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On the anthropogenic side, pasture areas have proven to be an
unsustainable land use option, because they are susceptible to invasive
species that outcompete pasture grass. Previous studies investigated the
infestation of pasture areas by the aggressive bracken fern - Pteridium
arachnoideun{Kaulf.) Maxon. This invasion often causes farmers to abandon
gained pasture and to deforest new tracts of land (Hartig and Beck 2003;
Knoke et al. 2009; Roos et al. 2010)Recurrent burning is the common
management practice for the rejuvenation of pasture, especially of the pasture
grass Setaria sphacelatgschumach.) Stapf & C.E. Hubb., yet researchers also
believe that fire promotes bracken invasion. In general, the mechanisms and
EAaOEOPEUwW O w EUEEOI OQw i1 UOzUw EOGOxIT UPUDYI w UL
understood. Thus, knowledge must be gained to develop bracken control
measures and thus to support sustainable land use practises whle also
protecting the natural forest.

Both exogenous and endogenous factors (recurrent pasture burning
and plant response to environmental factors, respectively), as well as direct
plant competition, have been hypothesized to promote bracken fern growth,
spatial occurrence and invasive strength. The following aspects might account

N

develops a huge stock of reserve material (rhizomes) able to produce new

hu



fronds; (ii) rhizomes grow d eep in the soil, meaning that fire cannot damage
them, but might instead very well supply heat that stimulates the re -growth
of new fronds from the rhizomes; (iii) bracken fern is resilient and more
productive under local climate conditions; and (iv) a clo sed fern canopy casts
shadows on the grass beneath it, thus significantly reducing its vitality and
biomass production.

While (i)-(if) can and has been investigated by specific field studies
(Hartig and Beck 2003; Roos et al. 2010Q)the analysis of (iii-iv) requires
numerical model experiments.

To date several types of models are used to simulate vegetation
dynamics and its interaction with climate. Equilibrium biogeography models
are based on the adaptation of vegetation to demographic and environmental
variation (Schurr et al. 2012) Terrestrial biogeochemistry models describe
biogeochemical and physical processes involving energy and water exchange
on large spatial scales(Bonan 2008; Bonan et al. 2003)So-called forest gap
models are based on tree indviduals and successional processes in
homogeneous forest patches (Perry and Millington 2008) . The more recent
Dynamic Vegetation Model (DVM) is a concept used to integrate all existing
vegetation model families and can be applied either to predict primary
productivity or to investigate the impact of the terrestrial ecosystem on water,
carbon and nutrients cycles (Fisher et al. 2010)

Different concepts can be chosen to implement a DVM and generally
fall into two classes. The first one is based on empiricd regressions between
productivity and incoming radiation. This is a more simplistic approach in
which productivity is calculated by multiplying the existent green area by the
radiation use efficiency. Also no representation of canopy structure is
required UT 1 0P EDP WEUUUOXxUPOOAWEOEWUT T wEDOET T ODPU
is implicit in the productivity data used to estimate the radiation use
efficiency. This kind of model has been extensively used, especially for global
applications (Roderick et al. 2001) The second class comprises mechanistic
models which highly depend on a proper representation of canopy structure
and biochemical processes(Randerson et al. 2009) The latter is the state of the
EUQwOi w#5, ZUWEOGEWT EUwDOxIT OO0 Ew Gobd w ET YT OO x (
applications. However, these models require accurate data on photosynthesis
and well understood radiation transfer in the canopy (Chen et al. 2008)

To simulate the growth of bracken fern there are only a few approaches
known in the literature. T hey utilize concepts either of biogeography models
(Birnie et al. 2000) or empirically -based models (Pakeman et al. 1994)
Furthermore, hitherto conducted model experiments have focused on
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200001 1 UO (BRdkim @id ®itman 1999) where the growth cycle is
characterized by strong seasonal variations.

In summary, there are two clear gaps in the knowledge and technology
regarding the ecology of southern bracken: (i) A knowledge gap on growth
dynamics of southern bracken under global environmental change (non-
sustainable land use practises and climate change) and (ii) a technology gap
regarding sophisticated species-specific DVM adaptations and validation
tools, applicable to analysing growth dynamics of southern bracken and its
competitor  grasses, forced by realistic present and future
climate/environmental states.

Regarding the technology gap for modelling southern bracken growth,
the DVM concept has the advantage of modularity (e.g. soil processes are in a
different module than biochemistry, though cou pled). It encompasses the
concept of an average parameterized individual, also called Plant Functional
Type (PFT), and a hierarchical structure to comprise two PFTs sharing the
same soil substrate and atmosphere.

Fortunately, the novel community earth system model (CESM)
includes the Community Land Model and Dynamic Global Vegetation Model
(CLM-DGVM) which implement the DVM concept for simulation of plant
growth and competition (for light or water) at global scale (Bonan et al. 2003;
Dai et al. 2004; Randeson et al. 2009) However, default model setups are
only available for global applications and cannot be applied to two distinct
species. Hence, a speciespecific DVM adaptation applicable to the problem
of southern bracken invasion requires:
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The natural vegetation of the valley is generally characterized by
evergreen mountain rainforest with vegetation subtypes along the altitudinal
gradient (Homeier et al. 2010) The position of the timberline is around 2700
m asl; above this altitude, shrubs, herbs and bryophytes become dominant,
forming a belt of sub-paramo vegetation (Homeier et al. 2008) Below 2200 m
asl, 48% of the natural mountain forest has been cleared by slash and burn
activities mainly to gain pastureland (Gottlicher et al. 2009) About 40% of the



pastures are heavily infested by a terrible weed, the southern bracken fern,
which causes farmers to abandon their pastures within a decade or less, after
which they (usually illegally) cut down sections of the remnants of natural
forest (Hartig and Beck 2003).

For more information on the study area and the specific design of the
experimental plot used for this thesis, the reader may refer to section 1.5 and
the individual chapters of the thesis.

1.2  Aims and hypotheses
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These working packages should enable future grid-based simulations
on the plot scale using simultaneous monitoring and meteorological data,
thus testing a model for direct competition for light (see chapter 6).

In a first step, single-point model runs were used to test the hypotheses
H1 and H2. It was expected to realistically simulate the particular response of
the bracken fern and pasture grass Setariausing meteorological forcing in
very high temporal resolution (10 minutes time -step). In this case, the
validation strategy for single -point runs of the extended model is a direct
comparison of productivity values between model, field surveys and
literature values. Testing H3 required monitoring, in particular ground
measurements (e.g. biomass and leafarea) and the exploitation of remotely -
sensed spatial data for the identification of species cover before and after
burning. These data were usable for two purposes: (i) to analyse canopy
recovery after a fire and (ii) to validate model runs using a grid -based dataset.

1.3 Structure of the thesis
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Simultaneously, field surveys and continuous monitoring activities of
environmental variables were conducted over the research period in the
study area to supply model the development with data. These data are
needed for (i) realistic environmental forcing (realistic atmospheric and soill
conditions) and (ii) validation of model variables (e.g. leaf area and biomass)
using ground observations and remote-sensing. Accordingly, the arrows
between modelling and monitoring boxes represent methods developed for
handling data (e.g. storage, input, conversion, and scaling).



1.4  Model development and setup
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» End development

Legend to numbers
0. Available global model (applied at global level)
Stal’f[ Qevelopment 1. Global model directly applied at plot/species level
Individual model 2. Improved model through parameterization and
realistic forcing (applied at plot/species level)
3a. Keeping realistic forcing at global scale, but
removing complexity (e.g. shade-leaf carboxylation).
3b. Keeping species-specific parameters,
but using generalized forcing data ’

Knowledge gained

Model complexity
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As stressed in Figure 1-2 and 1-4, model development was conducted
via modules. The first module determines the speciesspecific absorption of
solar radiation. Here incoming radiation was partitioned into diffuse and
direct fractions, and formulations were made to estimate the shaded and
sunlit leaf area (Dai et al. 2004) For parameterization and validation, a
specifically designed pyranometer was used to derive site-dependent
coefficients for solar radiation partitioning into direct, diffuse, and PAR
components. These coefficients can then be applied to standard pyranomeer
sensors which commonly measure global radiation. Here, a new formulation
with proper parameters was added to the model (see chapter 2 and 3).

In the second biochemistry module , formulations for C3 (bracken) and
C4 (Setarig photosynthetic pathways wer e combined to consider the
photosynthetic response of different plant species to the local environment.
This advance has been already incorporated in the CLM-DGVM base model,
as well as in formulations based on leaf nitrogen (Thornton and Zimmermann
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2007) In this work, the same nitrogen effects within the canopy were
considered by adding the corresponding new formulations for carboxylation
rate for shade-adapted leaves (see chapter 3). This improvement can be
considered an alternative method with a focus on the available field
instrumentation (porometery).

The current SoBraCoMo is implemented as shown in Figure 1-4. The
elements of the schematic in Figure 1-4 were cumulatively constructed for
diagnostic runs (chapters 24). Prognostic simulations are beyond the scope of
this thesis. The required list of parameters for diagnostic simulations is shown
in Table 1 and atmospheric and soil forcing data in Table 2

Vegetation state
Leaf area
Living biomass
(above- and below-ground)

\ Site-specific parameters \vﬁ
] Competitive strength

__________________________ Canopy radiation
environment

(absorption) Biomass production
\ Solar radiation \v—+

7 Net primary productivity
(NPP)

10-min
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Canopy net hourly
photosynthesis updated

Species-specific
parameters

Rel. humidity
Air pressure
Leaf temperature
Wind
Precipitation
Soil moisture
Soil temperature

