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Abstract

Context Pasture-woodlands are semi-natural land-
scapes that result from the combined influences of
climate, management, and intrinsic vegetation dynam-
ics. These landscapes are sensitive to future changes in
land use and climate, but our ability to predict the
impact on ecosystem service provisioning is limited
due to the disparate scales in time and space that
govern their dynamics.

Objectives To develop a process-based model to
simulate pasture-woodland landscapes and the provi-
sioning of ecosystem services (i.e., livestock forage,
woody biomass and landscape heterogeneity).
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Methods We modified a dynamic forest landscape
model to simulate pasture-woodland landscapes in
Switzerland. This involved including an annual
herbaceous layer, selective grazing from cattle, and
interactions between grazing and tree recruitment.
Results were evaluated within a particular pasture, and
then the model was used to simulate regional vege-
tation patterns and livestock suitability for
a ~ 198,000 ha landscape in the Jura Vaudois region.
Results The proportion of vegetation cover types at
the pasture level (i.e., open, semi-open and closed
forests) was well represented, but the spatial distribu-
tion of trees was only broadly similar. The entire Jura
Vaudois region was simulated to be highly suitable for
livestock, with only a small proportion being unsuit-
able due to steep slopes and high tree cover. High and
low elevation pastures were equally suitable for
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livestock, as lower forage production at higher eleva-
tions was compensated by reduced tree cover.

Conclusions The modified model is valuable for
assessing landscape to regional patterns in vegetation
and livestock, and offers a platform to evaluate how
climate and management impact ecosystem services.

Keywords Livestock - Dynamic vegetation model -
Jura - LandClim - Switzerland - WoodPaM

Introduction

Understanding the causes of landscape patterns is
crucial for our ability to predict how landscapes will
respond to future climate and land use change.
Landscape patterns can be caused by variability in
abiotic factors, biotic interactions, natural disturbance
regimes, as well as both current and historical land use
(e.g., de Vries et al. 2012; Agnoletti et al. 2015).
However, the importance of these processes in each
landscape and across different spatial and temporal
scales is unclear (e.g., McGill 2010; Pias et al. 2014;
Bourgeron et al. 2015). This is particularly true for
pasture-woodland landscapes, which are dynamically
shaped by feedbacks between abiotic features, biotic
interactions and management. Over the last 40 years,
many European pasture-woodlands have experienced
woody encroachment (Gehrig-Fasel et al. 2007; Gar-
barino et al. 2014). Preserving these landscapes
requires an in-depth understanding of the various
processes that form and maintain these heterogeneous
systems, so as to develop appropriate land manage-
ment regimes.

Pasture woodlands are composed of a mosaic of
vegetation types, from open pastureland, to semi-open
woodlands and closed forest patches. In the Swiss Jura
mountains, these highly heterogeneous landscape
patterns are created and maintained by interactions
between livestock grazing (i.e., without livestock, the
entire landscape would be closed forest) and natural
tree regeneration (Buttler et al. 2009). Grazing by
cattle suppresses tree seedling establishment, but
cattle are selective about where they graze within the
pasture. For example, forage production, tree and
shrub cover, slope, rocks and human-made structures
were found to influence the frequency of patch
occupancy by cattle (Kohler et al. 2006; Meisser
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et al. 2014). The resulting spatial heterogeneity in
grazing pressure has strong impacts for the likelihood
of tree establishment and thus the emerging landscape
pattern.

The forest-grassland mosaic patterns that emerges
within a pasture and beyond, is highly sensitive to
changes in management (i.e., grazing pressure; Gillet
2008), climate (Peringer et al. 2013) and successional
dynamics. For example, recent climate changes were
found to reduce plant growth at low elevations while
increasing plant growth at higher elevations (Jolly
et al. 2005). Climate change will also impact species-
specific tree growth and establishment rates (e.g.,
Chang et al. 2015). However, the consequences of
changing grazing pressure and tree population dynam-
ics (i.e., changes to establishment, mortality and
species composition) may take decades or centuries
to become apparent (Cailleret et al. 2014; Speed et al.
2014). Thus, an integrative framework is required that
combines these processes across temporal and spatial
scales to understand their relative importance as a
basis for predicting future changes to landscape
patterns.

Dynamic, process-based models are able to inte-
grate processes across spatial and temporal scales and
simulate emerging properties of landscape dynamics
based on local factors and interactions. They are also
able to simulate novel environmental conditions, such
as climate change or alternative management regimes.
Furthermore, they account for transient changes
through time, such as forest succession or lags caused
by dispersal limitations or biotic interactions (Snell
et al. 2014).

To date, pasture modelling has focused on grass
dynamics without considering interactions with
woody vegetation and cattle (e.g., Jouven et al.
2006; Trnka et al. 20006; Castellaro et al. 2012), while
simulations of woody encroachment in semi-natural
grasslands focused on tree dynamics and ignored
herbaceous plants and grazing by livestock (e.g.,
Mairota et al. 2014). Models that include grazing,
pasture management and interactions between woody
and non-woody plants are typically developed for very
fine spatial grains and small spatial extents (e.g., cell
size of 1-5 m? and total extent of 2 ha; Lohmann et al.
2012; Komac et al. 2013), which do not reflect the
typical size of pasture management units
(i.e., >50 ha). In addition, these models represent all
woody vegetation as one generic shrub plant
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functional type. Representing woody plants at the
species level is especially important to capture
species-specific responses to climate change (e.g.,
Broadmeadow and Jackson 2000; Basler and Korner
2012) and different tolerances to grazing and compe-
tition (Vandenberghe et al. 2008). This limits the
ability of these models as tools for decision-making in
landscape management.

