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Abstract

Although ungulate herbivory influences forest dynamics over a variety of spatial and temporal scales, relatively few models
have been developed for investigating browsing effects on tree regeneration processes. We describe a new, mechanistic model
(HUNGER) that modifies a well-established mathematical formulation for plant nutrient transport and conversion processes
to simulate sapling response to ungulate browsing and light availability. The HUNGER model simulates primary production,
height and diameter growth, dry matter allocation, and population dynamics of tree saplings at the scale of small (e.g. 0.001 ha)
regeneration patches.

The model was applied toPicea abiessaplings in mountain forests of eastern Switzerland after calibration based on data
for sapling height growth, radial growth, and biomass components under varying light conditions. Independent data were used
to test the ability of the model to represent sapling responses to browsing. The model slightly over-predicted sapling height,

biomass.
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while no significant differences were found between simulated and observed basal diameter, total biomass or leaf
Model experiments were conducted to explore the interactive effects of winter browsing intensity and relative light ava
upon sapling net growth. Simulated shading effects were gradual until approximately 40% relative light availability (if br
pressure was low) or 60% relative light availability (if browsing pressure was high). Below these values, the model s
sharp declines in net growth rate. Model results suggest nonlinear responses to browsing and light availability, and the
of light intensity thresholds for forest regeneration that should be relevant for management activities affecting deer de
crown cover.
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1. Introduction

In recent decades, numerous computer simula
models have been developed for investigating fo
growth and yield dynamics, stand development,
long-term forest succession (e.g.Botkin et al., 1972;
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Pacala et al., 1993; Robinson and Ek, 2003). Most such
models focus on tree growth processes, often repre-
senting mortality and especially regeneration with rela-
tively unsophisticated formulations (Bugmann, 2001).
Yet “bottom-up” factors influencing tree establishment
and sapling growth, including mammalian herbivory,
snow damage or the availability of suitable microsites
for seed germination, may affect forest dynamics over
a variety of spatial and temporal scales. The effects of
browsing ungulates on forest regeneration are signif-
icant on a worldwide basis and interact strongly with
other influences including the understory growing envi-
ronment, disturbance regimes, and historical land-use
patterns (Gill, 1992; Weisberg and Bugmann, 2003).

Current models of long-term forest dynamics that
consider herbivore effects have represented browsing
responses using simple empirical formulations (e.g.
Bugmann, 1996; Jorritsma et al., 1999; Kienast et al.,
1999). Browsing intensity may act as a filter upon the
probability of tree regeneration (Bugmann, 1996), en-
tire saplings may be consumed whenever browsing oc-
curs (Jorritsma et al., 1999), or empirically derived
functions are used to model browsing intensity effects
upon height growth (Kienast et al., 1999; Seagle and
Liang, 2001) or rate of sapling mortality (Weisberg and
Coughenour, 2003). Although such approaches have
the advantage of simplicity and ease of parameteri-
zation, they have the disadvantage of not permitting
modeling of the plant-herbivore system beyond the
bounds within which the empirical relationships were
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shading, temperature, and availability of water and nu-
trients (Edenius et al., 1995; Bugmann and Weisberg,
2003; Weisberg and Bugmann, 2003). Since sapling
morphology and carbon reserve dynamics depend on
the interaction between past growing conditions (espe-
cially light availability) and browsing history, it is dif-
ficult to come up with simple empirical functions for
sapling responses to either factor (browsing and light)
independent of the other. Therefore, it seems important
to represent the interaction between browsing and light
in a more explicit manner, which might include some
of the processes by which sapling growth and nutri-
ent allocation respond to herbivory. Such an approach
would facilitate the exploration of key physiological
and morphological interactions during regrowth fol-
lowing browsing.

Berninger et al. (2000)utilized a modified trans-
port resistance approach (Thornley, 1972) to model the
growth responses of a tropical leguminous tree to sil-
vicultural pruning, a process in many ways similar to
ungulate browsing. The transport resistance approach
simulates dry matter partitioning among plant organs
mechanistically as material flows between sources and
sinks of carbon and nitrogen (Thornley, 1991). This
approach is at the core of the mathematical model de-
scribed in this paper. Our objective was to develop a
process-based model of sapling growth and allocation
that simulates the outcome of ungulate browsing as
an emergent property of underlying sapling responses.
Such a model should be useful both for its practical ap-
p tive
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Many modeling approaches do not account for

istorical dimension of sapling response to brows
uch responses may be conditioned by the lega
ast browsing events and changing growth envi
ents, as manifested in current plant nutritional sta
xperimental studies have convincingly demonstr

hat sapling response to clipping is strongly conditio
y the availability of stored nitrogen (e.g.Millard et al.,
001). The influence of carbon status is less clear,
umerous studies showing a decline of carbohyd
eserves associated with regrowth following clipp
ut also an inability of plants to utilize all of their ca
ohydrate reserves, suggesting an opportunity co
arbon storage in response to herbivory (reviewe
hapin et al., 1990, pp. 436–437).
Sapling responses to browsing likely depend u

any interacting environmental influences includ
lications in forestry, and for developing a predic
nderstanding of how ungulate browsing influen

orest regeneration under different growing conditio
n this paper, we describe the model, its calibration
esting for two mesic mountain forests in Switzerla
nd discuss emergent findings concerning the int

ive effects of winter browsing intensity and relat
ight availability upon the ability of saplings to gro
eyond the reach of browsing ungulates.

. Methods

.1. Model description

HUNGER (Herbivory by UNGulates and its Effec
n forest Regeneration) simulates primary produc
ry matter allocation including height and diame
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growth, and population dynamics of tree saplings in re-
sponse to browsing intensity, shading, and climate. The
model is mechanistic with regard to partitioning of car-
bon and nitrogen among shoot and root tissues, a criti-
cal process for simulating realistic responses to brows-
ing events. In HUNGER as in the real world, sapling
responses depend upon the past history of growth and
carbon allocation as reflected in current sapling mor-
phology (i.e. shoot:root ratio, crown shape) and avail-
ability of reserve and substrate carbon. HUNGER sim-
ulates transport of carbon and nitrogen between shoot
and root systems, and conversion of carbon between
substrate, reserve, and structural forms. Water uptake
and transpiration are not explicitly represented in the
model, and an assumption is made (not unreasonable
for our mesic study area in the Northern Swiss Alps)
that water availability is not limiting for tree growth.
Partitioning of carbon and nitrogen is based on a trans-
port resistance approach (Thornley, 1972, 1991), but
modified so as to include reserve carbohydrate pools
(i.e. plant starches) as inBerninger et al. (2000)and
Levy et al. (2000). As in Levy et al. (2000)meris-
tems are not simulated explicitly. FollowingBerninger
et al. (2000), the transport resistance approach is used
to represent transport of nitrogen and carbon between
aboveground and belowground tissues, but not be-
tween separate components of aboveground and be-
lowground parts (e.g. leaf, branch, stem), which are
instead represented using empirical functions of light
availability.
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cess influencing sapling growth and morphology. This
is similar to the use of a similar model byBerninger
et al. (2000)to predict the response of a tropical tree
species (Gliricidia sepium) to alternative green pruning
regimes.