1
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1.5 Experimental plot design and monitoring setup of the thesis
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The experimental and monitoring setup is illustrated in Figure 5. In
general, monitoring activities included meteorology (see chapter 3), balloon-

borne aerial photography (see chapter 5), field spectroscopy, and ground
observations of canopy traits.
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1.5.1 Forcing meteorology
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1.5.2 Ground observations for parameterization and validation
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1.5.3 Remote sensing for monitoring and validation
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Fortunately, the camera used was able to distinguish between the two
plants due to their spectral differences in visible and near infrared ranges
(Figure 14+ EA3 w %OUw O1 Eil wEUI EwDPOETI BRwmp+ (Awl UEOU
reflection in the visible range is due to higher pigmentation ¢ a considerably
higher amount of chlorophyll a and b ¢ as observed in leaf extracts (Figurel-
thicker leaves, while the higher absorption in the visible range of radiation is
due to well -distributed pigments within the mesophyll (avoiding the so -
EEOOI Ew? E OU O x Bdidrialeaves| palisdde dlisave nidra solid and
pigments are concentrated within the mesophyll, in the bundle sheath cells
(Figure 1-3c). Consequently, the leaf structure of green bracken fronds leads
to optimization of photosynthetic active radiation (PAR) absorption and a
pronounced red edge, which means a potential segmentation by optical
Ul OOUT wUl OUPOT  wnuOUw+ (wiBTTTUwWwOTl EQwOO] OwdUL
higher reflectance in the near infrared range holds (Figure 1-3a), but Setaria
absorbs more in the visible range. Onereason is the leaf clumping, which is
higher in Setariacanopies at moderate LAI (between 1 and 3) and completely
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excludes reflection from the background (soil and stones) or from non-green
parts of the plants.
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1.6 Global relevance of the thesis: The induced invasion of bracken
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106 =3 P. aquilinum ssp. aquilinum

13 P. aquilinum ssp. capense

6 ) P aquilinum ssp. centrali-africanum
1 P. aquilinum ssp. decompositum
14 P aquilinum ssp. japenicum

13 ) P aquilinum ssp. latiusculum

10 = P. aquilinum ssp. pinetorum

6 P. aquilinum ssp. pseudocaudatum
8 P aquilinum ssp. pubescens

15 = P aquilinum ssp. wightianum

27 n P. arachnoideum

9 F. caudatum

21 P. esculentum

2 P. semihastatum
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Mountain pastures dominated by the pasture grass Setaria sphacelaia
the Andes of southern Ecuador are heavily infested by southern bracken
(Pteridium arachnoideuin a major problem for pasture management. Field
observations suggest that bracken might outcompete the grass due to its
competitive strength with regard to the absorption of photosynthetically
active radiation (PAR). To understand the PAR absorption potential of both
species, the aims of the current paper are to (1) parameterize a radiation
scheme of a two-big-leaf model by deriving structural (LAI, leaf angle
parameter) and optical (leaf albedo, transmittance) plant traits for average
individuals from field surveys, (2) to initialize the properly parameterized
radiation scheme with realistic global irr adiation conditions of the Rio San
Francisco Valley in the Andes of southern Ecuador, and (3) to compare the
PAR absorption capabilities of both species under typical local weather
conditions. Field data show that bracken reveals a slightly higher average leaf
area index (LAIl) and more horizontally oriented leaves in comparison to
Setaria Spectrometer measurements reveal that bracken and Setaria are
characterized by a similar average leaf absorptance. Simulations with the
average diurnal course of incoming solar radiation (1998t 2005) and the mean
leaft sun geometry reveal that PAR absorption is fairly equal for both species.

(I



However, the comparison of typical clear and overcast days show that two
parameters, (1) the relation of incoming diffuse and direct ir radiance, and (2)
the leaft sun geometry play a major role for PAR absorption in the two -big-
leaf approach: Under cloudy sky conditions (mainly diffuse irradiance), PAR
absorption is slightly higher for Setariawhile under clear sky conditions
(mainly direc t irradiance), the average bracken individual is characterized by
a higher PAR absorption potential. (D74 MJ nie year\). The latter situation
which occurs if the maximum daily irradiance exceeds 615 W mN'is mainly
due to the nearly orthogonal incidence of the direct solar beam onto the
horizontally oriented frond area which implies a high amount of direct PAR
absorption during the noon maximum of direct irradiance. Such situations of
solar irradiance favoring a higher PAR absorptance of bracken occur in D36%
of the observation period (1998t 2005). By considering the annual course of
PAR irradiance in the San Francisco Valley, the clear advantage of bracken on
clear days (36% of all days) is completely compensated by the slight but more
frequent advantage of Setariaunder overcast conditions (64% of all days). This
means that neither bracken nor Setariashow a distinct advantage in PAR
absorption capability under the current climatic conditions of the study area.

2.1 Introduction
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Consequently, bracken should be effectively controlled to retain
pasture productivity, but to date, the reason for its competitive strength is not
well understood. Some investigations suggest that spreading and growth of
bracken seems to be stimulated by burning (e.g., Page 1986; Cruz et al. 2009).
Other studies on bracken in England and Mexico (Marrs et al. 2000a, b;
Schneider 2004) point out that bracken fronds cast shadow on underlying
plants, thus outcompeting understorey vegetation like grass tufts. Field
observations in the study area show that bracken accelerates growth after
burning which suggests that the shading of the pasture grass by the fast
emerging fronds seems to boost the dominance of bracken after recurrent
burning (Hartig and Beck 2003). However, final evidence is still lacking.
Numerical simulation models encompassing radiative transfer approaches



(e.g., Pronk et al. 2007) might helpto unveil the importance of frond shadow
for the competitive strength of bracken in the study area. For spatial
applications, grid -cell based two-big-leaf models have been proven to be
computationally efficient (Wang and Leuning 1998) with good accuracy
compared to more complex multilayer models (Zhang et al. 2001). The first
research question in order to estimate the competitive strength of species with
regard to radiation available for plant growth is if the two competing species
reveal different PAR (photosynthetically active radiation) absorption
potentials. Consequently, the main objective of the current paper is to
compare the PAR absorption potential of the two competing plant species,
Setaria sphacelatand Pteridium arachnoideumas the basis for fuure research
on growth competition modeling using a numerical vegetation growth model.
The comparison is conducted by applying the radiation scheme of a state of
the art grid-based two-bigleaf model (Dai et al. 2004; Thornton and
Zimmermann 2007). Becausethe model is normally operated with default
parameters for broad groups of plant functional types (broadleaf trees, grass,
etc.), a proper parameterization with structural and optical plant traits is
required to adapt the scheme to the competing species €.g., Larocque 2002;
Wang et al. 2006b; Boulain et al. 2007). With regard to structural plant traits,
Lappi and Stenberg (1998), for instance, stressed that simulation of PAR
interception/ absorption is highly dependent on the relation of leaf orientation
and solar geometry.

Thus, the second goal of the current study is to adapt the radiation
scheme to the two species of interest by providing the required structural and
optical plant traits based on extensive field surveys. The properly
parameterized scheme is then used to simulate the PAR absorption
capabilities of both species under the varying and realistic illumination
conditions of the study area in the Andes of southern Ecuador.

2.2 Materials and methods

2.2.1 Study area and data
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Long-term meteorological data for the current study were available

from the ECSF meteorological station located at 1,960 masl (ECSF met in

Figure 2-1), the altitudinal level of the bracken -infested pastures. At this

station, global radiation has been measured since 1998. Monthly means of

global radiation from 199842005 as presented in Bendix et al. (2008a) were

used in this study. Additionally, an experimental site (BS in Figure 2-1)

consisting of ten 10x10 m plots with different fractions of bracken and Setaria

was established in 2007 in the vicinity of the main meteorological station

(ECSF met). The site encompasses a micrometeorological station that

measures global radiation at 5-min temporal resolution. Global radiation at

both stations was measured with the Kipp & Zonen CM3 pyranometer for the

entire solar spectrum (spectral range 305 2,800 nm).

2.2.2 Radiation scheme
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The photon transport among the atmosphere, the sunlit and shaded
leaf area, and the ground is calculated by using the two-stream
approximation with single scattering and uniform leaf orientation as
presented in Dickinson (1983) and Sellers (1985). This module is the central
part of the radiation scheme of Dai et al. (2004) which was used in the current
study. With regard to canopy albedo, Myneni et al. (1992) showed that the
accuracy of similar 1D radiative transfer schemes is adequate in comparison
to more complex and computational expensive 3D approaches. Also, the
prediction of PAR provided reasonable values when compared with a more
complex multi -layer model (Zhang et al. 2001).
The numerical solutions and all relevant equations of the radiation
scheme used in this study are already published in Dai et al. (2004) and will
not be repeated here in detail. In the current study, the scheme is initialized
by global radiation data at hand so that the decomposition for the direct,
diffuse and PAR fraction is necessary.
On the plant level, the study focused on an average individual of
bracken and the pasture grassSetaria PAR absorption of the two species is
strongly dependent on their functional traits that have to be derived from
field observations to parameterize the radiation scheme properly. The first
plant trait (or model parameter) of importance is the average leaf angle
because it determines the leaf orientation to the sun and thus radiation
absorption. In the radiation scheme, the average leaf projection & gp4sAused
which is derived from (Dai et al. 2004):

G(m =f, +f,0m f,=(05- 0633Cr - 0.33¢x?) ; f,=0877¢- 2F) (1)

where 4 is the cosine of the solar zenith angle,2:1 and 22 are coefficients
from the Ross& OUEUDPEEQuwi UOEUDPOOwmUI 1T w2i 001 UUwhN WK A
EOT Ol w EPUUUPEUUDPOOW phdw T OUPAOOUEOOW NhAYI U
distribution) that have to be measured for representative individuals of
bracken and Setaia in the experimental plots. It is obvious that the leaf
orientation in relation to the solar angle determines drop shadow on shaded
leaves and thus, the sunlit and shaded fractions of leaf area (see Dai et al.
2004).
The second important trait is the spectral leaf albedo because it
determines the proportion of solar radiation remaining available for
absorption and transmission. For instance, the direct incident beam radiation



absorbed by leaves at canopy depth &) per unit leaf area index LAI (excluding
scattering) is calculated in the scheme as (Dai et al. 2004):

|, = (1- w) Ckbxp( KbAXLAI) O, )

where Iwo is the incident direct beam radiation above the canopy, ko the
direct beam extinction (see Dai et al. 2004) and the leaf scattering coefficien
IS:

O=a+71 (3)

with Y'is the spectral leaf albedo (second parameter) ands the spectral
leaf transmittance as the third important functional trait, determining the
transmission of radiation to the shaded leaf area fraction and the underlying
bare soil. Consequently, both optical parameters have to be derived from field
measurements of representative individuals of bracken and Setaria Equation
(2) also uses the leaf area index that is available for PAR absorption. Thus,
also the average leaf area index is a model parameter thathas to be derived
from field observations.

On the soil level, soil spectral albedo has to be measured because it
determines the backscattered direct and diffuse radiation fractions in
direction of the green phytoelements which are generally available for PAR
absorption, increasing with soil albedo (Nouvellon et al. 2000).

