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ËÌÛÌÙÐÖÙÈÛÐÖÕɯÈÕËɯÉÐÖËÐÝÌÙÚÐÛàɯÓÖÚÚɯȹ/ÌÙÌÐÙÈɯÌÛɯÈÓȭɯƖƔƕƖȰɯ2ÈÓÈɯÌÛɯÈÓȭɯƖƔƔƔȺȭɯ(ÕɯÛÏÌɯ

ÛÙÖ×ÐÊÚȮɯÛÏÐÚɯËÌÛÙÐÔÌÕÛÈÓɯ×ÙÖÊÌÚÚɯÐÚɯÈÓÔÖÚÛɯÌÕÛÐÙÌÓàɯËÜÌɯÛÖɯÐÕÛÌÙÝÌÕÛÐÖÕɯÐÕɯÈÙÌÈÚɯ

ÖÍɯÏÐÎÏɯÉÐÖËÐÝÌÙÚÐÛàȮɯÞÏÐÊÏɯÞÐÓÓɯÊÖÕÛÐÕÜÌɯÐÕÛÖɯÛÏÌɯÍÖÙÌÚÌÌÈÉÓÌɯÍÜÛÜÙÌȭɯ3ÏÌɯ

ÛÙÖ×ÐÊÈÓɯ  ÕËÌÚɯ È××ÌÈÙɯ ÈÛɯ ÛÏÌɯ ÛÖ×ɯÖÍɯ ÍÓÖÙÈɯÈÕËɯ ÍÈÜÕÈɯ ÉÐÖËÐÝÌÙÚÐÛàɯ ÈÕËɯ

ÌÕËÌÔÐÚÔɯÙÈÕÒÐÕÎÚɯÞÖÙÓËÞÐËÌɯȹ,àÌÙÚɯÌÛɯÈÓȭɯƖƔƔƔȺȮɯÞÏÐÓÌɯÈÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌɯ

ÚÜÍÍÌÙÐÕÎɯÛÏÌɯÏÐÎÏÌÚÛɯËÌÍÖÙÌÚÛÈÛÐÖÕɯÙÈÛÌɯȹ×ÌÙɯÈÙÌÈȺɯÐÕɯ2ÖÜÛÏɯ ÔÌÙÐÊÈɯȹ!ÙÖÖÒÚɯÌÛɯ

ÈÓȭɯƖƔƔƖȺȭɯ(ÕɯÛÏÌɯÚÖÜÛÏÌÙÕɯ$ÊÜÈËÖÙÐÈÕɯ ÕËÌÚȮɯÚÓÈÚÏɯÈÕËɯÉÜÙÕɯÊÓÌÈÙÐÕÎɯÖÍɯÛÏÌɯ

ÕÈÛÜÙÈÓɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛɯÛÖɯÎÈÐÕɯ×ÈÚÛÜÙÌɯÓÈÕËɯȹ&ÖÌÛÛÓÐÊÏÌÙɯÌÛɯÈÓȭɯƖƔƔƝȺɯÐÔ×ÓÐÌÚɯ

ÛÏÌɯÓÖÚÚɯÖÍɯÊÜÙÙÌÕÛɯÊÓÐÔÈÛÌɯÙÌÎÜÓÈÛÐÖÕɯÚÌÙÝÐÊÌÚɯȹ%ÙÐÌÚɯÌÛɯÈÓȭɯƖƔƔƝȰɯ%ÙÐÌÚɯÌÛɯÈÓȭɯ