The spatially explicit ecosystem model WoodPaM
has been developed to simulate pasture-woodland
dynamics at spatial extents of 25-125 ha (Gillet
2008; Peringer et al. 2013). The model also simulates
grassland and woody plant successional dynamics as
influenced by the selective foraging behaviour of
cattle, and species-specific responses to grazing and
abiotic conditions. However, model parameters are
specifically calibrated to operate under a particular
range of climatic and edaphic conditions. Therefore,
it is not possible to apply WoodPaM across larger
landscapes that encompass various climatic, topo-
graphic and soil conditions, such as mountain
valleys.

Thus, the goal of this paper was to integrate the
grazer-plant dynamics from WoodPaM into a vegeta-
tion landscape model that can be applied at regional
scales and across heterogeneous environmental con-
ditions. We chose to build upon the existing dynamic,
forest landscape model LandClim, as it contains
process-based representations of forest succession
driven by competition and environmental factors
(i.e., tree establishment, growth, competition, repro-
duction and mortality are simulated at the species
level), natural disturbances and forest management
(Schumacher et al. 2004). To our knowledge, Land-
Clim is also the only forest landscape model that
includes both woody and herbaceous vegetation
(Thrippleton et al. 2016). LandClim has been used to
simulate forest dynamics and productivity across
Central Europe (Schumacher and Bugmann 2006;
Henne et al. 2011; Temperli et al. 2012), and thus the
new pasture module was designed to be broadly
applicable for pasture-woodland landscapes in this
region as well. We aimed to develop a model that
integrates the relevant details from the pasture level
(i.e., the scale at which management decisions are
made, 10’s to 100’s of ha) towards applications at the
landscape level (i.e., the scale at which implications of
land use and land cover change are observed, 1000’s of
ha). Although the spatial pattern within an individual

pasture is important in reality, in the context of
upscaling it crucial to capture the ecosystem services
provided by these landscapes, including livestock
suitability, biodiversity and the aesthetic appeal (i.e.,
the heterogeneity of vegetation cover types).

Methods

We decided to integrate selected processes from
WoodPaM into LandClim, as LandClim already had
a process-based representation of plant growth and
dynamics, and can be applied across a wide range of
environmental conditions without being calibrated.
The calculations for determining selective grazing by
herbivores is based on WoodPaM equations, however
some simplifications were necessary due to the
differences between models. We describe the set of
equations for determining spatially explicit grazing
pressure, which is then used to determine the impact of
grazing on tree regeneration. Below, we provide a
brief description of LandClim and WoodPaM before
describing the updated pasture module in LandClim.

Forest landscape model LandClim

LandClim is a stochastic forest landscape model
designed to simulate long-term forest dynamics and
the impact of climate, topography, disturbances (i.e.
fire, wind, bark beetles) and management on a wide
range of ecosystem goods and services (e.g., Schu-
macher and Bugmann 2006; Temperli et al. 2012;
Elkin et al. 2013). The model is spatially explicit and
represents the landscape using a grid of 25 m x 25 m
cells. Within each cell, vegetation dynamics are
represented using a simplified forest gap model where
different cohorts represent trees of the same species
and age (Schumacher et al. 2004). Processes such as
establishment, growth, mortality and competition for
light and water are modelled explicitly as being driven
by temperature, precipitation, soil properties and
topography. Establishment and mortality are stochas-
tic processes. Establishment probabilities are based on
species specific requirements for available light,
temperature and drought. Mortality can be either due
to increased stress (i.e., due to poor growing condi-
tions) or approaching the maximum age of a tree.
Thus, the environment influences the probability of an
event but the event itself is determined by a uniform
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random number generator. Spatially explicit processes
such as seed dispersal, disturbances and forest man-
agement connect individual grid cells and are simu-
lated on a decadal scale. Herbaceous plants and
overstorey-understorey interactions have also recently
been included in LandClim (Thrippleton et al. 2016;
and see section Herbaceous understory below). The
model has been used to simulate a variety of forest
types and forest processes in Central Europe, in both
unmanaged and managed stands (e.g., Schumacher
et al. 2006; Temperli et al. 2012; Elkin et al. 2013),
producing results that were consistent with empirical
data. Additional details about LandClim can be found
in Schumacher et al. (2004). LandClim version 1.6
was used for this study.

Pasture-woodland model WoodPaM

WoodPaM is a deterministic model that was devel-
oped to investigate the processes underlying pasture-
woodland mosaic dynamics, using an annual time step
and a grid of 25 m x 25 m cells. In the model, pasture-
woodland dynamics emerge from herbivore-vegeta-
tion interactions that include the impacts of grazing,
trampling and dunging on both grassland communities
and tree seedlings (Gillet 2008). Grassland communi-
ties are represented by four successional stages that
differ in forage quality and safe site provisioning for
tree establishment (oligotrophic lawns, meadows,
fallows, and understory herbs). Tree populations are
divided into four stages (3-year old seedlings of
height <40 cm, saplings of height 40—150 cm, small
trees of height 150-500 cm and large trees with
heights >500 cm). In the model, tree growth, compe-
tition and mortality are sensitive to climatic and soil
conditions. Using the four height classes to simulate
forest dynamics leads to simple patterns of stand
structure and forest succession. WoodPaM further
simulates shrubs, which along with tall forbs offer safe
sites from grazing and facilitate tree seedling estab-
lishment (OIff et al. 1999; Smit et al. 2015). Resource
selection functions for habitat use by cattle and the
resulting browsing damage to seedlings were derived
from a large body of field data (Kohler et al. 2006;
Smit et al. 2006; Vandenberghe et al. 2007). Addi-
tional details about WoodPaM can be found in Gillet
(2008) and Peringer et al. (2013).
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Upscaling of WoodPaM processes
to the LandClim framework

