; Thrippleton et al., 2016). Recent model devel-
pments made Riggs et al. (2015) to the FireBGC platform does
nable investigation of competition between woody and herba-
eous species, but this model does not allow for feedbacks to the
ngulate population. Given that browsing has been shown to drive
ransition to non-woody species, future developments in LANDIS-II

ould help enable explicit investigation of this important phe-
omenon.

Browsing can also impact soil fertility when changes in the
lant community correspond with a change in the quantity and
odelling 350 (2017) 11–29 25

quality of plant litter returned to the soil (Pastor et al., 1993). For
example, moose can shift aboveground plant communities toward
dominance by spruce, which has nutrient poor litter that decom-
poses slowly. Reductions to soil fertility could cause feedback to
alter species establishment probabilities, growth rates, and com-
petitive interactions. While the Biomass Succession extension that
we employed here does track and model litter and wood decay, it
does not extend these calculations to soil fertility. Future modelling
efforts could extend browsing impacts to soil fertility by integrat-
ing the browse extension with the Century Succession extension
(Sheller et al., 2011), which does simulate nutrient cycling.

Finally, the Browse Extension is currently designed to function
with the Biomass Succession extension, which has a minimum time
step of one year. Hence, important seasonal dynamics in plant-
herbivore interactions are not currently captured by our model.
For example, herbivores often show strong seasonal differences in
their total demand for forage biomass (Persson et al., 2005), their
preferences for different plant species (Hodgson, 2010), and their
use of different portions of landscapes (Senft et al., 1987). Further-
more, different plant species often respond differently to tissue
removal in summer as opposed to winter (Danell et al., 1994).
In our applications, we attempted to summarize the net effects
of within-year variability in consumption rates, foraging prefer-
ences and plant responses at an annual time step. For example,
we adjusted the foraging preference parameter for balsam fir, a
species moose only eat in winter, by assuming that half of the year
is summer (preference = 0) and half is winter (preference = 0.3, Hod-
son, 2010) resulting in a net annual preference value of 0.15. This
assumption further impacted the annual distribution of the ani-
mal  population through the habitat suitability index. Thus seasonal
differences in animal distribution and foraging pressure were only
indirectly accounted for. We  similarly attempted to summarize sea-
sonal differences in the tolerance of each species to lost tissue and
the per animal consumption rate at the annual time step. While it
might be possible to similarly summarize other parameters in this
way, users should consider whether summarizing the net effects
of seasonal differences might mask processes important to their
questions of interest.

4.2.2. Modeling species preferences and tolerances
Perhaps the most important determinant of long-term effects

of browsing on forest succession is the relationship between the
preference of an herbivore for different plant species and the tol-
erance of those same plant species to biomass removal. Our goal
was to capture the full range of possible preference-tolerance com-
binations by allowing users to define these parameters. Data are
available to develop parameter estimates for plant species pref-
erences. For example, in our ANF case study, we  incorporated
information from Latham et al. (2005), Marquis (1987), Tilghman
(1989), Horsley et al. (2003) and Stout et al. (2013) to relate species
preferences to categorical definitions of browse preference derived
from various wildlife management plans or field studies. However,
we acknowledge that detailed information for all plant species may
not be available for all study areas. Nevertheless, it may be possible
to derive such information from an understanding of plant chem-
istry. There are well-documented relationships between plant food
selection and concentrations of lignin, nitrogen, sugar and toxic
compounds for many plant species (Bryant and Kuropat 1980). Sim-
ilarly, growth responses to lost tissue often differ between species
that display determinate growth (e.g. conifers) and species that
have indeterminate growth (e.g. deciduous species) (Millard et al.,
2001). Depending on how much plant tissue is removed, it may take

a year or more for browsed conifers to replace lost tissue (Edenius
et al., 1995), whereas deciduous species may  be able to replace lost
tissue within the same season (Danell et al., 1985). These differ-
ent growth forms may underpin the tolerance (or lack thereof) of
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ifferent species to lost tissue. They also suggest that it may  be pos-
ible to derive parameter estimates for preference and tolerance
ased on plant chemistry and growth form, helping to understand

andscape-scale impacts of browsing that may  emerge from much
ner scale physiological processes.

.2.3. Modeling population dynamics and carrying capacity
There is a long history of empirical and theoretical research on

nimal population dynamics (Moran, 1950; Cappuccino and Price,
995). Of the many population models that have been developed,
e chose to use one of the simplest and most well-understood

ormulations, therefore allowing for a better understanding of the
nternal feedbacks between the animal and plant components of
he full model. The discrete-time quadratic model has well-known
ynamics, including chaotic behavior, that are dependent on the
opulation growth rate (May, 1975). By changing the population
rowth rate, users have the ability to induce different (known)
ynamics in the ungulate population without any change in the car-
ying capacity of the landscape or other sources of animal mortality.
owever, annual growth rates for ungulate populations should
lways fall between 0 and 1. In our model, such growth rates pro-
uce a population that will smoothly approach carrying capacity
nd remain there over time (i.e., a stable point equilibrium). This is
n important aspect of our model because it ensures that temporal
hanges in the population arise from stochastic variation in pop-
lation parameters and/or changes in carrying capacity. Carrying
apacity emerges from all factors that limit forage biomass produc-
ion (including browse removal). In our application at Isle Royale,
ecadal fluctuations in the moose population reflected feedbacks
etween the carrying capacity of the landscape and the moose pop-
lation. These feedbacks occurred even in the presence of wolf
redation and some additional background mortality that served
o maintain a population at approximately 40% of carrying capac-
ty. Without such additional sources of mortality, the population
ould be expected to cycle with available forage biomass more fre-
uently. But this assumption should be tested with additional case
tudies. Nevertheless, the model provides users with the ability to
nderstand how large-scale changes in forest biomass and compo-
ition (including those induced by browsing) impact the capacity
f landscapes to support herbivore populations. Those interested

n additional feedbacks and interactions among the ungulate pop-
lation and other sources of mortality and predation could further
evelop the population model in future iterations of the browse
xtension.