2.2.3 Decomposition of global radiation data
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Iy =1,-(1-k) (6)
where lo is the incident global radiation above the canopy. Empirical

radiation decomposition functions are generally more or less site dependent.

To find the most appropriate function for the San Francisco valley, six

published functions are examined. Erbs et al. (1982) used data sets from U.S.

locations to formulate a piecewise regression function that has been widely

and successfully used in other parts of the world (Elminir 2007). A modified

version of Erbs function was recently proposed by Wang et al. (2006a). Two

versions of a function of Boland et al. (2001, 2008) for Australia yields lower

fractions of diffuse radiation at a high clearness index, which could

principally apply to situations in high elevations in the absence of clouds. A

function taking annual seasonality into account was determined for southeast

Brazil by Oliveira et al. (2002). Maduekwe and Chendo (1994) presented a

numerical solution with solar elevation as a second predictor for the diffuse

fraction. Figure 2-2a shows the long-term averaged (1998 2005) daily course

of diffuse radiation calculated from the long -term incident global radiation at

the ECSF meteorological station. The diffuse fraction as a function of the

clearness index is also displayed Eigure 2-2b). The data show that the fraction

of diffuse radiation in the study area is generally high. In the early morning

and late afternoon hours, almost the only radiation present is diffuse, while

around noon, direct irradiance accounts for approximately one third. The

dominance of diffuse radiation is mainly due to the overall high cloudiness of

D80% over the day and the year in the San Francisco valley (Bendix et al.

2006b, 2008c).
The function of Boland et al. (2001) (BSL), with the solar apparent time

as predictor (BSLa at 0800 and BSLb at 1700 hours ifigure 2-2b), results in
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which summarizes the winter (O ESMa) and summer (OESMb) regressions,

gives the lowest diffuse radiation fraction. The other four decomposition

functions which comprise Boland et al. (2008) (BRB) and Erbs et al. (1982)

(EKD) give more or less identical daily courses. The difference between the
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function (EKD2) because it considers the increase of diffuse radiation on

lower solar elevation (see Figure 2-2b where EKD2 is calculated for a solar
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1-009- &t 0<kt<0.22

k'=10.9511-0.1604 -kt + 4.388 - kt* —16.638 -kt +12.336-kt* 022 <kt <0.8 7)
0.165 08<kr<l

kl
= Tk (8)

Pil 1 OWWwWUOT T WEDI 1 UUIl wi UEEUDPOOwWOI WUEEPEUDOOWOC
To obtain the PAR fraction from global radiation, a conversion factor of

0.48 is generally multiplied by lo, but Zhang et al. (2000) and Lee and

Hernandez-Andrés (2005) showed that the PAR fraction varies particularly in

the presence of clouds. A slight increase of the PAR fraction from clear to

cloudy sky due to larger forward scattering was observed by Papaioannou et

al. (1993) and Roderick et al (2001). Tsubo and Walker (2005) considered

clouds by applying the clearness index as predictor for the PAR fraction.

Consequently, this function addresses best the high cloud frequency in the

San Francisco valley and is therefore used in the current study:

L =(0.121 -kt —0.334 -kt +0.613) -1,

(9)

2.2.4 Field observations of plant and soil parameters
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The two optical plant traits (leaf albedo and transmission) and soil
albedo were measured with the field spectrometer Tec5 HandySpec Field 14
during late 2007 and early 2008. The instrument encompasses a Zeiss MMS 1
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of representative individuals were collected and inserted in a wooden frame
to normalize the measurements to a leaf area index of 1. Average values were
calculated from three measurements of each species. Topsoil samples were
taken from the experimental bracken site, representing the soil under bracken
and grass. Spectral integration of the data was conducted for PAR (<700 nm)
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2.3 Results

2.3.1 Derived plant and soil traits
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With regard to the field data of structural plant traits presented in
Table 2-1, the average leaf are index of bracken (2.94) is higher than that of
Setaria (2.4). The standard deviation reveals that the LAl of bracken is
characterized by a slightly higher variation in comparison to Setaria
Additionally, Table 2-1 points to a clear difference in leaf angle orientation
towards more vertical leaves for the Setariatufts and more horizontally
oriented leaf blades for bracken where the span of leaf angles is generally
higher for bracken than for Setaria The grass reveals a mean leaf anig of D59°
EQOEWEOWEYI UETT woOl El wEOT Ol WEPDUUUPEUUDOOwWXEUE
confirms the more vertical orientation of the grass stalks. MTA values and the
low standard deviation show that the angular distribution of Setariaculms is
almost unimod al. With regard to bracken, MTA seems to points to a bimodal
distribution. Bracken fronds are composed of a long vertical petiole and a
nearly triangular tripinnate lamina. Emerging fronds, whose laminas are still
unfolded, have not been included in the study. Unfolding of the leaf blade
starts when it turns from a vertical position into an angle between 40 and 50°.
During further unfolding of the lamina, the leaf blade approaches a more
horizontal orientation (MTA of 0 ¢ 8°). Because an average fern canopy
consists of young and mature leaves, the average individual of the two -big-
leaf approach must consider both representations which is warranted by the
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The albedo data gathered during our field surveys show that both
plant species exhibit a marked red edge spectrum of green vegetation with a
slightly enhanced reflectance in the green waveband (Figure 2-3).
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In contrast, the topsoil reveals the typical, almost linear increase of
reflectance towards the near infrared. Bracken contrasts with Setariaby a
lower reflectance in the PAR and a higher reflectance n the NIR.
Transmittance of bracken fronds is slightly higher than that of Setariaover the
whole spectrum. The integrated optical traits for the PAR spectral range (300t
700 nm) as derived from the measurements of the field spectrometer for both
species Getariaand bracken) are presented in Table 2-2. Average integrated
PAR reflectance of Setaria(11.7%) is higher than bracken PAR albedo (7.4%).
At the same time, integrated PAR transmittance of Setaria(1.5%) is lower in
comparison to bracken (3.7%), resuting in a slightly higher absorptance of
2.1% for bracken which might potentially favor bracken with regard to
photosynthesis.
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2.3.2 Simulated PAR absorption capability
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Table 2-1. Figure 2-4 demonstrates the changing illumination situation
for the average individuals of Setaria and bracken depending on solar
elevation in relation to leaf orientation. The sunlit and shaded leaf fractions of
bracken with its more horizontally oriented fronds run inversely to Setaria
with its more upright leaves. At higher solar elevations (>28°) around noon
(i.e., at solar zenith lower than 62°) bracken shows a smaller sunlit leaf
fraction in comparison to Setaria because the sunlit bracken frond casts
shadow on the underlying frond area due to the horizontal frond orientation.
In contrast, shadowing around noon is clearly reduced in case of the vertically
oriented leaves of Setaria The situation changes in times of lower sun
elevation (morning, evening) when cast shadow is preferentially caused by
vertically oriented leaves. Then, bracken is favored in receiving direct
radiation.
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However, the sunlit and shaded leaf fraction must be scaled by the
speciesspecific leaf area index (Table 2-1) of the average individuals to
complete the view on leaft sun geometry effects on PAR absorption potential.
By doing so, Setariasunlit leaf area exceeds that of bracken at solar zenith
angles <55° Figure 2-5). The shift of the inversion point of the sunlit leaf

t



fraction (see Figure 2-4. 62° solar zenith angle) is an effect of the slightly
greater LAl of the average bracken individual. This also explains the fact that
the shaded leaf area of bracken exceeds the shaded leadrea of Setariaat all
solar elevations.
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Summarizing Figure 2-4 and Figure 2-5 could suggest that Setaria
receives more direct radiation around noon in comparison to bracken.
However, the amount of PAR absorption is not only a function of sunlit and
shaded leaf area but is strongly dependent on (1) the resulting angle of
incidence on the leaves for direct beam radiation, (2) the relation of direct/
diffuse irradiance at the top of the canopy, and (3) the optical leaf traits. With
regard to (1), a more perpendicular angle of incidence would be reached at
low sun elevations for Setariawith its vertically oriented leaves when the
sunlit leaf area is clearly reduced. In contrast, bracken shows the highest
sunlit leaf area around noon when the solar rays are shining nearly
perpendicular onto the horizontally oriented canopy fronds.

To address all governing factors (14 3) under realistic environmental
conditions of the Rio San Francisco valley, a simulation was conducted which
was initialized with the longterm averaged diurnal course of global irradiance
(1998 + 2005) at the ECSF meteorologial station (Figure 2-1). The
decomposition of global radiation was conducted by applying Egs. 4 9. The
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results depicted in Figure 2-6b clearly reveal that PAR absorption of bracken
(4.2 MJ m¥'dayNYis fairly equal to PAR absorption of Setaria(4.5 MJ m dayNt

(OUITUEUI EwOYI UwUOT T wEEaOQwWUT T weEDIi T MUI OET waop, /
dayN At first glance, this result is unexpected because considerable
differences in sunlit and shaded leaf area of the two species exist Figure

2-6a).
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This effect is most likely the result of the predominantly diffuse solar

radiation available in the San Francisco valley due to the high cloudiness. The

tw



reason is that the available direct radiation at an inclined surface (leaf),
i 0000OPPOT W+EOEI UUg UWOEPOQWET x1 OEUwOOwWUT I wbOEE
combination of leaf angle and position of the sun, but this angular
dependence is not applicable to isotropically distributed diffuse radiation.
Consequently, the speciesspecific differences in sunlit and shaded leaf area
are not as crucial as they should be under clear sky conditions. As a result,
bracken can compensate for the lower fraction of sunlit frond area by its
slightly higher absorption coefficient and the total LAl exceeding that of
Setaria(Table 2-1 and Table 2-2). Thus, the total radiation surplus of Setaria
yields not more than 0.3 MJ mV'dayN™M4.2 MJ nV' dayNrbracken, 4.5 MJ !
dayNhSetarig in comparison to bracken over an average day in the Rio San
Francisco valley.