The model describes sapling growth and survival
to beyond the reach of ungulate browsing at the scale
of small (e.g. 0.001 ha) regeneration patches. Although
the dynamics of multiple age cohorts and species of tree
saplings may be represented simultaneously, the model
is an individual-based plant model. In this paper, we re-
port only on how the model represents growth and dry
matter allocation at the level of individualPicea abies
saplings. We usedP. abiesas our model species not
because it is a preferred browse species in the study
area (it is of relatively low palatability), but because
(1) it is the dominant tree species in much of the north-
ern Swiss Alps and (2) its physiological characteristics
(i.e. model parameters) are relatively well known in the
literature.

2.1.1. Basic structure
Each modeled regeneration patch may include mul-

tiple tree species, and each tree species may include
multiple age cohorts. Age cohorts are initiated when a
regeneration event occurs, and persist within the model
until either all members have died or the height of the
cohort has exceeded a user-defined height threshold
where saplings are beyond the reach of ungulate her-
bivores. In this paper, we report results for the dynam-
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Our modeling approach differs from previous, si
ar efforts in several respects. Unlike earlier approa
hat consider only quantities of biomass in vari
lant compartments (Thornley, 1972; McMurtrie an
olf, 1983; Levy et al., 2000; Berninger et al., 200),

apling height and diameter are tracked as inde
ent variables. Sapling morphology is represente

he sense of vertically explicit accounting of shoot
ues, and variable branch lengths for different he
ayers within the sapling crown. Morphological plas
ty of saplings in shaded environments is included u
mpirical adjustments for allometric coefficients
ording to relative light availability. Simulated saplin
lso adjust to shade in that lower branches self-p

f they experience a long-term carbon deficit. Plan
ponses to environmental variability (temperature
rogen, potentially soil moisture) are included. Fina
he HUNGER model includes browsing as a key p
cs of only a single cohort of one species. Growth
llocation processes are modeled for a single “re
entative sapling” within each cohort, over a sub-d
0.1 day) time step. Sapling numbers within a co
re adjusted according to mortality functions, descr
elow, over an annual time step. The model is im
ented in Microsoft Visual Studio 6.0, and is code
++.
The model simulates flows between carbon p

structural, substrate, and reserve) separately for
nd root systems (Fig. 1). SubstrateC (CSub) photosyn

hesized from solar radiation that is not lost to resp
ion may be converted to structural aboveground car
on (CStx) in the growth process, converted into sta
eserves (CRes), or translocated to the roots. A mass b
nce is similarly modeled for the plant substrate f
f nitrogen (NRes). Nitrogen uptake, translocation

he shoot system, and conversion to biomass in gr
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Fig. 1. Carbon flows within the model. Boxes represent pools or state variables, while arrows represent material flows between pools. Note that
the leaf, branch, stem, fine root, and coarse root pools are in units of dry biomass, while the reserve, substrate, and structural pools (for both
shoots and roots) include only the carbon component.

are simulated. These processes are described in greater
detail below.

2.1.2. Mass balance
The mass balances (i.e. state equations) of biomass,

carbon, and nitrogen within the various plant compart-
ments can be expressed according to the following dif-
ferential equations:

2.1.2.1. Shoot system.

dCSub,s

dt
= P − Tc −GC,s − Rg,s −Xs − Rm,s

−SCsub,s −HCsub− ZCsub (1)

dCRes,s

dt
= Xs −HCres (2)

dCStx,s

dt
= Gc,s − SCstx,s −HCstx − ZCstx (3)

dNSub,s

dt
= −GN,s − TN − SNsub,s −HNsub− ZNsub

(4)

where all variables are defined inTable 1. The time
step used to solve these equations (dt) is 0.1 days. Eqs.
(1)–(4) refer to carbon and nitrogen quantities, while
the following equations refer to dry biomasses (B’s)
of leaves (L subscripts), branches (B subscripts) and
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Table 1
Abbreviations used to describe the mass balance algorithms of the HUNGER model

Symbol Name Units

BL Leaf biomass gDM

BB Branch biomass gDM

BS Stem biomass gDM

BFR Fine root biomass gDM

BCR Coarse root biomass gDM

CSub,i Carbon substrate concentration (i = shoot, root) gC/gDM

CRes,i Carbon reserve concentration (i = shoot, root) gC/gDM

CStx,i Structural carbon concentration (i = shoot, root) gC/gDM

Gi New biomass growth allocated toi = L, B, S, FR, CR gC

GC,i Carbon growth utilization (i = shoot, root) gC

GN,i Nitrogen growth utilization (i = shoot, root) gC

Hi Biomass loss to herbivory (i = L, B, S) gC

HCstx Structural carbon loss to herbivory gC

HCsub Substrate carbon loss to herbivory gC

HCres Reserve carbon loss to herbivory gC

HNsub Substrate nitrogen loss to herbivory gC

NSub,i Nitrogen substrate concentration (i = shoot, root) gN/gDM

P Gross primary production gC

Rg,i Growth respiration (i = shoot, root) gC

Rm,i Maintenance respiration (i = shoot, root) gC

SCsub,i Substrate carbon loss to senescence (i = shoot, root) gC

SCstx,i Structural carbon loss to senescence (i = shoot, root) gC

TN Nitrogen translocation, shoot to root gC

SNsub,i Substrate nitrogen loss to senescence (i = shoot, root) gC

Si Biomass loss to senescence (i = L, B, S, FR, CR) gC

TC Carbon translocation flux, shoot to root gC

TN Nitrogen translocation flux, shoot to root gN

UN Nitrogen uptake gN

Xi Change in carbon reserve concentration gC/gDM

ZCstx Structural carbon loss to self-pruning gC

ZCsub Substrate carbon loss to self-pruning gC

Zi Biomass loss to self-pruning (i = L, B) gC

ZNsub Substrate nitrogen loss to self-pruning gC

The abbreviations L, B, S, FR and CR refer to leaf, branch, stem, fine root and coarse root, respectively. The unit expressions gC, gN, and gDM
refer to grams of carbon, grams of nitrogen, and grams of dry matter, respectively.

stems (S subscripts):

dBL

dt
=
Nh∑
h=1

(GL,h − SL,h −HL,h − ZL,h) (5)

dBB

dt
=
Nh∑
h=1

(GB,h − SB,h −HB,h − ZB,h) (6)

dBS

dt
=
Nh∑
h=1

(GS,h − SS,h −HS,h) (7)

where changes in biomass are iterated over height lay-
ers (h) through the number of height layers in each
representative sapling (Nh), Gi is the new biomass
growth allocated toi = leaves, branches and stems,Si
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the biomass loss to senescence,Hi the biomass loss to
browsing, andZi the biomass loss to self-pruning.