ƖƔƕƖȺȮɯÞÐÛÏɯÕÌÎÈÛÐÝÌɯÊÖÕÚÌØÜÌÕÊÌÚɯÌÚ×ÌÊÐÈÓÓàɯÍÖÙɯÚ×ÌÊÐÌÚɯÝÜÓÕÌÙÈÉÓÌɯÛÖɯÊÓÐÔÈÛÌɯ

ÊÏÈÕÎÌȮɯÚÜÊÏɯÈÚɯÌ×Ð×ÏàÛÌÚɯȹ-ÖÌÚÒÌɯÌÛɯÈÓȭɯƖƔƔƜȺɯÛÏÈÛɯÊÏÈÙÈÊÛÌÙÐáÌɯÛÏÌɯÔÖÜÕÛÈÐÕɯ

ÍÖÙÌÚÛɯÈÕËɯÛÏÌɯÚÜÉ-×âÙÈÔÖȭɯ 

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 

arachnoideum (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 sphacelata (Schumach.) Stapf & C.E. Hubb., yet researchers also 

believe that fire promotes bracken invasion. In general, the mechanisms and 

ËàÕÈÔÐÊÚɯ ÖÍɯ ÉÙÈÊÒÌÕɯ ÍÌÙÕɀÚɯ ÊÖÔ×ÌÛÐÛÐÝÌɯ ÚÛÙÌÕÎÛÏɯ ÏÈÝÌɯ ÉÌÌÕɯ ×ÖÖÙÓàɯ

understood. Thus, knowledge must be gained to develop bracken control 

measures and thus to support sustainable land use practises while 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 

ÍÖÙɯÉÙÈÊÒÌÕɯÍÌÙÕɀÚɯÊÖÔ×ÌÛÐÛÐÝÌɯÚÜÊÊÌÚÚɯÖÝÌÙɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȯɯȹÐȺɯÉÙÈÊÒÌÕɯÍÌÙÕɯ

develops a huge stock of reserve material (rhizomes) able to produce new 
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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) -(ii) can and has been investigated by specific field studies 

(Hartig and Beck 2003; Roos et al. 2010), 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 individuals 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 empirical 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  ȹÛÏÌɯɁÉÐÎ-ÓÌÈÍɂɯÈÚÚÜÔ×ÛÐÖÕȺɯÈÕËɯÛÏÌɯÉÐÖÊÏÌÔÐÚÛÙàɯÖÍɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ

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 

ÈÙÛɯ ÖÍɯ #5,ɀÚɯ ÈÕËɯ ÏÈÚɯ ÐÔ×ÌÓÓÌËɯ ÕÌÞɯ ËÌÝÌÓÖ×ÔÌÕÛÚɯ ÍÙÖÔɯ ÓÖÊÈÓɯ Ûo global 

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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ɁÕÖÙÛÏÌÙÕɯÉÙÈÊÒÌÕɂɯ(Blackburn and Pitman 1999) where the growth cyc le 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 sys tem 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; Randerson et al. 2009). However, default model setups are 

only available for global applications and cannot be applied to two distinct 

species. Hence, a species-specific DVM adaptation applicable to the problem 

of southern bracken invasion requires:  

1.  ɯ×ÙÖ×ÌÙɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÖÍɯÛÏÌɯÚ×ÌÊÐÌÚɯÖÍɯÐÕÛÌÙÌÚÛȮɯÙÌ×ÓÈÊÐÕÎɯ ÛÏÌɯ

/%3ɀÚɯÖÍɯÛÏÌɯÊÜÙÙÌÕÛÓàɯÈÝÈÐÓÈÉÓÌɯÔÖËÌÓɯ 

2.  ɯ ×ÙÖ×ÌÙɯ ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯ ÖÍɯ ÛÏÌɯ ÓÖÊÈÓɯ ÌÕÝÐÙÖÕÔÌÕÛɯ ÞÐÛÏɯ ÐÕ-ÚÐÛÜɯ

ÖÉÚÌÙÝÈÛÐÖÕÚɯ 

3. 1ÌÈÓÐÚÛÐÊɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯÍÖÙÊÐÕÎɯÖÍɯÛÏÌɯÔÖËÌÓ 