To unravel the role of diffuse radiation on the PAR absorption
potential, simulations were conducted for a typical sunny (5 December 2007)
and cloudy (5 January 2008) day Figure 2-7).
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The cloudy day with dominating diffuse i rradiance reveals that Setaria
has a slightly higher PAR absorption over the day (2.1 MJ m\' dayN that
exceeds that of bracken by 9.5% (or 0.2 MJ M dayN (Figure 2-7, right).
However, it is striking that this potential growth advantage of Setariais
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abolished during a sunny day with a great portion of direct solar irradiance
around noon (Figure 2-7, left). On such a day, bracken absorbs 8.5 MJ
dayNwhich is 16.4% (or 1.2 MJ m¥'dayN more than total PAR absorption by
Setaria The reason of thisinversion is illustrated in Figure 2-8.
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On sunny days, the major gain of PAR absorption by bracken as
compared to Setariais achieved by the absorption of incident direct beam
radiation (I o direct) only. Here, the geometric configuration mentioned earlier
takes effect. Fairly perpendicular incidence of the direct solar beam around
noon (sun elevations 60t 80°) onto nearly horizontally oriented bracken fronds
provides the markedly higher direct radiation gain as compared to the nearly
vertically oriented Setarialeaves. Even if PAR absorption of diffuse solar
radiation (l«) and scattered diffuse radiation (ldr) is higher for Setariaon the
sunny day, this cannot compensate for the higher gain of direct beam PAR
absorption by bracken fronds.

To test the PAR absorptance for different sunny and cloudy weather
situations potentiall y occurring in the San Francisco valley, the ideal relative
diurnal course of irradiance as measured on 5 December 2007 was taken and
applied to incrementally increased daily radiation maxima ranging from 100
to 1,000 W nm! (with an increment of 100 W mnV). Ten simulations were
conducted with the radiation scheme based on the synthetically generated
irradiation data. The decomposition of the generated diurnal data of global
radiation by using Egs. 419 leads to an increase of the direct radiation fraction
wi th increasing radiation maximum. Consequently, a maximum of 100 W m N!
is mainly characterized by diffuse irradiance, a maximum of 1,000 W mN'by a
greater portion of direct solar irradiance. Figure 2-9 shows clear species
specific distinction of PAR absorption capabilities due to varying radiation
composition. Above a daily radiation maximum of about 615 W m N'where
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direct radiation dominates, bracken absorbs clearly more direct PAR, as
illustrated in Figure 2-8 (direct PAR lo). The surplus of bracken PAR
absorption is continuously increasing with increasing daily radiation
maximum. Below the inversion point, Setaria shows a slight but nearly
constant advantage in PAR absorption in comparison to bracken. In a next
step, the hourly radiation data at the ECSF meteorological station from 19984
2005 were evaluated to derive the frequency of daily radiation maxima in the
valley. Figure 2-9 reveals that illumination situations favoring SetariaPAR
absorption occur on 64% of all days, while a third of all days with m ore direct
radiation support the higher PAR absorption potential of bracken.
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By summing up the daily PAR absorption based on the synthetically
generated data over all days of the year, while considering the frequency
distribution of the radiation classes in Figure 2-9, yields no clear advantage of
one of the both species.Setariaabsorbs 1,533 MJ mMi'yearN"PAR while bracken
reaches almost the same annual PAR absorption capacity of 1,530 MJ i
yearNv
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2.4 Discussion
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With regard to the optical traits, reflection measurements of bracken

canopies in England (403 1,100 nm; Blackburn and Pitman 1999;Pteridium

aquilinum) confirm the shape of the reflection curve, however with a slightly

lower reflectance over the whole spectrum compared to the southern bracken.

At the same time, transmittance in the visible and near infrared spectrum of

bracken fronds in England (Pitman 2000) is somewhat higher in comparison

to the southern bracken. Average measured PAR reflectance ofSetariais in

almost perfect agreement with default values for C4 grasslands (11%)

provided by different studies (e.g., Fisch et al. 1995) and the CLM SVAT

model that uses a similar radiation scheme as described in this study (Oleson

et al. 2004). Even if the overall good coincidence indicates that the gathered

field samples represent an average individual under average growth

conditions in the study area, it should be stressed that plant parameters used

in numerical models might even change with spatial resolution. This

complicates the comparison of measured plant traits and respective published

model parameters. By applying the parameterized radiation scheme, it is
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proven that the average individuals of bracken and Setariahave similar PAR
absorption potentials under the typical radiation conditions of the Rio San
Francisco valley. Comparable similarities were also found on the landscape
level by other studies (e.g., Asner et al. 1998). The most important parameter
for the determination of the fraction of absorbed PAR (frar) in this study
where the leaf area index of the Setariaand bracken average individuals is
EPI i1 UDPOT wOOEIT UEANVOsithedeaftisun (géométrik (nd us,
the leaf angle) in combination with the fractionation of the radiation
components (direct, diffuse). Bracken has a higher PAR absorption potential
under clear sky conditions because the leaf angle distribution favors PAR
consumption d uring hours of high solar elevation. Similar directional effects
are described for short grass ecosystem by Nouvellon et al. (2000). However,
by scaling up to the landscape level, other authors stress that leaf area is the
main decisive variable accounting for 60t80% of fear variations while
individually contributing canopy -level factors explain only a smaller
proportion of fear variations (Asner and Wessman 1997; Mwanamwenge et al.
1997; Asner et al. 1998).

With regard to the current state of the radiatio n scheme, the main
uncertainty remains the decomposition of global radiation to its direct,
diffuse, and PAR fractions. Comprehensive field observation of all radiation
parameters is needed to derive a local decomposition function which can be
implemented in the radiation scheme, replacing the currently used average
decomposition functions (based on Egs. #9). However, to derive local
functions, several years (at least one) of diffuse radiation and PAR
measurements are necessary. Most recently, respective ensors are installed
and a preliminary comparison with 1 month of data and the results of the
average functions used in this paper is conducted. With respect to diffuse
radiation, 46% of values differ less than 10% of the calculated radiation where
best results were reached for clear and completely overcast days. Generally,
the average decomposition function (based on Egs. #8) underestimates the
observed values. With regard of PAR decomposition (based on Eq. 9), a slight
overestimation by the function has been proven (+12% on average). In most
situations, this counterbalances the underestimation of the composition
function for diffuse radiation so that the final calculation for incoming PAR
radiation provides reasonable data for the radiation scheme. Nevertheless,
locally derived decomposition functions replacing Eqgs. 749 will be
implemented when sufficient data have been gathered.

The results of the simulations gained with the parameterized radiation
scheme reveal that neither bracken nor Setariaexhibit a clear advantage in
PAR absorption capability under the current climatic conditions of the study
area. This means that, at first glance, PAR absorption seems not to be the
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reason for bracken invasion. Another reason could be that the bracken plants
have more biological growth power, e.g., due to the well -developed rhizome
system which make them grow faster to get more PAR, water and nutrients.
However, it must be stressed that radiation absorption is just the initial factor
of plant growth. The transfer of absorbed PAR to biomass depends on the
radiation use efficiency (RUE) that can exhibit great speciesspecific
variations, particularly under water and nutrient stress (for bracken, refer,
e.g., to Bray 1991 and Pakeman et al. 1994; for tropical C4 grassp Kiniry et al.
1999 and Marques da Silva and Arrabaca 2004; for PAR absorption under
fertilization, to Ostrowska et al. 2008). While water is not a limiting factor in
the perhumid environment of the Rio San Francisco valley, nutrient
deficiency (P, N) occurs (Makeschin et al. 2008). These effects will be tested in
future research by using a photosynthesis module driven by the radiation
scheme presented in this paper.
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3.1 Introduction
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Numerical models to simulate photosynthesis have been developed for
more than 20 years. They are capable to calculate the photosynthesis of single
species (leaf and canopy level) and/or plant types grouped by ecosystem
functions under varying environmental conditions and on various spatio ¢
temporal scales (e.g. Farquhar et al., 1980 and Farquhar et al., 2001). With
regard to model architectures, two-big-leaf models have been shown to
compute net canopy photosynthesis quite accurately (Wang and Leuning,
1998), performing as well as more complex multilayer models (Zhang et al.,
2001). However, to compare canopy photosynthesis and related processes (as
e.g. evapotranspiration) of specific species in a certain area, speciespecific as
well as abiotic site-specific model parameters have to be adapted and
provided by respective field surveys to reach a high and realistic model
accuracy (Oltchev et al., 2002 and Groenendijk et al., 2011).

Consequently, the aim of the current paper is to adapt a two-big-leaf
canopy photosynthesis process model for the two competing plants species,
the pasture grass S.sphacelat§(Schumach.) Stapf & C.E. Hubb.ex Chipp.] and
the weed P. arachnoideunf(Kaulf.) Maxon] (the so-called Southern Bracken).
Major effort has to be made to (i) properly parameterize and improve the

model with special reference to the speciesspecific differences as e.g. related
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to the C3 and C4 photosynthetic pathways. The second main point (i) is to
force the model with on -site weather observations to properly compare the
potential of canopy photosynthesis of both species in the course of a year
under realistic meteorological conditions.

(i) With regard to time -invariant site -specific parameters required for a
proper simulation of canopy photosynthesis, soil texture in the root zone is
crucial because its relation to the wilting point, affecting photosynthesis via
soil moisture and evapotranspiration particularly during drier periods
(Franks et al., 1997, Montaldo et al., 2003 andOlioso et al., 2005). For biotic
parameters, non-adapted physiological properties revealed for instance an
overestimation of 50% in simulated fluxes related to canopy photosynthesis
(Oltchev et al., 2002). A speciesand site specific rooting zone depth and root
fraction is especially important for model accuracy during drier conditions
when soil water limits evapotranspiration (Feddes and Raats, 2004). Species
specific photosynthesis parameters have been proven to be most sensitive
regarding simulation accuracy (White et al., 2000 and Knorr and Heimann,
2001). Luo et al. (2001) and Bendix et al. (2010) demonstrated that species
specific leaf area index (LAIl), leaf optical properties and orientation in
relation to site-specific solar geometry are important parameters for the
proper simulation of absorption of photosynthetic active radiation (PAR). The
availability of species-specific light response curves measured in situ in the
field (Pachepsky and Acock, 1996) and the consideration of realistic below
ground plant parts (as e.g. speciesspecific root to shoot ratio) is highlighted
in several studies as crucial for a high simulation accuracy (Fourcaud et al.,
2008). Further important factors are the varying influence of temperature on
the effectivity of RuBisC O of different species (Leuning, 1997, Leuning, 2002
and Medlyn et al., 2002), the apparent quantum yield and the Q10, a
parameter for the exponential increase of kinetic parameters and respiration
(and thus, important for net photosynthesis) on changing t emperature (e.g.
Dang et al., 1998). With regard to simulation accuracy, Miiller et al. (2009) and
Vuichard et al. (2010) revealed that an accuracy >80% for photosynthetic
parameters (as inter alia carboxylation) can be tolerated to reach an overall
accuragy of about 5%. With regard to parameter estimation in the field, Lenz
et al. (2010) emphasized the importance of avoiding artefacts from data
collection under extreme environmental situations (drought stress, etc.).