2.1.2.2. Root system.Eqs.(8)–(11)for carbon and ni-
trogen balance of roots are analogous to Eqs.(1)–(4)
for the shoot system:
dCSub,r

dt
= Tc −GC,r − Rg,r −Xr − Rm,r − SCsub,r

(8)
dCRes,r

dt
= Xr (9)

dCStx,r

dt
= Gc,r − SCstx,r (10)

dNSub,r

dt
= UN + TN −GN,r − SNsub,r (11)

Eqs.(12)and(13)for biomass increments of fine roots
(subscript FR) and coarse roots (subscript CR) are anal-
ogous to Eqs.(5)–(7) for the shoot system, except that
roots are neither partitioned into height layers nor di-
rectly reduced by ungulate herbivory:

dBFR

dt
= GFR − SFR (12)

dBCR

dt
= GCR − SCR (13)

2.1.3. Gross primary production
Gross primary production (P) is estimated sepa-

rately for, and then summed over each height layer of
e milar
t
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layer (Inh) is iteratively reduced by light absorption in
each of the layers above.

Radiation conversion efficiency (EP) is the prod-
uct of a species-specific optimal efficiency (kP) and
a parabolic temperature-dependent modifier function.
The model structure also contains modifiers onP for
soil moisture and nitrogen effects, but these have not
been used in the present study. No information is avail-
able on soil nitrogen in the study area, and hydrological
processes are not yet implemented in the model. How-
ever, the study area is quite mesic at all seasons, and it
is reasonable to assume that water limitations onP are
not important.

2.1.4. Respiration
In a widely used formulation (Le Roux et al., 2001),

maintenance respiration (Rm) per unit structural carbon
mass (Cstx) is an exponential function of temperature
(T):

Rm = kzr ektrT Cstx (16)

wherekzr is the maintenance respiration rate at 0◦C
andktr a temperature coefficient (assumed constant at
0.0693, analogous to aQ10 coefficient of 2). Growth
respiration (Rg) is calculated as a constant fraction (kgr)
of structural carbon allocated to growth (Gc):

Rg = kgrGc (17)

2

(
t

G

G

w ro-
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ach representative sapling, using an approach si
o that ofLandsberg and Waring (1997):

=
Nh∑
h=1

EPIh (14)

hereEP is the radiation conversion efficiency a
h the quantity of photosynthetically active radiat
PAR) intercepted (MJ) in height layerh. Intercepted
AR is calculated using Beer’s law (Monsi and Saek
953) and simple geometric relationships, assumi
ylindrical crown shape, as inBerninger et al. (2000:

h = Inh πBl2h(1 − e−kExt Lbh(kSLAπBl2h)
−1

) (15)

here Blh is the branch length (m),kExt the light ex-
inction coefficient,kSLA the specific leaf area, Lbh the
eaf biomass (g), and Inh the irradiance (MJ m−2) inci-
ent upon height layerh. The light incident upon eac
.1.5. Growth
As in Levy et al. (2000)and the originalThornley

1972)model, utilization rates of carbon (GC) and ni-
rogen (GN) in structural growth are given by

C = kf CuWs (18)

N = kfNuWs (19)

herekf C andkfN are the fractions of carbon and nit
en, respectively, in structural matter. Relative gro
ate (u) is directly proportional to the product of ca
on and nitrogen substrate concentrations, follow

he Michaelis–Menten formulation:

u =



kumxCsubNsub

ku + CsubNsub
Csub ≥ kCTh, Nsub ≥ kNTh

0 else
(20)



P.J. Weisberg et al. / Ecological Modelling 185 (2005) 213–230 219

where Csub and Nsub are substrate carbon and ni-
trogen concentrations, respectively,kumx and ku are
Michaelis–Menten coefficients, andkCTh andkNTh are
threshold carbon and nitrogen substrate concentrations
below which growth cannot occur. The same equations
are used to calculate structural growth of shoots and
roots, except that the parameter values forkumx, ku,
kCTh, andkNTh may differ.

2.1.6. Dry matter allocation
Carbon partitioning between shoot and root sys-

tems is an emergent outcome of the transport and con-
version processes modeled, following the general ap-
proach originally outlined inThornley (1972). How-
ever, the modeling of dry matter allocation within these
systems is based on empirical functions derived from
harvested saplings (see below). Allocation to fine ver-
sus coarse components of root tissue is modeled using
an empirical allometric coefficient (kFrCr). For shoots,
the proportion of new structural carbon allocated to
stem tissue is represented as an empirical function of
relative light availability, such that an increased pro-
portion is allocated to stem tissue under conditions of
higher light. This pattern allows saplings growing in
the shade to develop characteristic growth forms with
a high ratio of crown diameter to tree height, and long
lateral branches near the top of the sapling (i.e. an
“umbrella” or flat-topped appearance, which was also
observed in the sampled saplings). Such morphologi-
cal plasticity leading to plate-shaped crowns has been
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availability. This, in combination with self-pruning,
further enables morphological plasticity of saplings in
dense shade. Second, for each height layer the model
checks whether there is the expected proportion of leaf
biomass relative to the branch biomass present. This
expected proportion varies according to an empirical
function of light (kLfBr ), consistent with the observa-
tion from destructively sampled saplings thatP. abies
saplings in greater shade have a greater ratio of leaf
to branch biomass. The proportion of leaf to branch
biomass might differ fromkLfBr due to senescence or
browsing, which reduce leaf and branch tissues at dif-
ferent rates. If there is too little leaf, the plant first allo-
cates sufficient biomass to leaves so that the expected
allometric relationship (kLfBr ) is achieved, before allo-
cating the remaining biomass.

2.1.7. Height and diameter growth
In order for tree form to be represented, stem

biomass growth must be converted into volume in-
crement and then partitioned into height and diame-
ter components. Unlike many forest succession models
that assume a constant allometric relationship between
tree height and diameter regardless of growing environ-
ment, the HUNGER model allows height and diameter
to vary independently. The increment of wet stem vol-
ume (dVw) is calculated from the increment of dry stem
volume (dVd) as

d
AST dVd

w m,
k -
t een
t ew
s of a
c dex
o

V

T

�

G
c func-
idely observed for saplings of a variety of tree spec
articularly for late-successional species growin
eep shade (e.g.King, 1994; Messier and Nikinma
000), and has been reported forP. abies(Greis and
ellomäki, 1981). Our approach, however, does
llow for asymmetric crown growth responses to lo
ifferences in light availability, as can be modeled

ng more detailed representations of the crown gro
rocess (e.g.Moravie et al., 1997; Robert, 2003). New
arbon allocated to stem tissue is converted to biom
nd distributed uniformly among the stem compon
f the various height layers.