Herbaceous vegetation

As LandClim was developed as a forest landscape
model, it did not initially include a representation of
herbaceous vegetation. However, recent work by
Thrippleton et al. (2016) has integrated herbaceous
Plant Functional Types (PFT) into the LandClim
model. Herbaceous vegetation is represented as one
cohort per grid cell, and the biomass of the herbaceous
layer is limited by the same growth-reducing functions
as for trees (Schumacher et al. 2004). For the pasture
module, we group all non-woody vegetation into one
general herbaceous PFT that we refer to as “grass”,
although it is intended to encompass other species
groups such as meadow sedges, forbs and herbs as
well. The grass PFT has a new annual growth form
and can reach its maximum biomass (K) each year
provided light, water and temperature are not limiting.
Maximum herbaceous biomass was determined from
the literature (Table 1). If one or multiple factors are
limiting, grass biomass (B) is reduced by the most
limiting factor. Data from the unfertilized, non-
irrigated grassland field sites in Oensingen [C.
Ammann, unpublished data, site description found in
Ammann et al. (2007)] and from long-term MeteoS-
wiss observations about climate and hay harvest (data
not shown) were used to evaluate the relationship
between annual grass growth and the growth reducing
functions. Additional information about herbaceous
modelling in LandClim can be found in Thrippleton
et al. (2016).

Cattle submodel

To describe resource selection by cattle in the
landscape, we adapted and abstracted the approach
used in WoodPaM (Gillet 2008). Whereas WoodPaM
includes the impacts of cattle via grazing, trampling
and dunging, we chose to focus on grazing as this is the
most important mechanism through which -cattle
influence the plant community (Rook et al. 2004),
and browsing damage to tree seedlings is related to
grazing intensity (Mayer et al. 2005, 2006; Marquardt
et al. 2009).
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Table 1 New LandClim parameters specifically related to herbaceous growth and the grazing modules

Parameter Description Value Equation Source
K Maximum grass biomass 4 t/ha - Duparc et al. (2013) and Finger et al. (2013)
Spax Maximum slope 40° Gillet (2008)
fc Forage consumption per day per cow 15 kg 3 Gillet et al. (2002)
gt Grazing tolerance
Abies alba 0.25 7 Gillet (2008)
Acer pseudoplatanus 1.0
Fagus sylvatica 0.75
Picea abies 2.0
Pinus sylvestris 0.5
Populus nigra 0.5
Sorbus aucuparia 1.0
k Grazing tolerance rank Gillet (2008)
Abies alba 6 8
Acer pseudoplatanus 3
Fagus sylvatica 4
Picea abies 1
Pinus sylvestris 5
Populus nigra 5
Sorbus aucuparia 3

First, global stocking density [GSD (day ' ha™'

year_l)] is calculated for the pasture (Eq. 1).

ABU - gd

GSD = ————— 1
b area; (1)

where ABU is an input to the model, i.e. the number of
adult bovine units (one ABU equals one adult dairy
cow), gdis the grazing duration per year [days], and area
is the total area of the pasture [ha]. Based on GSD, local
stocking density [LSD (day ' ha™' year™')] is calcu-
lated every year for each grid cell (i) within the pasture
based on the attractiveness of the grid cell (Eq. 2). LSD
represents the cattle pressure within an individual grid
cell and assumes that cattle are selective about their
location within the pasture. Cattle prefer open areas
(Meisser et al. 2014) and avoid densely wooded areas.
We use a simplified version of the LSD calculation in
WoodPaM (Gillet 2008), that disregards watering points
as attractors and rocky outcrops as repellants for cattle.

LSD; = GSD((] _w) (1= Te;)?

Shnax

2 LCC,) »

(1=V0)"Gee

(2)

where s/; is the slope of the grid cell [degrees], s/, 1S
the maximum slope (Table 1), T¢; is the tree cover
within the grid cell [0-1, with 1 being 100% cover],
and VO, is the vegetation openness [0—1]. Vegetation
openness calculates tree cover of the neighbourhood,
using a 3 x 3 block of cells centered at cell i. Tree
cover was estimated using a power-sigmoid function
(Shimano 1997), which uses diameter at breast height
(DBH) to estimate crown area for deciduous and
coniferous trees. Thus, crown area for each tree in the
grid cell is calculated and then summed up. The ratio
of total crown area to grid cell area indicates the tree
cover.

Local carrying capacity (LCC;) [ABU day ' ha™']
represents the maximum stocking density allowed in a
single grid cell, based on the grass biomass produced
(B;) and the daily forage consumption (fc) of one adult
cow [kg per ABU; Table 1].

LCCi = ——— (3)
Global carrying capacity (GCC) [ABU day ' ha™']

is the maximum stocking density at the entire pasture
level,

@ Springer



1084

Landscape Ecol (2017) 32:1079-1096

> Bi
fe- >0 area;

The ratio of LCC to GCC (in Eq. 2) is an indication
if the local cell is producing more or less forage than
average, and thus is more or less attractive to cattle.

Equation 2 is a non-linear function with the expo-
nent sp, which represents the strength of selectivity in
cattle foraging behaviour as a function of forage
availability (Eq. 5). This means that cattle are more
selective when forage production at the pasture level is
high and less selective as forage production goes
down. The mathematical formulation and coefficients
are optimized based on work by Kohler et al. (2006)
and Meisser et al. (2014), who observed that cattle
preference was strongest when forage production was
high.

GCC = (4)

—1.3-GSD

sp = 0.65 - ¢~ 6cc (5)

Global utilization (GU) is stocking density divided
by carrying capacity. GU is used as a measure of
livestock suitability. Livestock are unable to leave the
pasture and never die. Thus, if the stocking density is
much larger than the carrying capacity (i.e., GU >1),
livestock don’t have enough to eat and the pasture is
considered to be unsuitable at that specific stocking
density. GU values around 0.6 are typical in low-
intensity pasture-woodlands that are managed to
simultaneously serve multiple goals (i.e., cost-effi-
cient land use and the provisioning of habitats for
biodiversity conservation) (Rosenthal et al. 2012).