We defined carrying capacity as the number of animals that
ould be supported by the forage biomass (quantity) available
cross the landscape and given a constant per animal consump-
ion rate. However, some ungulates have the ability to lower their
ietary intake and achieve a smaller body mass, which could lead to

 larger population of smaller bodied animals (Lesage et al., 2001).
he phenomenon could be incorporated into future iterations of the
rowse Extension by making the consumption rate a more dynamic
arameter. Or, perhaps it would be more appropriate to model her-
ivore biomass as opposed to animal density. Another limitation of
ur approach is that all forage types may  not provide adequate
nergy or protein content. Hobbs and Swift (1985) developed a
ethod that identifies the maximum amount of biomass obtain-

ble from a mix  of forage types, such that total biomass meets a
inimum digestible energy or protein concentration. Incorporat-

ng nutritional content of plant foods into the definition of carrying
apacity would require additional information on the chemistry
f the plant foods in the diet of the herbivore, as well as additional

arameterization. However, given that plant food selection and tol-
rance to browsing (see discussion above) as well as the energy and
rotein content of different species are all based on plant physiol-
gy and chemistry, it might be possible to develop more detailed
odelling 350 (2017) 11–29

approaches to modeling each of these processes as direct functions
of plant physiology and chemistry. Finally, our model focuses on
browsing ungulates that primarily feed on the live biomass associ-
ated with woody plants. However, browsing ungulates are known
to feed on herbaceous vegetation during the summer growing sea-
son and even dead leaf litter can contribute to the forage base for
some species (Ditchkof and Servello, 1998; Tremblay et al., 2005).
There is not currently an extension for LANDIS-II that simulates
the growth of herbaceous vegetation and so this component of the
diet of ungulates is not accounted for by our model. The Biomass
Succession extension that we  utilized does track litter production,
however litter is not currently transferred to the available for-
age biomass pool. Further development of the Browse Extension
could be made to account for these contributions to ungulate car-
rying capacity. In the meantime, we suggest that users take into
account some estimate of the non-woody biomass in the diet of
the herbivore they are modelling and incorporate it into the esti-
mate of annual consumption rate. For example, we estimated that
85% of the annual dry matter intake for moose is from woody plants
(Persson et al., 2005) and we used this estimate to reduce the annual
per animal forage demand. This approach may work well for a
species such as moose, but may  not be appropriate for other species
that consume a much larger fraction of biomass from herbaceous
species (e.g., elk).

4.2.4. Habitat suitability
In both the dynamic and non-dynamic applications of our

model, we employ moving window algorithms to scale-up site
specific information about the abundance and composition of dif-
ferent forage resources as a way  to link the herbivore population
to impacts on individual sites. However, herbivore population
distributions may reflect broad-scale distributions of other envi-
ronmental variables, such as topography and avoidance of or
preference for specific land cover types (Senft et al., 1987). Although
we did not incorporate such information in our model application,
the architecture of the model should easily support the incorpora-
tion of other internal (model-derived) or external geographic data
sets in determining the factors affecting the spatio-temporal distri-
bution of the browser population and associated browsing rates. In
addition, spatially explicit data sets on herbivore population den-
sity exist for some systems and could be used to calibrate and
validate population distributions produced by our model.

4.3. Future research and management applications

Browsing ungulates inhabit a wide-range of forest ecosystems
and they can cause changes to forest productivity, aboveground
biomass, and successional trajectories through selective foraging
on species that often dominate early succession. However, the long-
term and large-scale effects of ungulates on forest succession are
not well understood given the difficulties inherent in projecting
species interactions and scaling up small-scale effects on plant
growth and forage production. We  have developed a process-based
spatially explicit model that should help to provide a more rigor-
ous method of scaling the effects of ungulate browsing to landscape
scales and long time periods ( > 100 years) and thus provide a better
understanding of browsing on forest succession. Browsing can also
interact with other disturbance regimes (e.g. wind, fire, harvesting,
and insects) to further alter forest productivity and composition
in ways that may  feedback to change future disturbance regimes
and browsing impacts. Our model can be used to address a range
of potential research and management questions revolving around

the interactive effects of browsing, disturbances, and vegetation
dynamics at landscape scales. For example, how does browsing
interact with timber harvesting? How does browsing interact with
other disturbance regimes, including fire, wind and insect out-
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reaks? How does browsing interact with climate change effects
n species establishment and growth rates and how does climate
ffect the herbivore population and its impacts on forest growth?
ow do different herbivore population management actions such
s hunting and predator population management interact with for-
st productivity to modify herbivore population size, landscape
arrying capacity, and forest structure? These questions have fun-
amental implications for many forested ecosystems worldwide
upporting populations of browsing ungulates.
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