4. 5ÈÓÐËÈÛÐÖÕɯÖÍɯÛÏÌɯÈËÈ×ÛÌËɯÔÖËÌÓɯÞÐÛÏɯÍÐÌÓËɯÖÉÚÌÙÝÈÛÐÖÕÚ 

1.1 Study area 

3ÏÌɯÚÛÜËàɯÈÙÌÈɯÐÚɯÓÖÊÈÛÌËɯÐÕɯÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯ5ÈÓÓÌàɯÐÕɯÛÏÌɯÚÖÜÛÏ-ÌÈÚÛÌÙÕɯ

$ÊÜÈËÖÙÐÈÕɯ ÕËÌÚɯÉÌÛÞÌÌÕɯÛÏÌɯÛÞÖɯ×ÙÖÝÐÕÊÐÈÓɯÊÈ×ÐÛÈÓÚɯ+ÖÑÈɯÈÕËɯ9ÈÔÖÙÈɯ

ȹ%ÐÎÜÙÌɯƕ-ƕȺȭɯ%ÐÎÜÙÌɯƕ-ƕÈɯÎÐÝÌÚɯÈɯÎÓÖÉÈÓɯ×ÌÙÚ×ÌÊÛÐÝÌɯÖÍɯÈÙÌÈÚɯÞÐÛÏɯÕÖɯÉÙÈÊÒÌÕɯ

ÖÊÊÜÙÙÌÕÊÌɯÈÕËɯÞÏÐÊÏɯÈÙÌɯÐÕÚÛÌÈËɯÊÏÈÙÈÊÛÌÙÐáÌËɯÔÈÐÕÓàɯÉàɯÙÈÐÕÍÖÙÌÚÛȮɯÏÐÎÏɯ

ÌÓÌÝÈÛÐÖÕÚȮɯÈÕËɯÈÙÐËɯÈÙÌÈÚɯȹ$ÓÓÐÚɯÈÕËɯ1ÈÔÈÕÒÜÛÛàɯƖƔƔƜȺȭɯ"ÖÔ×ÓÌÔÌÕÛÈÙàɯÞÏÐÛÌɯ
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ÈÙÌÈÚɯÐÕËÐÊÈÛÌɯ×ÖÚÚÐÉÓÌɯÉÙÈÊÒÌÕɯÖÊÊÜÙÙÌÕÊÌȭɯ2ÖÓÐËɯÓÐÕÌÚɯÐÕËÐÊÈÛÌɯÌÓÌÝÈÛÐÖÕÚɯȹƖɯ

ÈÕËɯƘɯÒÔɯÈȭÚȭÓȺɯÖÍɯÛÏÌɯ ÕËÌÈÕɯ"ÖÙËÐÓÓÌÙÈȮɯÞÏÐÓÌɯËÈÚÏÌËɯÓÐÕÌÚɯÚÏÖÞɯ×ÖÓÐÛÐÊÈÓɯ

ËÐÝÐÚÐÖÕÚȭɯ%ÐÎÜÙÌɯƕ-ƕÉɯÚÏÖÞÚɯÛÏÌɯÉÖÜÕËÈÙàɯÖÍɯÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÉÈÚÐÕɯÖÝÌÙɯ

ÈɯÛÙÜÌ-ÊÖÓÖÜÙɯÊÖÔ×ÖÚÐÛÌɯÚÈÛÌÓÓÐÛÌɯÐÔÈÎÌɯȹ0ÜÐÊÒÉÐÙËɯÚÈÛÌÓÓÐÛÌȺȭɯ3ÏÌɯÉÈÚÐÕɯÐÚɯ×ÈÙÛɯ

ÖÍɯÛÏÌɯÉÐÖËÐÝÌÙÚÐÛàɯÏÖÛÚ×ÖÛɯÖÍɯÛÏÌɯ$ÊÜÈËÖÙÐÈÕɯ ÕËÌÚȮɯÞÏÌÙÌɯÌÚ×ÌÊÐÈÓÓàɯÛÏÌɯ

×ÙÐÚÛÐÕÌɯÈÕËɯ×ÈÙÛÓàɯ×ÙÖÛÌÊÛÌËɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛɯÏÈÙÉÖÜÙÚɯÈɯÝÈÚÛɯÙÈÕÎÌɯÖÍɯÚ×ÌÊÐÌÚɯ