(i) With reference to realistic model forcing, high -resolution and time -
variant atmospheric data are of focal importance (Montaldo et al., 2003).
Knorr and Heimann (2001) and Olioso et al. (2005) stressed that models
require continuous (at least hourly) meteorological input to capture all
weather variations affecting photosynthesis and flux calculations. Forcing
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with realistic PAR -radiation values and other elements of the radiation
balance is a fundamental basis of realistic simulations of canopy
photosynthesis and related fluxes (e.g. Lynch & al., 2001). Particularly the
differentiation between sunlit and shade leaves and thus, the influence of
radiation partitioning into its direct and diffuse components, provided better
model accuracy (Mercado et al., 2006). In addition, photosynthesis is $rongly
regulated by temperature which plays a key role in the succession of C3 and
C4 species (Ehleringer and Monson, 1993 and Harnos et al., 2006).
Furthermore, photosynthesis is closely related to rainfall and the availability

of soil moisture, particul arly in dry areas and during dry spells (Shena et al.,
2005, Bonan and Levis, 2006 and Thum et al., 2007). Thus, model accuracy is
highly sensitive to abiotic factors, especially to incoming radiation,
temperature and moisture parameters, which have to be provided as realistic
as possible.

Despite of all these findings regarding parameter sensitivity and
realistic model forcing, the major shortcoming of the most simulation studies
on canopy photosynthesis is that they still (at least partly) rely on defaul t, not
species and site-specific biotic and abiotic parameters. This is mainly due to
the time- and costexpensive parameter determination in the field which
additionally presupposes multidisciplinary knowledge in all relevant field
methods. Secondly, in the most cases, no actual sitespecific meteorological
data in high temporal resolution is at hand so that simulation results are
frequently based on remotely measured meteorological information or even
on relatively insecure outputs of weather models. Even if basic variables as
e.g. air temperature and rainfall are measured at site, derived meteorological
GUEOUDPUDI-higuOD El u@HE T OU~» wUl Ol YEOUwi OUWEEOOX a
stratification stability and related fluxes (vapour, etc.), which in turn affec t
leaf and soil temperature, impose high insecurities which could be mitigated
by replacing them as effectively as possible by sitespecific measurements as
well. The current study strives for overcoming these limitations by benefiting
from an interdiscipl inary research effort which provides all required species -
and site-specific above- and below ground parameters relevant for model
accuracy for the two competing species (refer to details in Section3.2.3 Table
3-2). Furthermore, the properly parameterized model is fully forced with
meteorological on-site measurements (refer to details in Section3.2.4 Table
3-1) which includes also sensors for normally model-derived (and thus
uncertain) parameters as e.g. temperatire of sunlit and shade leaves, but also
for improving radiation partitioning (Section 3.2.2.). The expected benefit is
an accurate species and site-specific canopy photosynthesis model which is
indispensable to assess the real competitive strength of bah antagonists with
regard of their growth potential.
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3.2.1 Study site and experimental design
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3.2.2 The canopy photosynthesis model
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3.2.2.1The radiation module
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where lo is the incident global radiation above the canopy and O ghe
diffuse fraction of radiation modified due to solar geometry with the cosine of
solar zenith angle 4.
K= K pl A
(1- k)Om+k

with the at-site observed diffuse radiation fraction k. An empirical
formulation for calculating kis given in Section 3.2.3.1

3.2.2.2The photosynt hesis module
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where A is set to the minimum of the three photosynthesis functions
for light ( Wi), CO2z (Wc) and export rate of photosynthates (We), calculated as
follows:
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The first function ( Wi) represents the limitation due to light, assuming
no loss of the absorbed photon flux (YOw4 O O O w @' Gdy eud3 plant,
the relationship of the compensation point for CO 2 (" kto the intercellular CO 2
partial pressure (Ci) represents the loss due to photorespiration. For the C4
plant, photosynthesis is given by a direct relationship to quantum yield ( 1,
5000uws OO 0wy HIERdeond function (Wc) represents the limitation
due to carboxylation efficiency. For the C3 plant, photorespiration is
positively related to the leaf internal CO 2:0: ratio, and the RuBisCO activity is
expressed in terms of” end the Michaelis constants Kc and Ko (Long and
Bernacchi, 2003). For the C4 plant, a low ratio ofCi to air pressure (Pa) leads
to CO: leakage from the leaf, which limits photosynthesis. The efficiency of
the CO:2 concentrating mechanism in the C4 photosynthetic pathway is given
by the parameter m. The third function ( We) represents the limitation due to
the export rate of photosynthate (triose phosphate from Calvin cycle) to the
heterotrophic tissues of the plant. Operation to capacity is assumed by setting
the parameter e to 0.5 for C3 and 1 for C4type. The parameters quantum
yield (1) and maximum carboxylation rate (Vmsunsnd are explained in more
detail in Section 3.2.3.2

Different from previous works, carboxylation limitations (Eqgs. (4.3)
and (4.4)) are brought together to facilitate the understanding of the
photosynthesis model. As a consequence, and the export rate limitation (EQ.
(4.5)) is expressed by a single function for C3 and C4type. Other
improvements are (i) to differ between sunlit and shade -adapted leaves
regarding the maximum carboxylation rate ( Vmsunshaequals Vmsun 0Or VMshg and
(if) to parameterize the mod el with gas-exchange measurements. In addition
Ci depends on photosynthesis and on the atmospheric mole fraction of COx,
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which in this work was considered constant at 354.2 ppm after measurements
at the study site in 2008. The constant mole fraction of 209000 ppm is used to
calculate the partial pressure of oxygen (O).

The maximum carboxylation rate Vmsunshain Egs. (4.3), (4.4) and (4.5)
depends on enzymatic activity which is significantly affected by leaf
temperature. So VmsunshaiS calculated by multi plying Vmsunshaestimated at 25
°C (Section3.2.3.9 by a temperature function for carboxylation gv(T):

o ° R §
4T-250 A a- Hd +DsQ, 0Q
0,(T)=Q 0 “B+epg— — 8 ok A
c C I -

where Qo is the proportional change by a variation of 10 °C in
temperature. Ti is the leaf temperature in Kelvin. R is the universal gas
constant (8.3145 J KmolNY. Temperature regulation is not considered to
differ from sunlit to shade leaves. The estimation of activation energy ( Ea),
entropy factor (. s), and deactivation energy (Hd) is given in Section 3.2.3.2

Leaf photosynthesis ceases by insufficient soil water. So the leaf gross
photosynthesis (Eq. (3)) is multiplied by the plant wilting factor ( ¢) in A =
min(Wc,Wi,We)-¢ and ¢ is given by:

3 1o 6% 8
4Q 0
e j (0]
&; Ysatj %8 - WC O
b:é fBroot' @Q G Toa = 0 Cpi A
: - W, - W, o
e Q
e 0
g -

where fBrot; is the fraction of root biomass for each soil layer j (Section
3.2.3.3 Eq. (17)).,  is the soil water content (Section 3.2.3.2 Eq. (13))., o =

NI AkOYYY wOuwNEAGKEQY YY WOOWEUT wUOT T wUODPOwWPEUT Uwx ¢

and minimum plant transpiration, res pectively. The variables _ saj, * satjand G

are functions of soil texture (Section 3.2.3. 0w $ UG w pluK AOw phuk AW EOE w g

ranges from O for completely dry soils to 1 for water -logged soils.

3.2.2.3The leaf and root respiration module
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Construction respiration is assumed to include ion -uptake costs and to
be speciesindependent. In the leaf respiration module, maintenance
respiration is calculated separately for shade and sunlit leaves. Similarly to
the determination of the maximum carbo xylation rate Vmsunsna(Section3.2.2.2,
the effect of temperature on respiration was given by multiplying the
estimated respiration at 25 °C (RdOsun,sha) by the temperature function,
g(Ti), as follows:

RdSUﬂ: Rdosun @I’ (-r| )O_AI sun

Rdsha: RdOsha@r (TI )O'AI sha q)uJA

where Rdsun and Rdbsha are estimates of dark respiration rates derived
from measurements of sunlit and shade leaves at 25 °C leaf temperature
(Table 3-2). For respiration, the leaf area indices LAlsusn and LAlsna are
complementary values of the total LAl ( Table 3-2), i.e. LAlsun + LAlsha = LA In
this work the fraction of shade adapted leaves was set to the minimum of the
LAl sha fraction (fLAlshg for all solar zenith angles (Bendix et al., 2010) and the
LAl shais given in Table 3-2.
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The leaf dark respiration shows an exponential increase with
temperature, which can be described by the equation of Lloyd and Taylor
(1994):

T - 29815 PN A

g.(T)=e : C%, §
A Xpég &71.02dfT, - 227.13)_8§

where g(Ti) is the temperature function, similar to Eqg. (5), Tiis the leaf
temperature in Kelvin and Ear is the activation energy (Table 3-2).Root
maintenance respiration (Rmwo) is direct related to tissue nitrogen, according
to the straightforward scheme of Ryan (1991):

. B._A0° hy
Rm, = r .6430 Do 29 Py 2
CN,,, (BCO,

root

where Rmwot is given in 4mol CO:2 s¥r is a non-dimensional respiration
coefficient (Oleson et al., 2004), which in this work was set to 1. The value
0.634 is the respiration rate in $'"(Ryan, 1991) multiplied by 108 to agree with
the root dry biomass (Brot) in grams (Table 3-2). CNrwot is the carbon to
nitrogen relationship and BCQ: is the conversion factor of CO: to dry biomass
o1 WEDPOOE UkA ws OOOw"

3.2.2.4Module for conversion of net assimilated CO :into dry biomass
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where BP is the potential dry biomass in grams, Anet is the net
EUUDPODPOEUD O OautbiDthestidésiep 4nd n is the time span of
calculation.