_ GSD

GU——GCC (6)

Effect of grazing on tree regeneration

Browsing on tree seedlings and saplings can be lethal,
but once they reach a height of 1.5 meters they escape
from cattle grazing (Buttler et al. 2009). In LandClim,
cohorts establish once every 10 years at a height
of ~ 1.4 meters tall, and thus the impact of cattle
grazing can be modelled as a reduction of establish-
ment success and density of new cohorts (and not
mortality of established cohorts). Establishment prob-
abilities are calculated each year based on environ-
mental conditions (i.e., available light, temperature,
drought index). LandClim tracks the number of years
within a decade that were favorable for establishment,
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and this is one of the factors used to determine
establishment densities (Schumacher et al. 2004). To
include the impact of grazing on tree establishment,
we used the cell-specific local stocking density (Eq. 2)
for annual tree establishment probability,

8t
Gl = min <Ilji’%, , 1.0> (7)
where gt is the species-specific grazing tolerance
(Fig. 1a; Table 1). This equation produces a value
between 1 and 0, which is used in conjunction with a
uniformly distributed random number generator to
determine if establishment occurs in a given year or
not. An additional constraint was added, that there
needed to be a minimum of five years in a row that are
favourable for tree establishment for a cohort of that
particular species to actually establish.

After establishment of a cohort is determined, an
appropriate number of stems in a cohort needs to be
generated. This is determined by maximum sapling
density, the available light on the forest floor, and
growth potential based on environmental conditions of
the previous 10 years. In pastures, the average GI
(Eq. 7) over the decade is used to further reduce the
stem number in a cohort,

SR = ¢ *Clu (8)

where k is a grazing tolerance rank (between 1 and 6,
with 1 being the most tolerant to grazing; Table 1). SR
produces a value between 0 and 1, and the number of
stems in the cohort is reduced by this fraction
(Fig. 1b). A sensitivity analysis for the pasture module
was performed that tested a range of the input values
for maximum grass biomass, grazing duration and
number of livestock (Additional details and results
from the sensitivity analysis can be found in
Appendix 1).

Pasture simulations

We simulated a pasture in the Swiss Jura Mountains
where WoodPaM had been extensively validated and
tested (Peringer et al. 2013). The Pré aux Veaux
pasture is located at 46°32'N, 6°12’ E at an elevation of
approximately 1300 m a.s.l. It has a mean annual
temperature of 4.5 °C and mean annual precipitation
sum of 1760 mm. The pasture has a size of 111 ha and
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Fig. 1 Functions for how grazing intensity was used to reduce establishment success (a) and reduce sapling number within a cohort (b).

The different lines illustrate the species specific grazing tolerances

a current grazing pressure of 78 adult cows for
124 days per year (i.e., GSD = 87, Eq. 1).

Pré aux Veaux was simulated using both WoodPaM
and the modified LandClim model. Climate data
(monthly temperature and precipitation) were avail-
able from 1901 to 2000 from a regionalization of
weather station records (MPI-M 2006 and MPI-M
2009 processed by D. Schmatz, WSL, unpublished
report). The climate data were randomly resampled
with replacement to generate a 1000-year climate
input for the models. Slope, aspect and elevation data
were identical for both models and derived from a
digital elevation model with 25 m resolution (from
Swiss Federal Office of Topography, swisstopo.ad-
min.ch, Appendix 2). WoodPaM does not require soil
data, but instead uses the percent of rocky outcrops in
each cell as a proxy for soil quality. Thus, the cover of
rock outcrops was estimated for WoodPaM from
topography (i.e., convexity, concavity, terrain steep-
ness) and geology (i.e., presence of limestone).
Additional details can be found in Peringer et al.
(2013). LandClim uses ‘bucket size’, which represents
the total amount of plant-available water (i.e., larger
buckets hold more water) and reflects properties such
as soil depth and soil texture. To be consistent, the
percent rocky outcrop data from WoodPaM were
transformed into LandClim bucket sizes using a linear
transformation, assuming that a cell without any rocks
corresponds to the largest bucket size (=20 cm of
plant-available water), whereas the highest coverage
by rocky outcrops corresponds to the smallest bucket

size (=6 cm). The 7 most common tree species found
in the Jura mountains were included in all simulations
(Abies alba, Acer pseudoplatanus, Fagus sylvatica,
Picea abies, Pinus sylvestris, Populus nigra, and
Sorbus aucuparia). Both models included short- and
long-distance seed dispersal and did not consider
external disturbances (i.e., wind, browsing by wild
ungulates, forest management).

Both WoodPaM and LandClim simulations started
from bare ground, with the current grazing pressure,
and simulated 1000 years until the landscape proper-
ties had reached an equilibrium state (hypothetical,
corresponding to twentieth-century climate and cur-
rent land use). Due to the stochastic processes in
LandClim (e.g., establishment and mortality), Land-
Clim simulations were repeated 100 times each with a
different seed for the random number generator.

Model evaluation for Pré aux Veaux

To evaluate the spatial patterns simulated by the
models, observed landscape patterns obtained from an
aerial photograph taken in 2000 (see Chételat et al.
2013 for image processing information) were visually
compared to the deterministic simulation of tree cover
by WoodPaM, and the probabilistic simulation of tree
cover by LandClim. For the 100 LandClim simula-
tions, we summed the number of simulations where
tree cover was >20% for each grid cell. This partic-
ular tree cover threshold was chosen as it corresponds
to the densely wooded pasture classification described

@ Springer



1086

Landscape Ecol (2017) 32:1079-1096

below. We recognize that there are limitations to this
comparison. Our simulations include current climate
and current grazing pressure only, however observed
landscape patterns are also a reflection of historical
land use, past climate and natural disturbances
(Chételat et al. 2013; Peringer et al. 2013). Our
simulations will not recreate the exact landscape
observed in the photograph, without including all of
the historical events that shaped it. As this historical
data is unknown, we are evaluating the ability of the
models to approximate landscape patterns that are
broadly similar, with regards to overall tree cover and
the spatial distribution of vegetation.