ȹ!ÈÙÛÏÓÖÛÛɯÌÛɯÈÓȭɯƖƔƔƛȰɯ!ÌÕËÐßɯÈÕËɯ!ÌÊÒɯƖƔƔƝȰɯ+ÐÌËÌ-2ÊÏÜÔÈÕÕɯÈÕËɯ!ÙÌÊÒÓÌɯ

ƖƔƔƜȺȭɯ 3ÏÌɯ ËÌÌ×Óàɯ ÐÕÊÐÚÌËɯ ÝÈÓÓÌàɯ ȹÉÌÛÞÌÌÕɯ ƕƜƔƔɯ ÛÖɯ ƗƖƔƔɯ ÔɯÈÚÓɯÏÌÐÎÏÛȺɯ ÐÚɯ

ÊÏÈÙÈÊÛÌÙÐáÌËɯÉàɯÏÐÎÏɯÊÓÖÜËɯÍÙÌØÜÌÕÊàɯȹǿƛƔǔȺȭɯ3ÏÌɯÌÈÚÛÌÙÕɯÚÓÖ×ÌÚɯÖÍɯÛÏÌɯ

"ÖÙËÐÓÓÌÙÈɯÈÙÌɯÖÕɯÛÏÌɯÞÐÕËÞÈÙËɯÚÐËÌɯÖÍɯÈÓÔÖÚÛɯÊÖÕÚÛÈÕÛɯÌÈÚÛÌÙÓàɯÞÐÕËÚɯËÜÙÐÕÎɯ

ÛÏÌɯàÌÈÙɯȹǿƜƙǔɯÖÍɯÈÓÓɯËÈàÚȺȮɯÞÏÐÊÏɯÉÙÐÕÎɯÐÕɯÔÖÐÚÛɯ ÔÈáÖÕɯÈÐÙɯÔÈÚÚÌÚȮɯÊÈÜÚÐÕÎɯ

ÍÖÙÊÌËɯÊÖÕÝÌÊÛÐÖÕȮɯÊÖÕËÌÕÚÈÛÐÖÕɯÈÕËɯÊÓÖÜËɯÍÖÙÔÈÛÐÖÕȭɯ ÕɯÈÝÌÙÈÎÌɯÈÕÕÜÈÓɯ

ÙÈÐÕÍÈÓÓɯÖÍɯƖƕƜƔɯÔÔɯÐÚɯÖÉÚÌÙÝÌËɯÈÛɯÛÏÌɯɁ$ÚÛÈÊÐĞÕɯ"ÐÌÕÛąŗÊÈɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɂɯ

ȹ$"2%ȺɯÙÌÚÌÈÙÊÏɯÚÛÈÛÐÖÕɯȹƕƝƚƔɯÔɯÈÚÓȺȰɯÛÏÌɯÙÈÐÕÍÈÓÓɯÐÕÊÙÌÈÚÌÚɯÛÖɯÔÖÙÌɯÛÏÈÕɯƚƛƔƔɯ

ÔÔɯÈÛɯÛÏÌɯÊÙÌÚÛɯÓÌÝÌÓɯȹÐÕÊÓÜËÐÕÎɯÔÖÐÚÛɯËÌ×ÖÚÐÛÐÖÕɯÖÍɯÊÓÖÜËɯÞÈÛÌÙȺȭɯ"ÖÖÙËÐÕÈÛÌÚɯ

ÖÍɯÛÏÌɯ$"2%ɯÈÙÌɯÎÐÝÌÕɯÐÕɯ%ÐÎÜÙÌɯƕ-ƕÉȭ 

 

%ÐÎÜÙÌɯƕ-ƕȭɯ+ÖÊÈÛÐÖÕɯÖÍɯÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÉÈÚÐÕɯÐÕɯ$ÊÜÈËÖÙɯȹÈȺɯÈÕËɯÛÏÌɯ