The portion of shoot growth biomass not alloca
o stem is partitioned to leaves and branches
ulti-step process. First, this quantity is divided am
eight layers such that the relative amount of bra
nd leaf biomass allocated to the upper third of
hoot varies according to an empirical function of li
Vw =
kWD

(
1 − kVsk

100

) (21)

hereAST is the allocation of biomass to the ste
WD a wood density parameter, andkVsk a parame
er describing volumetric wood shrinkage from gr
o oven-dry volume (% units). Assuming that the n
tem volume increment takes the geometric form
one, wet volume increment is converted into an in
f tree-volume increment (Vx):

x = dVw
12

π
= �D2H (22)

he differentiation ofD2H yields

(D2H) = 2DH �D+D2�H = Vx (23)

iven this relationship, diameter (D) and height (H) in-
rements are then calculated independently as a
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tion of relative light availability, followingLindner
et al. (1997):

dD = Vx

2HD+ fHD2
(24)

dH = fH Vx

2HD+ fHD2
(25)

given that

fH = kSm + kE1

(
1

Lrel
− 1

)
(26)

where fH is a coefficient describing the relative pro-
portion of volume increment that is converted to height
growth,Lrel the relative light availability (proportion
of extraterrestrial photosynthetically active radiation)
incident upon the tree regeneration layer, andksm and
kE1 are curve-fitting parameters for the effect of shad-
ing (hence, competition) on relative allocation to height
growth, as inLindner et al. (1997).

2.1.8. Carbon reserve dynamics
Starch breakdown (reserve unloading) and synthe-

sis (reserve loading) follow the approach ofBerninger
et al. (2000):

X = (Csub− kCThr)W0.2

krs

reserve unloading, Csub ≤ kCThr (27)

w ega-
t e
c s
o s-
t
m the
s n-
c ized
o hen
s
W rch is
a imal

allowable concentration, the rate of starch accumula-
tion decreases asymptotically untilkRmax is reached.
The rate of conversion in either direction is increased
by greater structural biomass. The same equations are
used to calculate carbon reserve dynamics of shoots and
roots, except that all parameter values are permitted to
differ.

2.1.9. Translocation
Following Berninger et al. (2000)and Thornley

(1997), we use a modified transport resistance approach
to simulate transport of carbon and nitrogen substrate
between shoot and root:

TC =
(

1

W0.2
s

+ 1

W0.2
r

)−1

(Csub,s − Csub,r)kTCktt

(29)

TN =
(

1

W0.2
s

+ 1

W0.2
r

)−1

(Nsub,s −Nsub,r)kTNktt

(30)

whereTC is the transport rate of carbon from shoot
to root (note that a negative value would lead to car-
bon flow in the reverse direction),TN the transport rate
of nitrogen from shoot to root,Ws andWr are the dry
biomasses of shoots and roots, respectively,Csub,sand
Csub,rare the carbon substrate concentrations in shoots
and roots, respectively,Nsub,sandNsub,r are the nitro-
gen substrate concentrations in shoots and roots, re-
spectively,kTC andkTN are transport conductance co-
e d
i

ere-
f en-
t d in-
v ral
m ich
p trate
c ature
m del-
i und
i can
b

2
ore
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s

X =
(

1 −
(
CRes

kRmax

)3
)

(Csub− kCThr)W0.2

krs

reserve loading, Csub> kCThr (28)

hereX is the change in reserve concentration (n
ive if unloading, positive if loading),CResthe reserv
arbon concentration (gC/gDM),W the dry biomas
f the shoot or root system,krs the conversion resi

ance between substrate and reserve carbon,kRmax the
aximal concentration of reserve carbohydrates in

hoot or root, andkCThr is the threshold reserve co
entration that determines if reserves are mobil
r accumulated. Reserve carbon is mobilized w
ubstrate carbon concentrations are lower thankCThr.
hen substrate concentrations are high, more sta

ccumulated. As the reserves approach their max
fficients for carbon and nitrogen, respectively, anktt
s a temperature coefficient.

The rate of transport between shoot and root is th
ore directly proportional to the difference of conc
rations between shoot and root substrate pools, an
ersely proportional to the reciprocal of plant structu
ass. The direction of flow is determined by wh
lant tissue type (shoot or root) has greater subs
oncentration. It was necessary to add the temper
odifier of translocation rate because we are mo

ng plant growth and allocation processes year-ro
n a temperate system where winter temperatures
e limiting for transport processes.

.1.10. Nitrogen uptake
In the absence of soil nitrogen data to develop a m

omplex model (e.g.Berninger et al., 2000), we repre
ented the nitrogen uptake to the roots (UN), following
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Thornley (1997)as

UN =


 kNWFR

1 +
(
Nsub,r

kJN

)

 kTN (31)

whereWFR is the dry biomass of fine roots,kN a nitro-
gen uptake efficiency parameter,kJN a parameter pro-
viding for inhibition of N uptake when root nitrogen
concentration is high, andkTN a temperature coeffi-
cient where nitrogen uptake may be reduced at cold
temperatures.

2.1.11. Senescence, self-pruning, and browsing
Simulated saplings can lose biomass in three distinct

ways, through senescence, self-pruning, and browsing.
The senescence rate (Si) of a given biomass compart-
ment i (i.e. plant organ: stem, branch, leaf, fine root,
coarse root) is simply a fixed proportional loss:

Si = ksiWi (32)

whereksi is a proportional loss parameter. In the case
of leaves,ksi can vary by month of the year; for other
tissue types,ksi is a constant.

Losses of substrate carbon and nitrogen are as-
sumed to be directly proportional to losses of structural
biomass, although a fixed proportion of retranslocation
prior to senescence is assumed:
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greater than those growing under more shaded con-
ditions (relative light availability from 0.10 to 0.25).
Self-pruning is simulated by tallying, for each height
layer in the representative sapling of each cohort, the
number of growing seasons for which maintenance res-
piration has exceeded gross primary production (i.e. a
carbon deficit). When the carbon deficit tally exceeds a
species-specific threshold(kPrune), all branch and leaf
biomass is removed from that height layer. Losses of
substrate carbon (ZCsub) and nitrogen (ZNsub) from the
self-pruned height layers are calculated as for normal
senescence (Eqs.(32)–(34)).

Browsing is simulated as a stochastic process. A
model input, the species-specific proportion of saplings
undergoing browsing in a given year or month, is
treated in the model as the probability of the represen-
tative sapling for a given cohort being browsed during
that time period. Whether browsing occurs in any time
step is determined using aU(0, 1) random variate.