In pasture woodlands, aesthetics is based on land-
scape heterogeneity (Plieninger et al. 2015). Thus, to
evaluate how the models simulate this ecosystem
service, we examined the percentage of open, semi-
open and closed habitats in the pasture. Vegetation from
the aerial photograph was categorized into one of four
pasture cover types based on the classification
scheme proposed by Gillet and Gallandat (1996), where
‘open landscapes’ have <1% tree cover, ‘sparsely
wooded pastures’ have tree cover between 1 and 20%,
‘densely wooded pastures’ have 20-70% tree cover,
and ‘forests’ have >70% tree cover. In WoodPaM and
LandClim simulation results, tree cover for each grid
cell was reclassified into one of the four cover types and
the percentage in each category was determined. For
LandClim, the mean value across all simulations was
calculated for each category.

LandClim simulations also produce total above
ground biomass as an output. However, there are no
empirical measurements of woody biomass for this
particular pasture. To produce an estimate of total
above ground woody biomass, we used the aerial
photograph that had been classified into the four cover
types. We created a pasture where each grid cell was
populated with data from LandClim reference simu-
lations, that had a matching classification (i.e., a grid
cell classified as a sparsely wooded pasture in the
aerial photo would use a randomly chosen grid cell
from a LandClim simulation that had a tree cover
between 1 and 20%). Since the range of tree cover in
some of the categories is quite large, particularly for
the densely wooded pasture, this process was repli-
cated 100 times. The mean above ground biomass for
the entire pasture was compared to the mean total
biomass from LandClim simulations under current
grazing after 1000 years.
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Additional simulations were performed to evaluate
the representation of forage production in the pasture.
Forage production is an important ecosystem service
as it determines the amount of livestock that can be
supported in a pasture. Forage production also deter-
mines the degree of openness in the landscape under a
certain stocking density, as tree cover is reduced under
forage scarcity by increased browsing (and vice
versa). Both LandClim and WoodPaM were initialized
with current vegetation patterns based the aerial
photograph. Then, they were run for 10 years using
the climate data from 1990 to 1999. This was repeated
100 times for LandClim, each with a slightly different
tree initialization file (as described above). Tree
populations do not change significantly over this short
time period, while the interaction between cow
grazing and grass dynamics can lead to a stable pattern
in WoodPaM. The total amount of forage produced in
the pasture as well as its spatial patterns was compared
between the models for the final simulation year, and
with an empirically-based map of forage production
by Jean-Bruno Wettstein (2011, unpublished, Fig. 4a).

Regional simulations

To simulate the provisioning of ecosystem services
from pasture woodlands across large landscapes, the
entire Jura Vaudois region was simulated with the
modified LandClim (the Pré aux Veaux is located just
outside this larger area, Fig. 2a). This represents a total
area of ~ 198,000 ha. The elevation ranges from 660
to 1680 m a.s.l. (Appendix 2), and has mean annual
temperatures ranging from 8.6 to 3.0 °C and annual
precipitation sums from 1168 to 2095 mm, respec-
tively. Climate data (monthly temperature and pre-
cipitation) was available from 1930 to 2006 from a
gridded data base (processed by D. Schmatz, WSL,
unpublished report). Since the pasture module is
spatially explicit, the entire landscape was divided into
hypothetical, evenly spaced 1-ha pastures. Each
pasture was given the same grazing pressure of 1
adult cow for 100 days, which represents an average
livestock density for this region (Buttler et al. 2009).
The spatial resolution of the model remains the same
(25 m x 25 m), but each cattle is restricted to grazing
within their 1 ha (i.e., 4 x 4 cell block). LandClim
started from bare ground with the prescribed grazing
pressure, and was run for 1000 years. The simulations
were replicated 10 times and the final simulation year
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(a) Pre aux Veaux pasture

PPN e
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Percent of simulations l _

with > 20% tree cover 0 25 50 75 100

Fig. 2 a The Pré aux Veaux pasture (black dot) located in the
Jura Vaudois region (grey area) of Switzerland. Model
simulations of hypothetical equilibrium landscapes for 20th
century climate and current land use (78 adult cows for
120 days) from b LandClim and ¢ WoodPaM. Model simula-
tions were run from bare ground and continued for 1000 years.

was selected to evaluate the ecosystem services. For
each grid cell, we calculated the proportion of the
simulations where tree cover was >20% (as above)

Canton de Vaud Commune g Chenit
Alpage du Pré aux Veaux

Propriété de la commune de Le Vaud

Projet Mountland

Utilisation 2000-2001

Vaches allaitantes et
génisses

3 Numéro des parcs.
VAL..VA4  oches alatantes”

Numéro des
G1..G2  lmérodespac

Tree cover (%) . _

25 50 75100

The final simulation year is shown. Due to stochastic processes
in LandClim, the simulation was repeated 100 times. Illustrated
here is the percent of replicated simulations where each grid cell
had a minimum tree cover of 20%. WoodPaM is a deterministic
model and thus was only run once. For WoodPaM, tree cover at
the final year is shown

and the average grass biomass. For each 1-ha pasture,
we also calculated the proportion of simulations where
global utilization rates were >70% and >80% (Eq. 6).
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To illustrate the impact of grazing on forested
landscapes, we also simulated the Jura Vaudois region
without grazing (i.e., potential natural vegetation).
These simulations were also replicated 10 times and
run for 1000 years. Species composition and total
above ground biomass was compared between simu-
lations with and without grazing.