$ÊÖÓÖÎÐÊÈÓɯ!ÜÙÕ×ÓÖÛɯÐÕɯÛÏÌɯÝÈÓÓÌàɯȹÉȺȭ 

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 -páramo 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 (Göttlicher et al. 2009). About 40% of the 
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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  

3ÞÖɯÎÜÐËÐÕÎɯÚÊÐÌÕÛÐÍÐÊɯÐÚÚÜÌÚɯÈÙÌɯÛÏÌɯÉÈÚÐÚɯÖÍɯÛÏÌɯÊÜÙÙÌÕÛɯÛÏÌÚÐÚȯ 

¶ 3ÖɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯÙÌÚ×ÖÕÚÌɯÖÍɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯÚ×ÌÊÐÌÚɯȹÉÙÈÊÒÌÕɯÍÌÙÕɯ

ÈÕËɯ2ÌÛÈÙÐÈɯ×ÈÚÛÜÙÌȺɯÛÖɯÊÜÙÙÌÕÛɯÈÕËɯÍÜÛÜÙÌɯÊÓÐÔÈÛÌɯÊÖÕËÐÛÐÖÕÚɯÐÕɯÈɯÝÈÓÓÌàɯ

ÖÍɯÛÏÌɯÚÖÜÛÏ-ÌÈÚÛÌÙÕɯ$ÊÜÈËÖÙÐÈÕɯ ÕËÌÚȭ 

 

¶ 3ÖɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯ×ÈÙÛÐÊÜÓÈÙɯ×ÖÚÛ-ÍÐÙÌɯÊÈÕÖ×àɯÙÌÊÖÝÌÙàɯÖÍɯÉÖÛÏɯÚ×ÌÊÐÌÚɯ

ÉàɯÔÖÕÐÛÖÙÐÕÎɯÈÕɯÌÊÖÓÖÎÐÊÈÓɯÌß×ÌÙÐÔÌÕÛÈÓɯÉÜÙÕÐÕÎɯÐÕɯÛÏÌɯÚÛÜËàɯÈÙÌÈȭ 

3ÏÙÌÌɯÔÈÐÕɯÏà×ÖÛÏÌÚÌÚɯÞÐÓÓɯÉÌɯÛÌÚÛÌËɯÞÐÛÏɯÛÏÌɯÛÏÌÚÐÚȯ 

'ƕȯɯ4ÕËÌÙɯÊÜÙÙÌÕÛɯÊÓÐÔÈÛÌɯÊÖÕËÐÛÐÖÕÚȮɯÕÌÛ-×ÙÖËÜÊÛÐÝÐÛàɯÖÍɯÛÏÌɯÉÙÈÊÒÌÕɯ

ÍÌÙÕɯÐÚɯÏÐÎÏÌÙɯÛÏÈÕɯÛÏÈÛɯÖÍɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈȭɯ 

'Ɩȯɯ&ÙÖÞÛÏɯ×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÞÐÓÓɯÉÌɯÍÈÝÖÜÙÌËɯ

ÉàɯÎÓÖÉÈÓɯÞÈÙÔÐÕÎȭɯɯ 

'Ɨȯɯ!ÙÈÊÒÌÕɯÎÙÖÞÛÏɯÐÚɯÚÛÐÔÜÓÈÛÌËɯÉàɯÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎȭɯɯ 