Two forms of browsing are modeled: top-down and
lateral. Top-down browsing can be treated either as a
fixed height increment removed (cm) each time brows-
ing occurs, or as a removal of current annual growth (or
if browsing occurs in winter, the previous season’s an-
nual growth). In either case, the structural dry mass of
completely browsed height layers, and a proportional
quantity of structural dry mass of partially browsed
height layers, are decremented from leaf, branch and
stem tissues, and from the pool of shoot structural car-
bon. Shoot substrate carbon (HCsub), substrate nitrogen
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Csub,j = (1 − kCRT)Csub,s
Wj

(33)

Nsub,j = (1 − kNRT)Nsub,s
Sj

Wj
(34)

hereSCsub,j andSNsub,j are senescence rates for c
on and nitrogen substrates, respectively, in plant ti

ypej (shoot or root),kCRT andkNRT are retranslocatio
oefficients for carbon and nitrogen,Wj the dry biomas
f shoot or root tissue, andSj the total amount of struc

ural biomass lost through senescence from sho
oot tissue. It is assumed that no reserve carbon is
uring senescence.

The model also represents self-pruning, wh
aplings tend to lose their lower branches under sh
onditions. Self-pruning was widely observed inP.
biessaplings sampled under field conditions. Sapl
rown in full sun (relative light availability from 0.67
.83) had live crown ratios that were on average 1
HNsub), and reserve carbon (HCres) are decremente
roportionally to the level of biomass removed, w
ut retranslocation.

Lateral browsing is simulated as a stochastic pro
ndependent of top-down browsing, and both type
rowsing may be simulated simultaneously. In lat
rowsing, a height layer to be browsed is randomly

ected with a uniform probability. A user-input, fix
ranch length increment (cm) is removed each
tep when browsing occurs. Losses of structural
ass, carbon, and nitrogen pools occur analogous

or top-down browsing, except that no stem biom
s removed (only leaves and branches are late
rowsed).

.1.12. Phenology
Phenology is represented quite generally in

odel, by using mean daily temperature to define
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ginning and ending dates for the growing season. Grow-
ing degree-days are accumulated as temperature ex-
ceeds a critical threshold (kTDD), and the growing sea-
son begins once a critical number of growing degree-
days (kiDD) has been reached. The growing season ends
either when the number of growing degree-days has ex-
ceeded a critical threshold (kfDD) or when mean daily
temperature has fallen below the minimum temperature
for plant growth (kTMN). Growth and dry matter alloca-
tion occur only during the growing season; other plant
processes (e.g. production, respiration, translocation,
carbon reserve dynamics) can occur all year but are
regulated by temperature. Although simple, this rep-
resentation of phenology allows the model to capture
qualitative differences in growing season effects be-
tween sites and weather years. More complex, realistic
approaches (reviewed inKramer, 1994) might be useful
for capturing seasonally varying browsing responses,
but would require additional data to parameterize.

2.1.13. Sapling population dynamics
Eqs.(1)–(34) refer to the growth dynamics of indi-

vidual saplings, each representing the dynamics of an
entire age cohort. Each cohort is composed of iden-
tical individuals. The growth dynamics of individual
saplings are linked to the population dynamics of tree
regeneration patches through the influence of the an-
nual height growth rate on sapling mortality. As for
most forest gap models (reviewed inBugmann, 2001),
our model assumes that low growth rates are indicative
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an annual time step, sapling numbers within a cohort
(NC) are therefore modeled as

dNc

dtm
= NC − (MB,c +MZ,c +MS,c) (35)

At the level of an age cohort, there is by definition
no recruitment of new saplings. Recruitment of over-
all sapling numbers of a given species occurs dur-
ing the establishment of new cohorts, and is not de-
scribed here, since the current work describes growth
and mortality of individual cohorts within a single
species.

2.2. Model calibration and testing

The model was calibrated using field data forP.
abiesgrowth and biomass components from the Wer-
denberg region of eastern Switzerland, in Canton
St. Gallen. The particular site (9.3816 E longitude,
47.1918 N latitude) is located on a north-facing slope
at an altitude of approximately 1100 m. Climate is typ-
ical for the Northern Alps, with strong oceanic influ-
ences and an interpolated mean annual precipitation
of 2000 mm (Spreafico and Weingartner, 1992). The
geology is loosely structured diamictite below very
clayey soils, with acidic pH values. Forest composi-
tion is conifer-dominated with a fairly even represen-
tation of Norway spruce (P. abies) and European silver
fir (Abies alba) in the upper canopy, and broad-leaved
tree species (mainlyFagus sylvatica) in the subcanopy.
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he beginning of each growing season. Stress mor
MS) occurs according to a species-specific proba
ty each year during which the number of slow-grow
ears exceeds a species-specific threshold. The nu
f slow-growth years is incremented each year he
rowth falls below a threshold value, and is reset
ach year height growth exceeds that value.

Additional modeled sources of mortality inclu
stochastic mortality component (MZ), as well as

rowsing-related probability of mortality (MB) related
o a user-defined input function of mortality proba
ty according to the proportion of sapling biomass c
umed. The former allows for sapling mortality due
rocesses not represented by the model, while the
llows browsing to kill saplings through mechanis
ther than stress associated with growth reduction
wenty-oneP. abiessaplings were harvested from t
ite, excluding root systems. Saplings were sele
o cover a wide range of height classes (12–113
nd light environments (9–83% canopy light transm

ance).
The light environment experienced by each sap

as sampled by taking a single hemispherical ph
raph at approximately 5–30 cm above sapling he
sing a digital camera (Nikon Coolpix 990 camera w
n FC-E8 fisheye lens, focal length 8.2 mm) set
elf-leveling mount, oriented to magnetic north. P
ographs were taken on an overcast day with even l
ng conditions. Key parameters of the light regime w
stimated from image analysis of the photograph

n Canham et al., 1994), using the Gap Light Ana
yzer software (GLA;Frazer et al., 1999). Relative ligh
vailability was estimated for each sapling as the r
f total light transmitted to the extraterrestrial radiat
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above canopy height. We used ArcView GIS software
and a 25-m resolution digital elevation model to calcu-
late a “topographic mask” that the GLA software used
to account for topographic shading effects of nearby
ridgelines.

Sapling height and basal diameters were measured
prior to harvest, using a metric ruler and dial caliper
with 0.1 mm precision. Following harvest, saplings
were oven-dried to constant weight, at a temperature
of 105◦C for at least a 24-h period. Needles were re-
moved and weighed. Stems and branches were sliced
prior to drying into 10-cm vertical sections, and then
weighed separately within each section. After weigh-
ing, the bottom-most section was sliced into thin discs.
Each disc was sanded using sandpaper of progressively
finer grit until tracheids were clearly visible under mag-
nification. Tree rings were then counted along 2 radii,
independently by two dendrochronologists. The old-
est ring count, representing the earliest year of woody
growth at the position of the root collar, was used to
indicate sapling age.