Results
Pasture level

The equilibrium landscapes simulated by both models
using twentieth century climate and current land use
were in broad agreement with observed landscape
patterns, based on the spatial distribution of tree cover
(Fig. 2). Both models predicted reduced grazing and
thus higher tree cover at the steep slopes along the
southeast and northwest edges of the pasture (Appendix
2, Fig. A2 slope map of the pasture). Due to the
stochastic processes in LandClim, the spatial patterns
were more muted than those produced by WoodPaM
(Fig. 2b, c), as for each grid cell it is possible to turn
from forest to pasture (or vice versa) in repeated
simulations, depending on several probabilities (e.g.,
mortality, seed dispersal, and establishment filters for
grazing, temperature, drought, and light). However, the
number of simulations where a certain grid cell was
covered by trees in LandClim features the same pattern
as WoodPaM (Fig. 2). Thus, the models agree that trees
are most likely to establish along the northwestern and
southeastern edges of the pasture, whereas the center is
more likely to remain open.

Comparing the different pasture cover types, both
models were able to qualitatively simulate the grass-
land-forest ecotone (i.e., sparsely and densely wooded
pastures), however WoodPaM simulated a compara-
tively high cover of closed forests, did not simulate
any parts of the landscape as being fully open (i.e., 0%
tree cover), and simulated most of the landscape as
sparsely and densely wooded pasture (Fig. 3). Land-
Clim produced proportions of vegetation cover that
matched observed vegetation cover much better than
WoodPaM (Fig. 3). LandClim simulated an appropri-
ate proportion of densely wooded pastures and forests,
and was able to simulate fully open parts of the
landscape. The main difference was that LandClim
under-estimated sparsely wooded pastures by 20%
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Fig. 3 Vegetation cover aggregated at the pasture level, using
the phytocoenosis types (see Methods for a definition).
Observed values are from the MOUNTLAND project (Peringer
et al. 2013) based on the aerial photo in Fig. 2a. LandClim
values are the mean of 100 simulations, standard deviation
values are not shown (forest—2.9%, densely wooded pasture—
2.0%, Sparsely wooded pasture—3.5%, Open—2.4%)

(only 12% = 3.5% of the landscape compared to 32%
observed) and over-estimated open landscapes.
Simulated forage production for the pasture was
slightly higher for WoodPaM (2.27 t/ha dry matter)
than LandClim (mean = 2.2 t/ha of grass bio-
mass + 0.2 SD), and both estimates were higher than
recent forage production estimates (1.7 t/ha in the year
2014; Gregory Egger, unpublished data). The spatial
distribution of forage was quite similar between the
models and the observations (Fig. 4), and matched the
allocation of main forage areas on deep and productive
soils in between the limestone ridges, as tree cover
exerts a top-down control due to light competition
(i.e., the most productive places are the open areas).
Total aboveground woody biomass simulated by
LandClim under current grazing pressure had a mean
value of 124.5 t/ha (£17.2 SD). Based on observed
vegetation cover, total above ground biomass was
estimated to be 98.4 t/ha (£28.6 SD). This over-
estimation is likely due to the higher proportion of the
pasture covered by closed forest in LandClim simu-
lations (Fig. 3). LandClim also simulated almost a
monoculture of trees, with Picea abies contributed
98% to the total woody biomass. The remaining 2%
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(a) Pre aux Veaux pasture

(b) LandClim
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Forage (dt/ha)
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(c) WoodPaM

Fig. 4 a Observed forage production and simulated grass biomass from b LandClim and ¢ WoodPaM. Note that forage production is
shown in deciton per ha (dt/ha) for comparison with the observed forage production

was composed of Populus nigra, Fagus sylvatica and
Abies alba.

Regional level

Simulating a constant and even grazing pressure for the
entire Jura Vaudois region resulted in a mostly open

landscape (Fig. 5a) and an average tree cover of just
15%. In fact, 71% of the area had <20% tree cover,
28% had 20-50% tree cover, and only 1% had >50%
tree cover. The average global utilization rate (GU,
calculated for each 1-ha pasture) was 0.72. Most of the
region would be highly suitable for livestock grazing
(GU <1.0; Fig. 5c, d), with only 0.3% of the landscape
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Fig. 5 Entire Jura region, (a) Tree cover

(b) Forage production

assuming a constant and
spatially uniform grazing
pressure of 1 adult cow per
ha across the entire 1
landscape. Due to stochastic
processes in LandClim, the
simulations were repeated
10 times. a The percent of
replicated simulations
where each grid cell had a
more than 20% tree cover, E
b mean grass production,

¢ percent of simulations
where a pasture had a global
utilization rate >0.7, and
d>0.8

Percent of simulations l
with >20% tree cover 0 25 50 75100

() Livestock suitability

Mean grass biomass (t/ha) H 2-3

(d) Livestock suitability

Percent of simulations -__

with utilization rate > 0.7 0 25 50 75100

being unsuitable for pastures (GU >1.0), and 0.08% of
the landscape highly unsuitable (GU >1.5). The most
unsuitable pastures were generally those with the
steepest slopes (Appendix 2 Fig. A3; Appendix 3
Fig. A4d) as cows avoid areas with very steep slopes;
this lower grazing pressure resulted in higher tree
establishment, and thus high tree cover (Fig. Sa;
Appendix 3 Fig. Ada, b) and low grass biomass
(Fig. 5b; Appendix 3 Fig. A4c).