3.2.3 Species and site-specific model parameterization
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3.2.3.1Parameterization of the radiation module
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k= 1 phul £
1+ exp(- 4.7+ 6.5Ckt)

where the clearness index kt is the ratio of global radiation observed at
ground and calculated top -of-atmosphere radiation (Bendix et al., 2010). The
partitioning col | | PEDI OUUWNKSAWEOEwWt 8kwUI UUOUI Ewi UOD
fitting of the observed diffuse radiation fraction k to the clearness index kt.
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3.2.3.2Parameterization of the canopy photosynthesis module
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The determination of the required model parameters (i) maximum
carboxylation rate and (ii) quantum yield is based on the gasexchange
measurements of Figure 3-3. The determination of the model parameters by
applying linear and nonlinear regression (grey and black lines in Figure 3-3)
differs between C3 and C4 plants. For the C4-plant Setaria the determination
relies on the work of Collatz et al. (1992). For C3plant bracken, the work of
Long and Bernacchi (2003) is considered.

The (i) maximum carboxylation rate is derived as the initial increase of
the nonlinear regression on assimilation values at an internal CO:
concentration < 250 ppm for bracken (black lines in Figure 3-3b). Eq. (4.3) was
used in the regression for bracken. For Setaria the region of internal CO:2
concentrations < 50 ppm was considered to estimate the efficiency of the CQ
concentrating mechanism (m parameter in Eq. (4.4)), which equals the
coefficient of the linear regression (grey lines in Figure 3-3b) divided by the
maximum carboxylation. The latter is given by the asymptote of the CO 2
response curve of Setaria(traced lines in Figure 3-3b). The derived maximum
carboxylation rates for sunlit and shade leaves (Vmswn and Vmshgd and the



efficiency of the CO:2 concentrating mechanism (m parameter) for Setariaare
presented in Table 3-2. In general, sunlit leaves showed a higher maximum
assimilation than shade leaves which shows different photosynthetic
performances at saturating light.

Regarding the (i) quantum vyield ( 1), estimated values for Setaria
corresponds to the initial increase in the light response curve at an incident
UE E P E U b O O wyanthu k'Y sireg@yiGes Figure 3-3a and Eq. (4.2)). For
bracken, the assimilation data at the C: UEUUUEUDOT woOl YI DUwmpsdkyYuw
mol airNywas fitted to Eq. (4.1) to estimate the quantum yield (black lines in
Figure 3-3b). Light absorption by leaves (Y, Table 3-2) was obtained from field
spectroscopy (Bendix et al., 2010 and Géttlicher et al., 2011). No significant
difference was found between the quantum yield of shade and sunlit leaves.
The quantum yield for Setariaand bracken leaves is shown inTable 3-2.

The temperature function of maximum carboxylation rate was
parameterized by using CO: response measurements at 15 °C (not shown)
and at 25 °C Figure 3-3b). The estimated values of maximum carboxylation
rate were fitted to Eq. (5) by nonlinear regression to derive new species
specific values for activation energy (E2) and the entropy factor ( 3. The
deactivation energy (Hd) was set to 200 kJ mdl"for both species (Table 3-2).
For carboxylation, derived Qo value was 2.4 for bracken and 2.5 for Sdaria,
and derived entropy factor (, 2 was 650 J molKNfor bracken and 648 J
molN"KNrfor Setaria(Table 3-2). These values are within the range of those
presented in Kattge and Knorr (2007).

The combined effects of temperature on carboxylation (Eq. (6)) and on
leaf respiration (Eq. (9)) are shown in Figure 3-4. Parameterization of the
temperature function of leaf respiration is shown in Section 3.2.3.2 The higher
amplitude of leaf photosynthesis of Setariawith increasing temperature is due
to the C4-pathway, where energy is required for the CO 2 concentrating
mechanism in addition to the Calvin cycle. This observation, as well as the
variation of the leaf photosynthesis with temperature, corroborates with
previous findings for species similar to the b racken (Hollinger, 1987) and
Setaria(Baruch et al., 1985).
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Information on vertical profiles of soil texture and water content were
needed regarding the influence of soil moisture on canopy photosynthesis.
Since data on soil water content was only available for 20 cm depth (Table
3-1), its vertical extrapolation was needed. For this purpose, single
measurements of soil water content were used together with a stratification
functi on after Oleson et al. (2004). This stratification function considers eight
discrete layers with increasing thicknesses down to 1 m. Single measurements
of soil water profiles were carried out in the study site by using mobile soil
moisture sensors in November 2008. In that relative dry season soil water
content exponentially decreased with depth down to sixty centimetres from
0.53 to 0.37 (M H20 mNtseil). A simple extrapolation function was used based
on these data to calculate the soil water content in each layer from the
continuously observed soil moisture at 20 cm depth as follows:

Q, =Q,,@-0.46(” - 0.06@i +1.02) phut 2

where . Ns the water content in the layer j, . 20 is the water content
observed at 20 cm depth, and d is the soil depth. The coefficients were
obtained by least squares regression of data on soil water content with depth,
using the single measurements of soil water profiles.



The required information on s oil water (Eq. (6)), namely the water
content at soil saturation ( sa), the saturated soil matric potential (* saj) and
the parameter Cj, were obtained from empirical functions (Oleson et al., 2004):

Qqar; =0.489 0.126@5and]— phuK A
Ysatj =-103 :I_Ol'g8 0.0z phuk &
C, =291+ O.ngdclay’j phut £

where fsanaj and feay; are the site-specific sand and clay contents,
respectively, in the jn layer (Figure 3-5). Clay and sand content were
determined by laboratory investigations of soil samples collected at the study
site and nearby (Gunter et al., 2009).Figure 3-5 shows that the proportion of
clay decreases with depth while that of sand slightly increases.
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3.2.3.3Parameterization of the respiration module

For the respiration modu le, speciesspecific dark respiration for leaves

was derived from two datasets. First, dark respiration was estimated from the
photosynthetic light response at 25 °C by taking the y-axis intercept from the

N



equation used to derive the initial slope (refer t o Figure 3-3a, Section3.2.3.2.
Second, dark respiration was extracted from field measurements of CO: net
assimilation during night when leaf temperature ranged from 14 to 16 °C
(Figure 3-7, Section3.3.]). From these observations average values of specig
Uxl EPI PEwUI UxDUEUDOOwWOUEDPOOEUIME 8" Haw OUOE W Y&t t
bracken (16 °C) and Setaria(14 °C). Average speciesspecific dark respiration
derived from the light response curve at 25 °C ranged from 1.36 to 2.28 for
bracken fronds and from 06 A+ w UOQw | & A tusy dpOd Setarialeaves.
Average values were taken to represent leaf dark respiration at 25 °C Rdbsun
and Rdusns Table 3-2). The activation energy (Ear) was estimated as dependent
variable in Eq. (9) with the values of dark respir ation at 25 °C and at 16 or 14
°C. Root respiration was adjusted by the same temperature function applied
to leaves. The relationship of tissue respiration to the carbon to nitrogen ratio
(C:N) was presumed to be valid for different plant tissues of one sp ecies
(Ryan, 1991). Speciespecific C:N ratios for belowground biomass was
available from the work of Potthast et al. (2010) (Table 3-2). Root and rhizome
biomass were measured at different depths by collecting soil probes with a
Parckhauer, manually separating roots and rhizomes from mineral soil and
by complete drying at 60 °C. Three Purckhauer samples were collected in a
perimeter covered solely by bracken or Setaria This procedure was repeated
nine times and the arithmetic average of biomass at each depth was used for
deriving a species-specific root distribution function according to Zeng (2001).
The total root biomass per unity area is given by Brot (Table 3-2). The required
speciesspecific vertical root distribution is derived by:

B, :%((e.aca,-.l +e-b<aj_1)_ (e-aaaj L) )) phui A

where fBrotj is the fraction of roots on the total biomass (Brot) Of the
belowground layer j, d is the depth and a and b are coefficients derived by
regression between data on root biomass and depth, using the Eq. (17)Figure
3-6 shows the speciesspecific root and rhizome distributions. The highest
fraction of bracken rhizomes and roots are observed between 20 and 30 cm. In
contrast, roots of Setariaexponentially decrease with depth.
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3.2.3.4Parameterization of the module for con version of net assimilated
CO:into dry biomass
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3.2.4 Model setup

The model setup is based on realistic forcing variables above and
below-ground (Figure 3-2, left column) which are continuously observed at
the experimental site (Figure 3-1). After the proper parameterization (Section
3.2.3 a oneyear model run was conducted with realistic external forcing
(meteorological data) from January 1, 2008 to January 1, 2009 in Xfnin time
steps. Realistic atmospheric forcing was warranted by using data of global
radiation, air temperature, relative humidity, atmospheric pressu re, leaf
temperature, wind speed, precipitation, soil water content and soll
temperature. Radiation absorption for every time step was calculated by at-

A h



site global radiation measurements and the novel site-specific radiation
decomposition function (refer t o Section 3.2.3.]. Particularly air temperature
at half metre and at 2 m height as well as wind velocity at 2 m were used to
calculate saturated vapour pressure and estimate the vertical profile of heat
and water vapour fluxes which affect the leaf bounda ry layer. Infrared leaf
temperatures were taken in order to calculate the saturated vapour pressure
in the leaves and temperature effect on photosynthesis.

Vertical profiles of soil temperature for every time step were linearly
interpolated from observatio ns made at 10 and 20 and at 50 cm. The thermal
regulation of root respiration was then calculated by considering the root
biomass profile as given by the root fraction (Eg. (17)) and the total root
biomass (Table 3-2). Then, root maintenance respiration was adjusted to
temperature (Eq. (10)) and summed up to calculate the net assimilation.
Regarding the limitation due to soil water content, observations at 20 cm
depth were extrapolated to the eight soil layers of the model for every time
step and used to calculate the plant wilting factor (Eq. (6)).