Model calibration runs “grew” the Werdenberg
saplings from 2 years of age (initial height and diam-
eter of 5 and 0.015 cm, respectively) until the year of
harvest, using historical weather data extrapolated to
the Werdenberg sample site, shade conditions (relative
light availability) particular to each sapling, and mod-
eled solar radiation given site-specific latitude, slope
aspect, and slope steepness of the site. Comparisons
were made between sapling dimensions and biomass
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These tests do not represent an independent valida-
tion of the model, since allometric relationships from
all 21 saplings evaluated were used in model develop-
ment. However, comparisons of observed versus sim-
ulated data for the Werdenberg saplings provide an in-
dication as to the predictive ability of the model to rep-
resent sapling growth and dry matter allocation under
unbrowsed conditions, for this particular site and ap-
plication.

2.3. Model validation

A second site used for model testing was sampled
at Schwanden, Canton Glarus, Switzerland, an area of
similar climatic regime and vegetation composition as
the Werdenberg site. Data from this site were not used
for model calibration or development, and so allowed
an independent validation of how well the model rep-
resents sapling responses to variable browsing, under
conditions of high light. The Schwanden site is one
of four long-term study sites used to assess regenera-
tion following a high-severity windstorm in 1990 that
caused extensive blow-down throughout central Eu-
rope (Scḧonenberger, 2002a). Among other variables,
sapling height and occurrence of browsing (and other
disturbances) were monitored in multiple years from
1992 to 2000 (Scḧonenberger, 2002b).

Simulated sapling height growth was compared to
that of measuredPiceasaplings at the Schwanden site.
Sapling growth was simulated for the 1994–2000 time
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ain parameters (cf.Table 2) until there was reaso
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ween observed and simulated sapling height, dia
er, leaf biomass, branch biomass, stem biomass
otal biomass. We conducted statistical testing of m
utputs for the remaining 19 saplings, which varie

heir light environment and age at the time of sampl
airedt-tests and linear regression models were u

o compare the distributions of simulated and obse
alues. Distributions of biomass data were stron
ight-skewed, and therefore the logarithmic trans
ation was applied prior to statistical comparison
bserved versus simulated data sets.
eriod according to the observed incidence of brow
lateral and terminal). Browsing was assumed to o
nly during the 6 winter months, and to consume
revious year’s annual growth (terminal browsing
0 cm of branch length (lateral browsing). Light av
bility was assumed to be 90% (open conditions

owing windstorm).
Simulated outputs were compared with obse

ata forP. abiessapling height in the year 2000, sev
ears after planting. The data sets were comp
raphically by plotting observed (y) versus predic
y-hat) data directly, with the line of perfect fit (y =
at) marked, as recommended byMayer and Butle
1993). Simulation results were also evaluated stat
ally against observed data using pairedt-tests, linea
egression analysis, and the modeling efficiency
tatistic (Mayer and Butler, 1993). The EF statistic i
dentical to the commonly usedR2 statistic, but repre
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Table 2
Key parameters of the HUNGER model

Symbol Name Equation Units Value Source

kEXT Light extinction coefficient (15) Unitless 0.50 1

kSLA Specific leaf area (15) g m−2 217 2

kP Optimal radiation conversion efficiency – gC/MJ (PAR) 1.74 3*

kzr Maintenance respiration rate (0◦C) (16) gC/gDM 2E−4 (Lf), 5E−5 (St),

1E−4 (Rt)

4*

ktr Respiration temperature coefficient (16) Unitless 0.0693 5

kgr Growth respiration coefficient (17) Unitless 0.23 6

kfc Fraction of carbon in dry matter (18) Proportion 0.48 7

kfn Fraction of nitrogen in dry matter (19) Proportion 0.03 7

kumx Maximum relative growth rate (20) day−1 0.030 (Sh), 0.022 (Rt) 8*

ku Michaelis–Menten coefficient (20) day−1 0.002 (Sh), 0.002 (Rt) Fit

kCTh Carbon substrate threshold for growth (20) gC/gDM 0.01 (Sh), 0.02 (Rt) Fit

kNTh Nitrogen substrate threshold for growth (20) gN/gDM 0.01 (Sh), 0.001 (Rt) Fit

kFRCR Root allocation to fine roots – Proportion 0.50 Guess

kLfBr Leaf fraction in leaf + branch biomass – Proportion 0.50–0.65

(light-dependent)

Data

kWD Wood density (21) g cm−3 0.68 (St), 0.61 (Br) Data

kVsk Volumetric wood shrinkage (green – oven-dry) (21) Percent 22.64 Data

kSm Shading coefficient for height growth allocation (25) Unitless 54.27 Data

kE1 Shading coefficient for height growth allocation (25) Unitless −2.63 Data

krs Conversion resistance for reserve carbon (28) Unitless 2.00 Guess

kRmax Maximum reserve concentration (28) gC/gDM 0.10 (Sh), 0.12 (Rt) Fit

kCThr Threshold concentration for reserve mobilization (28) gC/gDM 0.016 (Sh), 0.018 (Rt) Fit

kTC Transport conductance coefficient for carbon (29) Unitless 18. Fit

kTN Transport conductance coefficient for nitrogen (20) Unitless 4. Fit

kN Nitrogen uptake efficiency parameter (30) gN/gDM 0.008 8*

kSi Senescence coefficient (31) Proportion/day 2.7E−4 (Lf), 1E−5

(Br), 0 (St), 0.001

(FR), 1E−5 (CR)

9 (Lf), Guess,

10 (FR),

Guess

kCRT Carbon retranslocation coefficient (32) Proportion 0.40 Guess

kNRT Nitrogen retranslocation coefficient (33) Proportion 0.50 Guess

kPrune Carbon deficit threshold for self-pruning – Years 1 Guess

kTDD Development threshold for plant growth – ◦C 4.5 11*

kiDD Degree day threshold for onset of growth – ◦ days 20 Fit

kfDD Degree day threshold for cessation of growth – ◦ days 1600 Fit

kTMN Temperature to end growing season – ◦C 3.5 Fit

Sources: (1)Waring et al. (1998), (2) Oleksyn et al. (1998), (3) Landsberg and Waring (1997), (4) Roberntz and Stockfors (1998), (5) Jones
(1992), (6) Penning de Vries (1975), (7) Dewar (1993), (8) Millard and Proe (1993)for P. sitchensis; (9) Slovik (1996), (10)Majdi (2001), (11)
Jones (1992); An asterisk following a reference under the Source column indicates that the starting value used was from the source indicated,
but that the parameter value was then calibrated further (but in no case exceeding 20% deviation from the original value). The word “Fit” in the
Source column indicates that no reliable data were available for the parameter, which was fit through a manual calibration process. The word
“Guess” indicates that no reliable data were available for the parameter, which was kept constant through the calibration process. The word
“Data” indicates that data collected for this study were utilized to fit model parameters. Certain parameters have different values for different
plant parts considered, where plant parts are abbreviated Lf = leaf, Br = branch, St = stem, Sh = shoot, Rt = root, FR = fine root, CR = coarse root.
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sents the proportion of variation explained by the line
of perfect fit, and not a fitted regression line.