Forage production across all elevations was fairly
uniform (Figs. 5b, 6c¢), except in those areas with that

@ Springer

Percent of simulations -_-

with utilization rate > 0.8 0 25 50 75100

featured dense forest Grass biomass
(mean = 2.14 t/ha, SD = 1.3) rarely approached its
potential maximum (4 t/ha). This was likely not due to
climate limitations but rather due to light competition
with trees, as temperature became limiting for grass
growth only above 1200 m a.s.l. (Fig. 6¢). Higher
elevations showed only a small increase in utilization
rates (Fig. 6d) because the reduction in grass growth
was compensated by a reduction in tree cover
(Figs. 5a, 6b) so the pasture as a whole still produced
adequate forage for the stocking density.

cover.
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Fig. 6 Relationships (a)

b)

between elevation and tree
cover, forage production and
global utilization for the Jura
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Vaudois. Each point
represents the mean value
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Without livestock grazing, LandClim simulated the
Jura Vaudois region to be almost exclusively domi-
nated by beech—fir forests, except at the highest
elevations where Picea abies dominates (Fig. 7a).
Under grazing, there is a strong species shift with
spruce becoming the dominant species across all
elevations (Fig. 7b). Other deciduous species (e.g.,
Acer pseudoplatanus and Populus nigra) are present
only at very low biomass.

Discussion

Pasture-woodlands are unique landscapes resulting
from the interaction between natural vegetation
dynamics, livestock grazing, environmental con-
straints and management. We described a model that
incorporates all these processes at a scale that is
relevant for land management and regional planning.
There are tradeoffs to our approach, which we discuss

T T T T
1500 900 1200 1500
Elevation (m a.s.l.)

in detail below. Specifically, we address the processes
that influence the emergence of landscape patterns
from pasture-scale processes, the relative importance
of certain processes (particularly establishment)
across spatial and temporal scales, and how the model
can be used to estimate the provisioning of ecosystem
goods and services under current and future climate
change and land management.

Key factors and processes determining pasture-
and regional-level patterns

Landscape patterns simulated by both LandClim and
WoodPaM illustrate the strong impact of topography
on the formation of vegetation patterns in mountain
pasture-woodlands. Forests generally develop on steep
slopes and rocky outcrops that are avoided by
livestock, whereas flat, deep and productive soils are
the main sources of forage, and intensive grazing
keeps these areas open. The vegetation patterns
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Fig. 7 Species biomass summarized by elevation, for the entire
Jura Vaudois region. Simulation results a for potential natural
vegetation (i.e., without grazing) and b with constant grazing
pressure (1 ABU per 1 ha, for 100 days per year). The average
of 10 simulations in LandClim is shown to account for stochastic
differences, after 1000 simulation years under current climate.
Note the difference in y-axis scales

produced by LandClim reflected the influence of
topography, but the impact of stochastic processes
(e.g., establishment and mortality) was prevalent,
leading to a blurred pattern, in contrast to the results of
the deterministic WoodPam model. Still, LandClim
results indicate that for this pasture, a moderate level
of grazing pressure in the absence of a strong
environmental gradient implied that trees were able
to establish in almost all grid cells in at least a fraction
of the simulated landscape replicates. Even though the
probability of tree establishment in particular loca-
tions differed considerably based on the underlying
topography, in the replicated simulations almost every
grid cell had at least one simulation where trees were
present. This is a typical problem when comparing real
landscape properties, which reflect a very specific
course of past development, to simulation results from
a stochastic landscape model that reflects multiple
possible landscape trajectories.

@ Springer

Observed pasture-woodland patterns reflect legacy
effects from historic forest clearing and pasture
management (Chételat et al. 2013) as well as climate
fluctuation and large disturbances (Peringer et al.
2013). These processes were not considered in our
simulations but may explain the over-estimation of
tree cover and the current locations of forest patches.
Reconstructed data about historical management
(McGrath et al. 2015), land use changes (Wu et al.
2015), or disturbances (Gannon and Martin 2014) can
be used to simulate the specific path that led to current
landscape structure. However, this type of data is rare.
Although our simulations did not consider historical
factors, LandClim was still able to simulate current
ecosystem provisioning services (i.e., percent of the
pasture that is open, semi-open and closed, forage
production and livestock suitability), which is impor-
tant for estimating responses to future changes in
climate and management.

At the regional scale, simulation results showed
that almost the entire Jura Vaudois would be highly
suitable for pasture. As pasture-woodlands are the
dominant land use in this region (Buttler et al. 2009),
this is a confirmation that LandClim is appropriately
representing the factors that determine pasture suit-
ability. Interestingly, low- and high-elevation pastures
were equally appropriate. On the one hand, temper-
ature limitations caused lower forage production at
higher elevations. On the other hand, due to interac-
tions between climate, forage production, grazing
intensity and tree establishment, in higher elevation
pastures this was compensated by a reduction in tree
cover (i.e., more open pastures leading to lower light
competition for grasses). As the entire region is quite
wet and the highest elevation is only ~ 1600 m a.s.1.,
the point where climatic limitations resulted in highly
unsuitable grazing conditions was not reached in the
simulations.

We acknowledge that the setup of the large-scale
simulation experiment may not be entirely realistic,
assuming a constant and equal livestock density that is
uniformly distributed across ~ 200,000 ha. However,
the aim of our simulation was not to make an accurate
prediction of the current state of landscape properties
across this region, but to illustrate the impact of
elevation and environmental gradients on pasture
suitability and landscape patterns. In reality, it is
obvious that farmers would adjust their management
to optimize livestock densities towards maximum
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forage production (e.g., higher stocking densities at
lower elevations).

Upscaling of establishment processes to large
spatial and coarse temporal scales

One of the most important conceptual differences
between LandClim and WoodPaM is the representa-
tion of tree establishment. To be computationally
efficient for simulating larger spatial extents, in
LandClim new tree cohorts are established only once
a decade. The number of suitable years within the
decade is tracked and determines the establishment
probability as well as the number of trees established
per cohort. The impact of livestock grazing adds an
additional establishment filter to this stage, however
this one filter aggregates a wide variety of separate
processes (e.g., injury due to trampling (Lewis 1980),
grazing-induced growth reductions (Vandenberghe
et al. 2007) and mortality (Ameztegui and Coll 2015)).