3.3 Results
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3.3.1 Assimilation parameter validation
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3.3.2 Model run with realistic meteorological forcing
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The model results show that Setaria is characterized by higher
assimilation and respiration rates over the whole year in comparison to
bracken under realistic meteorological forcing. Annual sums for
Setaridbracken are 430/283 mol CQ mN'aVhof gross assimilation and 158/91
mol CO2 mN! aVlvof respiration losses. However, annual net assimilation
reveals a slight advantage for Setariaover the year, with 217 mol CO2 mN'a¥hn
comparison to bracken with 191 mol CO> mN! aVv Daily averages of net
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With regard to temperature, it can be observed that the grass Setariais
more affected by the colder conditions in the middle of the year than the
bracken fern. This reflects the higher sensitivity of Setaria photosynthesis to
lower temperature which is well known for C4 -species. The statistical mode
of air temperature at canopy level recorded at the study site during the period
of the daily maximum (10:00¢14:00 local time) varies fran 19.5 °C in the
warmest period of the year (ON) to 16 °C during the coldest period (JJA).
Corresponding values of average leaf temperature were 23 °C and 18 °C for
the coldest and warmest period, respectively. It is also clear from the
temperature functio n that the higher activation energy of Setaria relative to
bracken (Table 32) results from the more pronounced temperature
dependence of the carboxylation rate. It directly affects canopy assimilation of
both species, leading to lower photosynthesis in the colder rainy periods
(particularly in JJAS). At the same time, root respiration is reduced as a
response to lower soil temperatures in the cold season particularly for Setaria,
with positive effects on net assimilation. The decrease of photosynthesis and
respiration was more evident for Setariathan for bracken and thus, bracken
has a more constantbalance throughout the year. Consequently, Setarias net
assimilation is more sensitive to intra-annual temperature variation than that
of bracken.

With regard to solar radiation, Setariaprofits from its C4 -pathway
particularly on sunn y days, while assimilation on cloudy days is often not
exceeding the capacity of bracken. The relatively long cloudy period from
June to September reveals a higher decrease of gross assimilation in
comparison with the reduction of respiration for both spec ies. The same can
be observed in Figure 3-9 which shows the integral assimilation for each day
against total incoming solar radiation for the same day. The higher light -use
efficiency of the Setariagrass is evident. Higher respiration levels balance this
advantage, favouring bracken under totals of daily solar radiation below 12
MJ mN!'dayN A similar comparison may be made regarding variations in
temperature. A stronger dependency of Setariaphotosynthesis was observed
on daily averages of solar radiation in comparison with temperature ( Figure
3-10). Situations favouring bracken occur only at temperatures less than 17 °C.
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The simulated annual course of dry matter production is shown in
Figure 3-11. Using the corresponding conversion factors from Table 3-2, the

annual dry matter production of bracken is 5554 g mN! while Setariaproduces
5879 g m''! The production generally follows the shape of the annual course of
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assimilation and respiration and shows a slight difference between bracken
and Setaria An analysis of the details shows that the growth of Setaria
particularly decreases during the colder and rainy season (May to August and
between January and March) while Setariacan produce more dry-biomass
than bracken only on warmer and sunny days in the relative dry season. It is
also obvious that on colder or very cloudy d ays, dry matter is even produced
by Setaria but bracken is more productive at a quite constant level during
such weather conditions.
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3.4 Discussion
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Regarding the day runs, validation shows that the results are better

than in several similar studies (refer e.g. to White et al., 2000) and in the range

of expected accuracies of wel-parameterized models as e.g. presented in

Miller et al. (2009), Chen et al. (1994), and Vuichard et al. (2010). However, by

comparing the observed and simulated assimilation curves in detail, it can be

noted that the model results at distinct timesteps significantly deviate from

the observed values. A possible source of uncertainty in validation data may

be due to heterogeneity of stomata aperture over the leaf surface which could
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change along the day (Long and Bernacchi, 2003). Despite these uncertaintig,
validation results correspond very well with the observed and simulated
photosynthesis of both species (r? = 0.8¥0.91). To illustrate good agreement,
one may compare the slightly higher correlation of coefficient (r2 = 0.88¢0.92)
found by Chen et al. (1994) under controlled environment (gas exchange
measurements made in laboratory) with that of Leuning et al. (1998) (r? =
0.6#40.71), the latter resulted from simulations at the canopy level which is
comparable to the design of the current study.

Regarding the annual run, a comparison was made with data on
biomass from literature which also includes data from the study site and
nearby (Roos et al., 2010). For bracken, aboveground biomass production of
about 3 kg mN'a¥Mwvas reported in New Zealand (Bray, 1991) and southeast
Brazil (Portela et al., 2009). These values are somewhat lower than the
simulated value of 5554 g mV!' aVfor the study area in Ecuador. Alonso-
Amelot and Rodulfo -Baechler (1996) reported a much higher value of about
8.5 kg mN'a¥Hfor the western Andes of Venezuela. Unfortunately, productivity
was not measured for the same year of simulation, because of the difficulty of
setting two identical plots for consecutive and destructive measurements.
However, field observations of standing biom ass revealed an average value of
4.4 + 1.3 kg m¥! for bracken. This value can be compared with the present
results, since Roos et al. (2010) found well balanced average rates of dying
back and regrowth of bracken fronds.

For Setarig the simulated biomass production (5879 kg mN!aV also
agrees with data from literature and from the study site. In his comprehensive
review on the growth of C3 and C4 grasses, Ludlow (1985) reported biomass
production by Setariaand similar grass species of up to 8.5 kg n¥'a¥hin the
lowland tropics and around 5.5 kg m N'aVhn the temperate region where the
environmental conditions are more similar to the highland tropics as the Rio
San Francisco Valley at 2100 masl Hacker and Jones (1969) found an annual
production of 3.9 kg mN!'aVfor a grass similar to Setaria considering an
average of 4 years. Such values may vary significantly. Wong (1990) and
Ghosh et al. (2009) presented values for aboveground Setariadry weight
production of around 1.2 and 3.2 kg mN'aVvrespectively. For the study area,
an average of 5.3 + 1.6 kg ' of standing Setariabiomass was observed for the
study site and year of simulation. As for bracken, biomass growth may be
considered close to this value, since the average leaf lifespan is about elegn
months. Thus, a close agreement of simulation to observed biomass
production can be concluded.

With regard to the climatic response of net photosynthesis in the study
area, the model results point out that the pasture grass shows not only higher
gross assimilation but also higher respiration rates in comparison to bracken.
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As a consequence, canopy net CQuptake of the C3-plant bracken and the C4-
plant Setariawere close together in 2008. For bracken, total respiration per
unit ground area was relatively constant throughout the year, mainly due to
only small fluctuations in soil temperature. Significant oscillations were found

in gross assimilation and net photosynthesis for Setariafrom sunny to cloudy
and from warmer to cooler periods.

With regard to ra diation, Setariais favoured during sunny days which
seems at the first glance to contradict bracken's advantage in PAR absorption
during sunny days due to the illumination geometry as reported in Bendix et
al. (2010). However, the relation of PAR absorption and net photosynthesis is
dependent on the radiation use efficiency (RUE). Pakeman et al. (1994) used a
RUE value of 1.03 g MJ"in his model of the bracken in UK (Pteridium
aquilinum). Pitman (2000) found average values of 2.77 g MJ™ At the same
time, tropical C4 grasses generally show higher values of RUE, up to 4.7 g
MJIVr(switchgrass) under adequate soil moisture conditions (Kiniry et al.,
1999). With regard to the thermal environment, the reduction of
photosynthesis with decreasing temperature for bracken is lower than for
Setariaand thus favours bracken growth, particularly under cloudy weather.

Overall, the damped response of bracken to the external climatic
forcing results in less oscillation in net CO 2 assimilation throughout the year.
A stronger and more sensible dependence of Setaria on radiation and
temperature reflects the higher efficiency of the C4-photosynthetic pathway
under favourable weather conditions. Taking the local environmental
conditions of 2008 into account, Setariahas a slightly higher growth potential.

The simulation results presented in this paper cover the year 2008.
However, considering a longer time period, the weather of the year 2008
might not be typical and local or regional climate changes may alter the site-
specific growth potential of one or both species in future. The comparison of
the weather in 2008 with longer-term averages (Bendix et al., 2008a) shows
more days with lower relative humidity during the afternoon, lower
temperatures and longer periods of high radi ation. Drier conditions than
those in 2008 favour Setariabecause of its higher radiation use efficiency in
comparison to bracken.

35 Conclusions
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4.2 Methods

4.2.1 The SoBraCoMo Model
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4.2.2 The FORMIND Model
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Landslides are an important natural disturbance factor in the RBSF
forest and a strong driver of spatio -temporal vegetation turnover (Restrepo et
al. 2003, Wilcke et al. 2003, Bussiann et al. 2008). Apart from different soll
mechanical, hydrological and vegetation related factors, precipitation is an
important external trigger of landslides (Sidle 1992, Stoyan 2000, Muenchow
et al. 2012). The current rainfall in our study area lies aound 1800 mm a*
(Rollenbeck et al. 2007). Since the downscaled climate scenarios suggest an
increase in rainfall by ~+515 mm a* (IPCC-SRES scenario A1B), future changes
in frequency and/or magnitude of extreme rain events will also affect
landslide dynamics. Consequently, we assume shifting landslide regimes
under climate change.
In the FORMIND model, landslides are implemented as a spatially
explicit form of disturbance (Fig. 4-3a). The local forest succession after
landslide disturbance might follow different trajectories (Veldzquez and
Gbomez-Sal 2008, Dislich and Huth, 2012). In the current chapter it is assumed
that reduced tree growth on landslide sites occurs due to nutrient limitation
(Wilcke et al. 2003). Since it is not clear, to which extent ncreasing rainfall will
affect landslide frequencies, we applied the current landslide frequency as
well as doubled and a fourfold landslide frequencies to analyse the effect of
changing landslide activity on above ground biomass and tree species
composition.