2.4. Simulation experiments

To illustrate the potential utility of the model for
describing the interactive effects of browsing and light
availability on tree regeneration potential, results from
a single, comprehensive simulation experiment are re-
ported. Winter browsing of current annual growth was
simulated according to varying levels of browsing in-
tensity (annual probability of a representative sapling
being browsed) and light availability (proportion of ex-
traterrestrial photosynthetically active radiation reach-
ing the sapling layer). Both treatments were varied from
0.0 to 1.0, using increments of 0.1 units. Browsing
probability was distributed evenly across the six winter
months (November–April). All browsing of current an-
nual growth was assumed to be top-down; no additional
lateral shoot browsing was simulated. Only a single age
cohort of saplings was simulated, with no subsequent
recruitment of new individuals. Response variables of
interest are (1) the number of years required for the
sapling cohort to reach an “escape height” of 150 cm
and (2) the proportion of saplings surviving after a 40-
year simulation period.

3. Results

3

ach
i al-
a t ex-
t ass)
i e.g.
s atios)
r rying
m ean.
S , in-
c sio-
l t be
e (i.e.
b

er-
d rox-
i ce of

Fig. 2. Examples of model behavior for high and low light (relative
light intensities of 0.8 and 0.2, respectively), and for unbrowsed and
heavily browsed (browsing intensity of 0.6) saplings. Simulation runs
are for 20 years. Note that the low light, heavily browsed sapling dies
at approximately month 170. Output variables are (a) total biomass
(logarithmic scale, g); (b) shoot:root ratio; and (c) total non-structural
carbon in roots (% dry mass).

browsing (Fig. 2). Total biomass increases according
to a roughly exponential function under high light, re-
gardless of browsing level (Fig. 2a; note the logarithmic
scale). Under high light, saplings recover from brows-
ing effects on biomass. Under low light, saplings suf-
fer biomass loss and eventually mortality. Similarly,
saplings in high light are able to maintain a relatively
constant, low shoot:root ratio (Fig. 2b). Saplings in low
light are not able to maintain a constant shoot:root ratio
when browsed, since root reserves are insufficient. Un-
der high light, browsing has very little effect on root car-
bon reserves (Fig. 2c). Under low light, however, root
carbon reserves are taxed regularly on a seasonal basis.
Simulated seasonal variations of non-structural carbon
.1. Model behavior

The basic model on which the HUNGER appro
s based (Thornley, 1972) was designed to simulate b
nced exponential growth. Such growth implies tha

ensive variables (e.g. mass variables such as biom
ncrease exponentially, while intensive variables (
ubstrate and reserve concentrations, shoot:root r
emain constant or, in the case of our seasonally va
odel, fluctuate seasonally around a stationary m
ome of the many modifications we have made
luding self-pruning and separation of certain phy
ogical processes into different height layers, migh
xpected to interfere with this anticipated behavior
alanced exponential growth).

However, given the behavior of the simulated W
enberg saplings, it appears that the model still app

mates balanced exponential growth in the absen
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in roots are similar to those observed for other conifer
species such asPinus sylvestris, where root carbohy-
drate reserves are highest in early spring, decrease over
the course of the growing season, increase rapidly upon
dormancy in the autumn, and then increase steadily
over the course of the winter (Oleksyn et al., 2000; re-
viewed inChapin et al., 1990). When moderate brows-
ing occurs, very low levels of total non-structural root
carbon are reached, and the sapling cannot recover.

3.2. Model testing

For the Werdenberg study area, 21 destructively
sampledP. abiessaplings showed no signs of brows-
ing damage, but varied greatly with respect to their
light environment. While two of these saplings were
used to calibrate the model in the sense of fine-tuning
uncertain parameters, the remaining 19 provide a test
of the model’s ability to represent sapling growth under
varying light conditions. The model over-predicted fi-

nal height by approximately 10 cm (p= 0.03;Fig. 3a),
while no significant differences were found between
simulated and observed basal diameter, total biomass,
or leaf biomass (p= 0.80, 0.34, 0.36, respectively;
Fig. 3b–d). Model outputs do not suggest a bias, with
the possible exception of leaf biomass, which is sig-
nificantly underestimated for one simulated sapling
(Fig. 3d). The coefficient of determination between
simulated and observed values ranges from 0.44 to 0.67
(Fig. 3).

The data set from the Schwanden experiment
(Scḧonenberger, 2002b) provides an opportunity to val-
idate the ability of the model to predict height growth
responses ofP. abiessaplings having experienced vari-
able (and known) browsing intensities, but grown under
conditions of nearly full light. The fit to these data is
reasonably good (Fig. 4), considering the many pro-
cesses influencing sapling growth at this site which
are not included in the model (e.g. varying substrate
quality and level of competition from the herbaceous

F dabiessa tput
v ; (b) ba g). Shown
a e repr for
o

ig. 3. Model testing for the Werdenberg site, where unbrowseP.
ariables, at the level of individual saplings, are (a) height (cm)
re plots of simulated vs. observed values, with the diagonal lin
bserved vs. simulated data.
plings were sampled under widely varying light conditions. Ou
sal diameter (cm); (c) total biomass (g); and (d) leaf biomass (
esenting the line of perfect fit (y=x). Also shown is the regression line
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Fig. 4. Model validation for the Schwanden site, whereP. abies
saplings with known browsing histories were grown under simi-
lar, full light conditions. The output variable is sapling height in
the year 2000. Shown is a plot of simulated vs. observed values,
with the diagonal line representing the line of perfect fit (y=x).
Also shown is the regression line for observed vs. simulated sapling
height.

and shrubby understory). There is no significant model
bias (F2,30= 0.44;p= 0.65). There is only a marginally
significant difference (pairedt29 = 2.05;p= 0.058) be-
tween the means of observed and simulated sapling
heights (75.67± 13.8 and 87.31± 11.4, respectively),
consistent with the earlier finding (from the Werden-
berg data set) that the model over-predicts sapling
height by approximately 10 cm. While there is a great
deal of “noise” (Fig. 4), as evidenced by a low EF statis-
tic (EF = 0.198), the model seems to predict sapling re-
sponses to browsing in a qualitatively correct way even
at the level of individual tree saplings.