Conversely, vegetation dynamics simulated in
WoodPaM focuses on the transitions between various
categories of small trees (i.e., seedlings and sap-
lings <1.5 m), with a separate consideration of the
impacts due to grazing and trampling (Gillet 2008). As
trees taller than 1.5 m are considered to have outgrown
susceptibility to browsing damage, it is fair to say that
LandClim starts to simulate tree population dynamics
at the point when the livestock impact on trees is
finished. So, how it is possible that LandClim can
capture broad landscape patterns and the provisioning
of ecosystem services? How important are the pro-
cesses that impact the early life stages, and is it true
that they can be collapsed into a few simple filters for
tree establishment, which is a prerequisite for the
approach to upscaling taken in this paper (cf. Bug-
mann et al. 2000)?

The hypothesis that biotic interactions are more
important at fine spatial and temporal scales whereas
environmental filtering is more important at large
spatial scales is a fundamental assumption in commu-
nity ecology that is supported by a wide range of
evidence (e.g., McGill 2010; Belmaker et al. 2015).
By including environmental variables to determine
grazing preferences (i.e., forage production as influ-
enced by climate and topography), we enhanced the
LandClim model to perform well for simulating
grazing effects on landscape patterns at large spatial
extents. The trade-off is that its performance is only

broadly consistent with local data, but not highly
accurate. We view the regional-scale applicability,
however, as a clear benefit. The explicit consideration
of climate and management means the model can
simulate important differences between pastures, such
as the un-even rates of land abandonment and woody
encroachment (Garbarino et al. 2014; Vacquie et al.
2015), single farmers who utilize both summer and
winter pastures, and the different climate change
impact depending on elevation, topography and land
cover (Rossler et al. 2012). Including these drivers will
improve our ability to simulate future changes and will
increase confidence in model predictions.

Managing pasture-woodlands for portfolios
of ecosystem services

LandClim was able to simulate landscape heterogene-
ity, woody biomass, tree species composition as well
as estimate forage production and livestock suitability
at the scale of an individual pasture-woodland. These
variables represent the most important ecosystem
goods and services provided by these landscapes.
LandClim was further able to capture current tree
species composition in the Jura mountains, i.e. at
much larger spatial scales. The three dominant tree
species are Picea abies L. (spruce), Acer pseudopla-
tanus L. (maple), and Fagus sylvatica L. (beech), with
spruce being most dominant (Buttler et al. 2009). This
is in stark contrast to the expected species composition
under unmanaged conditions (Frehner et al. 2005),
where Abies alba (fir) and beech should be much more
prominent. Hence, the dominance of spruce in both the
real landscape and in the simulations is most likely due
to its high grazing tolerance (Hjeljord et al. 2014). This
view is corroborated by simulations without grazing,
which indicate a much stronger dominance of beech
and fir; the latter species is known to be particularly
sensitive to browsing (e.g., Tinner et al. 2013),
whereas the former is likely to have been reduced in
abundance because conifer timber is commercially
more attractive than beech wood.

The high biodiversity in pasture-woodlands is
actually maintained by extensive land use (Buttler
et al. 2009) as high landscape heterogeneity, including
the many transitional zones and edges, supports a high
diversity of species. While LandClim does simulate
tree biodiversity, it does not consider biodiversity of
the herbaceous layer or of any animal groups, which
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may contain much higher species numbers than the
tree layer itself (e.g., Hartel et al. 2014). However,
simulated landscape metrics (e.g., tree cover and
fraction of open land, landscape heterogeneity, num-
ber and length of edges, etc.) can be used to infer
biodiversity in other guilds. For example, the optimal
species richness in the herbaceous layer was found
at ~30% tree cover (Gillet et al. 1999). Livestock
species (i.e., cattle versus sheep or goats, Sanon et al.
2007; Hjeljord et al. 2014) or even different breeds of
cattle (Rook et al. 2004) may also impact biodiversity.
By modifying the grazer—grazing tolerance relation-
ship, LandClim could be used to simulate how pasture
management increases biodiversity both within a
pasture and also over larger spatial extents.

The processes used to describe vegetation, climate
and livestock dynamics in this paper, could also be
applied to other pasture-woodland landscapes. Pas-
tures outside of alpine regions tend to be located in
more arid environments, although landscape patterns
in Australia (e.g., Weinberg et al. 2011) and the
Mediterranean (e.g., Pereira and da Fonseca 2003) are
still largely driven by livestock pressure, with tree
regeneration in particular being quite sensitive to
grazing. Additional processes such as fire and soil
nutrient cycling (Yates and Hobbs 1997) could also be
including, if the modelling framework was to be
extended into these regions.

Conclusion

In conclusion, we provide a novel tool that can serve to
upscale the detailed grazing behavior of livestock and
its interactions with vegetation from the pasture to the
regional scale so as to evaluate the provisioning of
ecosystem services that are important for pasture-
woodland systems. We used general environmental
variables, readily available at large spatial extents, to
describe selective grazing by cattle, the interaction
with vegetation and the formation of landscape
patterns. In addition, the framework presented here
in conjunction with climate change projections can be
used to provide probabilistic estimates for the future
provisioning of ecosystem services from these land-
scapes. Due to the explicit representation of pasture
management, forest management, and natural forest
dynamics as a function of climate, the modelling
approach presented here offers a powerful tool to

@ Springer

simulate multiple external pressures on pasture-wood-
land systems, and test alternative management strate-
gies to ensure the continuing provisioning of
ecosystem services in the future.
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