4.3 Results and Discussion

4.3.1 Biomass Production and Competition on the Pastures upon Local
Warming
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The results of the laboratory measurements at leaf level (Fig. 4-1a-C)
show that the photosynthetic performance of bracken is better than that of
Setariaat temperatures below 20 °C when both plants were cultivated at 20 °C
(Fig. 4-1a). For measurements with leaf temperatures above 20 °C, the
photosynthetic prod uction of Setariaincreases and outperforms that of the
bracken fern. Even more pronounced trends of photosynthetic temperature
dependence were observed for plants which were grown and examined at 10,
20 and 30 °C, respectively (Fig4-1b). In that case theamount of bracken-
RubisCO appears to correlate inversely with the temperature, being higher at
10 °C growth temperature than at 20 and 30 °C (Fig. 41c). Such an effect of
the growth temperature has also been described by Hurry et al. (1995). In
contrast, no temperature-related change in the RubisCO amount is apparent
in the fodder grass.
In contrast to single leaf measurements of photosynthetic activity, the
model describes net photosynthetic COz-uptake at the canopy level (Fig. 4-1d-
e) which generally confirms the contrasting thermal dependency of CO :
assimilation for bracken and Setaria(Fig. 4-1a-b). For biomass production, the
temperature de-pendency of mitochondrial respiration (leaf and root tissues)
was calculated as 0.23 and 0.16 umol COmN'sVHfor bracken and Setarialeaves
respectively, and as 0.9 and 2.0 umol CQ kg""s""for rhizomes and roots of the
two species at 20 °C (Silva et al. 2012). At canopy level, the turning point
towards a growth ad -vantage of the C4-plant was at a daily mean of the leaf
temperatures between 14 and 16 °C. Of course mean daily leaf temperatures
are characteristic of the special experimental sites in the San Francisco valley.
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4.3.2 Forest Dynamics after Natural Disturbance
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The influence of landslide disturbances on forest productivity is

ambiguous ¢ while the area with undisturbed forest productivity decreases

due to landslides, the disturbed area provides new space for forest succession,

but under unfavourable environmental conditions, like low nutrient

availability, instable substrate s, and strong exposition to wind (Walker 1994,

Walker and del Moral 2003). The investigation of the effect of landslides on

forest productivity with the model showed moderate reductions in forest

productivity due to this type of disturbance (Dislich and Hu th, 2012).

4.4 Conclusion
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Future changes in precipitation amounts and intensity might affect

landslide regimes in the RBSF area. Increased landslide frequencies reduce

the aboveground carbon stocks, e.g. a fourfold increase would result in a 37%

reduction of aboveground tree biomass. This reduction would be

accompanied by changes in the community composition towards a higher

fraction of early successional species and species that can tolerate the harsh

conditions on landslide sites (e.g. Clethra revoluta Tibouchina lepidota
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Naturally, landslide occurrence does not only depend on the rainfall regime.
Various other biotic and abiotic triggering factors of landslides, for example
soil characteristics and wind, will also have to be taken into account to predict
changes in future landslide frequencies (Chap. 12, Vorpahl et al. in press). To
analyze the effect of landslides on the entire ecosystem carbon cycle, the
influence of this particular disturbance type on soil carbon dynamics is an
additional important aspect that needs to be considered. Landslides induce
increased soil erosion and contribute to landscape evolution over long
timescales (Walker and Shiels, 2008, Muenchow et al. 2012).

The investigated changes of landslide regimes are just one facet of
change that might affect forest carbon cycles in the future: increasing
temperatures might lead to an upward shift of species, and changes in
precipitation as well as remote fertilization (cf. Chap. 23) might change
species compositon. Predicting such changes is much more difficult for the
highly diverse forest ecosystem compared to the pasture system due to the
extremely complex interactions (across and within different trophic levels). In
this sense we are still at an early stage 6 understanding future regulations of
important ecosystem services like carbon sequestration and carbon storage
capacity in tropical mountain forests.
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51 Introduction
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In this context, Low-Altitude Remote Sensing (LARS) has the
advantage to provide greater details of plant species [8], which can be
acquired in near-real time below cloud cover. Depending on the system,
investment and maintenance costs are rather marginal, particularly if the
unmanned vehicle is equipped with light -weight, low -cost commercial digital
cameras[9]. Several approaches based on LARS vehicles are reported in the
literature. For instance, deploying kite aerial photography [10] to classify
vegetation in mou ntainous areas, using both supervised and unsupervised
methods. Seven different species mixes were successfully delineated by using
balloon aerial photography based on a standard 28-mm non-metric camera
[11]. True-colour balloon images can also be used eiher to single-point
hyperspectral investigations [12] or to assess the accuracy of a hyperspectral
image classification [13]. The latter usually requires LARS platforms with a
very large payload [14],[15],[16]. The advantage of balloon-borne vegetation
classification is the low-cost of platform and digital cameras, which from

huy K



flight levels of 50-80 m, warrant a spatial image resolution of better than 2 cm
[17].

The segmentation of different species based on airborne digital images
IS mostly conducted for trees by using structural information [18],[19]. For
scrubby and herbaceous vegetation, a combination of spectral and structural
attributes is frequently used for this purpose. Landscape metrics based on
balloon aerial photographs were applied to classify M editerranean vegetation
and assess finescale landscape fragmentation [20]. Vegetation pattern
analysis to investigate the development of spatial heterogeneity was
conducted based on a digital Canon IXUS 500 camera by using the supervised
maximum likelihoo d method and pattern metrics, such as the mean patch size
and density [21]. For instance, a database containing image examples of 19
weed species was constructed for an active shape model applicable to image
classification [22]. Vegetation shape parameters such as roundness, aspect
and perimeter, have been used for species image segmentation[23]. The
discrimination between broadleaf and grass plant categories was
accomplished by combining a lowtlevel, Gabor waveletstbased feature
extraction techniqgue with a neural networktbased pattern recognition
algorithm [24]. Colour information was also used to discriminate between
vegetation and background, whilst shape analysis techniques were applied to
distinguish between crop and weed plants [25]. With regard to b racken,
several authors have stressed that discrimination might be facilitated by the
specific reflectance properties of the fronds [26],[27]. Compared with matorral
vegetation, strong relationships were found between pigment concentrations
per unit of leaf mass and reflectance in the red, blue, and nearinfrared region
for bracken [28].

The objective of this paper is to describe a methodology to use balloon
borne, standard digital cameras to delineate two competing species, bracken
and the pasture grass, Setaria In the presented methodology the cameras
provide non -calibrated images in the visible (RGB) and nearinfrared (NIR)
spectral ranges, and the species cover was observed in different phases of
pasture management; i.e., before and directly after burning, the common
pasture management practice in the study area, and after regrowth of the
plants. A time-series of image mosaics is recorded and analysed at the
different time steps to monitor changes in foliage projective cover. Finally,
foliage projective cover is converted into leaf area index (LAI) by using
speciesspecific allometric functions.

The paper is structured as follows. First, we present the study site,
balloon-borne photo acquisition and ground measurements. Then, we
describe the developed image processing method, which includes stitching of
photo-tiles, geometric rectification, image enhancement, segmentation, and
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classification of foliage projective cover. Foliage projective cover is then
blended with ground measurements to produce LAl maps. Last, validation of
the produced maps is presented by using independent ground observations
of fractional cover and leaf area.

5.2  Study area, data, and methods

5.2.1 Study area
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5.3 Balloon photos and ancillary data
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5.3.1 Ground control points and elevation model
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5.3.2 Leaf area index data
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5.3.3 Image processing
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5.3.4 Contrast balancing
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The contrast balancing was done by taking a nearly horizontal image-
tile, containing Setariaand bracken cover, as reference. The imageontrast of
each tile was matched to the reference image using the contrast balance
method [32]. A comparison between the digital value after contrast matching
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and field spectroscopy of the same surfaces (bracken, grass) was made to
assure that the relative spectral differences of bracken andSetaria as observed
in the mosaic, are realistic. On the final mosaic, 50 digital values were
randomly sampled on green | eaves of bracken andSetariaand compared with
spectroscopy and digital photos made on ground.

5.3.5 Geometric rectification
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5.3.6 Enhancement
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5.3.7 Segmentation
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5.3.8 Attributes calculation
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5.3.9 Classification
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In the classification we used a boosted regression tree (BRT) mode[39]
EOEWEOOEDOI EwUT T w?21T EO? wx EE OEih R-larguayed wE OE wE U U
[42]. Training sites were segments within two sample areasof 100 m? size,
where bracken segments were visually identified. In attribute pairs with a
correlation coefficient higher than 0.7, the variable with the lower predictive
performance was excluded. Then, the BRT model was fitted to the training
sites and run on the entire segmented image. In this approach, the attributes
are combined in regression trees by controlling the learning rate and tree
complexity until the number of trees in the BRT model reaches 1000. The final
result is the probability of each segment to pertain to the class bracken. A
separation threshold for the definition of the two classes (bracken and Setarig

was chosen based on the highest hit rate on the validation area (see Section

5.4),

5.3.10 Conversion of FPC to LAI
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where G is the diffuse non-interceptance perpendicular to the ground,
or the gap fraction. The difference between G and LAl is in the instrument
configuration, which allows tilted measurements of transmittance. While LAl
is based on hemispherical gap fractions, G is the transmittance projected to
the horizontal plane. Thus, considering measurement assumptions [29] and
the foliage orientation, a direct relationship can be used to convert FPC to
LAI:

+ (-O&gw/ " AwAuw mt 4

where a and b are coefficients to befitted to species-specific LAl and

FPC data. These parameters are used to explain the speciespecific
divergence in the LAI to FPC relation due to the predominant leaf angle of
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each species [5]. Because of measurement uncertainties in areas with a sparse
plant cover or the extremes in areas of closed vegetation cover, the dynamic
range of LAl was limited to that corresponding to 0.15 < FPC < 0.95. In
addition, we can assume LAl equals green-LAl for the first year after burning
because the average lifespan of Setaria leaves and bracken fronds is
approximately eleven months [4].

54 Validation

5.4.1 Validation of classification:
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where p (true positive) is the fraction of the map assigned to a class
(bracken or Setarig, which is in agreement with automatic and visual
selection of bracken entities. Similarly, m (true negative) is the fraction
correctly not assigned to bracken, thus to Setaria. The variables expressing
disagreements areq (false positive) and n (false negative). The first computes
the fraction of bracken incorrectly detected by the automatic classification, but
not by the visual interpretation, while n computes the opposite. The AUC is
calculated using the Wilcoxon statistic method [43]. Values higher than 0.7 are
considered reasonable performances and very good performances are
obtained with AUC higher than 0.9 [44]. The final map is given by the
selection of a decision threshold, which results in the pair of highest h and
lowest p coordinates.

5.4.2 Validation of LAl maps

We used the ground measurements (FPC and LAl) to validate the final FPC
maps. From the FPC maps, two extents (5 x 5 M) containing the ground
sample areas were extracted and converted to LAI (see Sectiorb.5.7). Mean
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values were compared with ground data, either directly or after linear
interpolation in time. In the validation of LAI, the RMSE was calculated by
averaging the square of the difference between LAl measurements and values
derived from FPC maps.

55 Results

5.5.1 Image acquisition
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5.5.2 Geometric processing
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5.5.3 Relationship between brightness and reflectance
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5.5.4 Segmentation and classification
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