3.3. Interactive effects of browsing and light
availability on sapling height growth

The effects of browsing and light on the number of
years for saplings to exceed 150-cm in height (i.e. es-
cape browsing pressure) are nonlinear and interactive
(Fig. 5). Simulated shading effects are gradual until
approximately 40% relative light availability (if brows-
ing pressure is low) or 60% relative light availability
(if browsing pressure is high). Below these values, the
model simulates sharp declines in net growth rate. Even
thoughP. abiessaplings may be relatively shade toler-

Fig. 5. Response surface for the browsing–light interaction, ex-
pressed as a contour plot. The labeled contour lines represent the
number of years required for a spruce sapling to exceed 150 cm of
height given the specified levels of browsing pressure and light avail-
ability. The upper limit shown is 40 years, although most of the data
points shown as 40 years indicate scenarios where saplings did not
grow beyond 150 cm even after 40 years. Browsing intensity ranges
from 0.0 to 1.0 and refers to the annual probability of a sapling be-
ing browsed. Relative light availability similarly ranges from 0.0 to
1.0 and refers to the proportion of total photosynthetically active ra-
diation above the overstory canopy that is available to the sapling
layer.

ant and can persist multiple decades under dense over-
stories, there is clearly a threshold light level below
which growth is dramatically reduced.

Simulated browsing effects are relatively more im-
portant at higher light intensities. This may result in
part from the browsing scenario evaluated, where cur-
rent annual growth is completely consumed in each
browsing event. Therefore, more is browsed at higher
light intensities where growth is greater. The observed
relationship may have “real-world” validity if forag-
ing deer, seeking to concentrate foraging efforts upon
more palatable, younger tissues, do actually respond to
reduced growth rates by browsing less on each plant.

4. Discussion

The physiologically based modeling approach of
HUNGER appears suitable for realistically represent-
ingP.abiessapling growth rate as an emergent outcome
of browsing and light regimes. The modified transport
resistance approach (Thornley, 1972, 1991) underlying
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the model adequately predicts biomass development of
plant parts, height, and diameter growth under differ-
ent conditions of light availability. Despite uncertainty
concerning several model parameters, some of which
are difficult if not impossible to measure, the model was
able to produce realistic results for sapling biomass
growth, radial growth, height growth, and dry matter
partitioning. This robustness to parameter uncertainty
suggests that future, detailed sensitivity analysis might
lead to model simplification. In addition, several model
assumptions require further analysis, including the im-
plicit assumption of no disproportionate reduction in
meristem mass due to preferential browsing of buds
and small branches.

The transport resistance approach as implemented in
the model is designed to describe dry matter allocation
and growth (i.e. transport and conversion of plant nutri-
ents) under balanced, equilibrial conditions (Thornley,
1997). However, as pointed out byBerninger et al.
(2000), the model also seems well suited for capturing
transient responses to perturbations involving biomass
reduction, such as browsing or pruning. Several ex-
perimental studies have observed a decline in non-
structural carbohydrate concentrations following win-
ter pruning or defoliation of conifers (Chapin et al.,
1990; Bauer et al., 2000; Li et al., 2002), and such de-
clines have been observed to be more long-lasting in
root tissues (Li et al., 2002). In addition, the ability
of saplings grown in a high light environment to main-
tain a relatively constant shoot:root ratio despite severe
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representation of sapling responses. Under favorable
conditions, simulated browsed saplings can maintain
biomass levels nearly as great as those of unbrowsed
saplings (Fig. 2), suggesting that the model captures
at least some of the mechanisms for compensatory
growth.

The simulated interaction between browsing and
light availability is consistent with results from ex-
perimental and observational studies for other conif-
erous tree species.Abies balsameasaplings subject
to simulated browsing in Isle Royale National Park
were less likely to recover when canopy cover was at
least 60% (McLaren, 1996). Furthermore, as observed
in our modeling study, the effects of light onA. bal-
sameasapling growth were comparable in magnitude
to those of simulated browsing. Based on similar ex-
perimental studies, others have concluded that plants
are more likely to recover from herbivory when they
are growing in low-stress environments (Maschinski
and Whitham, 1989; Danell et al., 1991; Oesterheld
and McNaughton, 1991). Relevant stress factors may
include nutrient availability, competition, or other mi-
crosite differences.

5. Conclusions

Our goal was to improve our understanding of
how tree saplings respond to different browsing and
light regimes, as these two factors interact to influence
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erbivory (Fig. 2b) is consistent with findings of expe
mental clipping studies, which have shown that m
enance of basic allometric ratios remains a key prio
egardless of clipping intensity (e.g.Oesterheld, 1992).

Few existing models of plant response to herbiv
re designed to represent compensatory growt
ponses, as have been observed to occur in tree sa
articularly where browsing intensity is low (Kienast
t al., 1999; Millard et al., 2001; Antonen et a
002). Mechanisms of compensatory growth in
ponse to browsing pressure are not well known
ight include an increased root:shoot ratio, a re

ion of shaded foliage which may have represe
net carbon sink for the plant, or increased ph

ynthetically active radiation (PAR) available for
aining foliage (Danell and Bergstrom, 1989; Hawk
nd Sullivan, 2001). The transport-resistance-ba
pproach of HUNGER allows for a more nuan
rowth and allocation to different plant parts. To t
nd, we developed a physiologically based mode
apling growth and survival to beyond the reach
ngulate browsing, as a function of browsing int
ity, shading and climate. In this paper, we have
cribed testing and validation results for the gro
nd dry matter allocation components of the mo
esults for sapling population dynamics (i.e. surviv
hip) followed similar patterns and maintained sim
elationships with browsing intensity and relative li
vailability. These results, however, are of limited va
and so are not reported here) since we lacked
o parameterize the model routines addressing sa
ortality. Realistic simulation of sapling mortality r

ponses to browsing given variable environmental
itions is hampered by a lack of long-term data s
here survivorship of individual saplings is tracked
er variable growing conditions. Such hard-to-coll
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long-term data sets are difficult to find, and funding
sources for their development are limited.

Future plans for the HUNGER model include link-
ing it with a model of forest gap dynamics (ForClim;
Bugmann, 1996), and then applying the linked model to
address implications of ungulate herbivory and natural
disturbances for the long-term ability of Swiss “protec-
tion forests” to maintain their slope stability functions
(Brang et al., 2001). Similar approaches involving hier-
archical linkage of tree, stand, and landscape submod-
els have been developed to model forest dynamics in
the northern United States (Bragg et al., 2004). In its
current, standalone form the HUNGER model is also of
potential use to forest and wildlife managers interested
in responses of tree saplings to the interaction of brows-
ing and growing conditions. Model results suggest non-
linear responses to browsing and light availability, and
the existence of thresholds that natural resource practi-
tioners should be aware of when managing deer density
and crown cover in tandem.
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