3ÖɯÈËËÙÌÚÚɯÛÏÌÚÌɯÚÊÐÌÕÛÐÍÐÊɯÐÚÚÜÌÚɯÈÕËɯÏà×ÖÛÏÌÚÌÚȮɯÈɯÚÌØÜÌÕÊÌɯÖÍɯÞÖÙÒÐÕÎɯ

×ÈÊÒÈÎÌÚɯ ÞÈÚɯ ËÌÚÐÎÕÌËȮɯÞÏÐÊÏɯ ÞÐÓÓɯ ÉÌɯ ËÌÚÊÙÐÉÌËɯ ÐÕɯ ÔÖÙÌɯ ËÌÛÈÐÓɯ ÐÕɯ ÛÏÌɯ

ÍÖÓÓÖÞÐÕÎɯÊÏÈ×ÛÌÙÚȭɯ3ÏÌɯÚ×ÌÊÐÍÐÊɯÈÐÔÚɯÖÍɯÛÏÌɯÞÖÙÒÐÕÎɯ×ÈÊÒÈÎÌÚɯÈÙÌȯ 

(a) ÛÖɯÙÌÊÖËÌɯÈÕËɯÌßÛÌÕËɯÛÏÌɯÌßÐÚÛÐÕÎɯËàÕÈÔÐÊɯÝÌÎÌÛÈÛÐÖÕɯÔÖËÌÓɯȹ"+,-

#&5,Ⱥɯ ÈÕËɯ ÈËÈ×Ûɯ ÐÛɯ ÛÖɯ Èɯ ÕÌÞɯ ÔÖËÌÓɯɬɯÛÏÌɯ 2ÖÜÛÏÌÙÕɯ !ÙÈÊÒÌÕɯ

"ÖÔ×ÌÛÐÛÐÖÕɯ,ÖËÌÓɯɬɯÍÖÙɯÚ×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯÚÐÔÜÓÈÛÐÖÕÚɯÜÚÐÕÎɯÈɯÚÐÕÎÓÌ-

×ÖÐÕÛɯ ËÈÛÈÚÌÛɯ ÍÖÙɯ ÛÌÚÛÐÕÎɯ ÉÙÈÊÒÌÕɯ ÍÌÙÕɯ ÈÕËɯ ×ÈÚÛÜÙÌɯ ÎÙÈÚÚɯ2ÌÛÈÙÐÈɯ

ÐÕËÐÝÐËÜÈÓÚɯȹÚÌÌɯÊÏÈ×ÛÌÙÚɯƖɯÈÕËɯƗɯÙÌÚ×ÌÊÛÐÝÌÓàȺȭɯ 

(b) ÛÖɯ ËÌÙÐÝÌɯ ÌÊÖ-×ÏàÚÐÖÓÖÎÐÊÈÓɯ ÐÕÍÖÙÔÈÛÐÖÕɯ ÍÙÖÔɯ ÍÐÌÓËɯ ÚÜÙÝÌàÚɯ ÍÖÙɯ ÛÏÌɯ

Ú×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯ ÜÚÐÕÎɯ ÈÕɯ ÈÝÌÙÈÎÌɯ ÖÍɯ ÛÏÌɯ ÔÖËÌÓɯ

ÐÕËÐÝÐËÜÈÓɯÛÙÈÐÛÚɯÖÍɯÉÙÈÊÒÌÕɯÍÌÙÕɯÈÕËɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯȹÚÌÌɯÊÏÈ×ÛÌÙɯƗȺȭ 
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(c) ÛÖɯÊÖÕËÜÊÛɯËÐÈÎÕÖÚÛÐÊɯÚÐÔÜÓÈÛÐÖÕÚɯÖÍɯ×ÖÛÌÕÛÐÈÓɯÎÙÖÞÛÏɯÍÖÙɯÈÚÚÌÚÚÐÕÎɯÛÏÌɯ

ÊÖÔ×ÌÛÐÛÐÝÌɯÚÛÙÌÕÎÛÏɯÖÍɯÉÖÛÏɯÚ×ÌÊÐÌÚɯÜÕËÌÙɯÍÜÛÜÙÌɯÞÈÙÔÐÕÎɯÚÊÌÕÈÙÐÖÚɯ

ȹÚÌÌɯÊÏÈ×ÛÌÙɯƘȺȭ 

(d) ÛÖɯÔÖÕÐÛÖÙɯÈÕËɯÈÕÈÓàÚÌɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÉÜÙÕÐÕÎɯÖÕɯÛÏÌɯÐÕÐÛÐÈÓɯÚÜÊÊÌÚÚÐÖÕɯÖÍɯ

ÛÏÌɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯÚ×ÌÊÐÌÚɯȹÉÙÈÊÒÌÕɯÍÌÙÕɯÈÕËɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈȺɯȹÚÌÌɯ

ÊÏÈ×ÛÌÙɯƙȺȭ 

 

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 part icular response of 

the bracken fern and pasture grass Setaria using 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 leaf-area) 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  

3ÏÌɯÎÌÕÌÙÈÓɯËÌÚÐÎÕɯÖÍɯÛÏÌɯÊÜÙÙÌÕÛɯÛÏÌÚÐÚɯÊÖÔÉÐÕÌÚɯÔÖËÌÓÓÐÕÎɯÈÕËɯÔÖÕÐÛÖÙÐÕÎɯ

ÈÊÛÐÝÐÛÐÌÚɯ ȹ%ÐÎÜÙÌɯƕ-ƖȺȭɯ ,ÖËÌÓɯ ËÌÝÌÓÖ×ÔÌÕÛɯ ÊÖÕÚÐÚÛÚɯ ÖÍɯ ÛÏÌɯ ÚÌØÜÌÕÛÐÈÓɯ

×ÙÖÎÙÈÔÔÐÕÎȮɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÈÕËɯÝÈÓÐËÈÛÐÖÕɯÖÍɯËÐÍÍÌÙÌÕÛɯÙÌØÜÐÙÌËɯÔÖËÜÓÌÚȮɯ

ÌÈÊÏɯÔÖËÜÓÌɯÙÌØÜÐÙÐÕÎɯÌßÛÌÕÚÐÝÌɯÊÖËÐÕÎɯÈÕËɯËÌÙÐÝÈÛÐÖÕɯÖÍɯÚ×ÌÊÐÍÐÊɯ×ÈÙÈÔÌÛÌÙÚɯ

ÍÙÖÔɯÍÐÌÓËɯËÈÛÈȭɯ3ÏÙÌÌɯÔÖËÜÓÌÚɯÞÌÙÌɯËÌÝÌÓÖ×ÌËɯÍÖÙɯÛÏÌɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕɯ

"ÖÔ×ÌÛÐÛÐÖÕɯ,ÖËÌÓɯȹ2Ö!ÙÈ"Ö,ÖȺȯɯȹÐȺɯÈɯÔÖËÜÓÌɯËÌÚÊÙÐÉÐÕÎɯÛÏÌɯÛÙÈÕÚÍÌÙɯÖÍɯÚÖÓÈÙɯ

ÙÈËÐÈÛÐÖÕɯÞÐÛÏÐÕɯÛÏÌɯÊÈÕÖ×àɯȹÚÌÌɯÊÏÈ×ÛÌÙɯƖȺȰɯȹÐÐȺɯÈɯÔÖËÜÓÌɯÍÖÙɯÊÈÓÊÜÓÈÛÐÕÎɯ

Ú×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ȹÚÌÌɯ ÊÏÈ×ÛÌÙɯ ƗȺȰɯÈÕËɯ ȹÐÐÐȺɯ Èɯ ÔÖËÜÓÌɯ ÍÖÙɯ

ÊÈÓÊÜÓÈÛÐÕÎɯÉÐÖÔÈÚÚɯÜÕËÌÙɯÛÏÌɯÍÜÛÜÙÌɯÊÓÐÔÈÛÌɯÚÊÌÕÈÙÐÖɯȹÚÌÌɯÊÏÈ×ÛÌÙɯƘȺȭ 
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%ÐÎÜÙÌɯƕ-Ɩȭɯ"ÖÕÊÌ×ÛÜÈÓɯËÌÚÐÎÕɯÈÕËɯÖÜÛÓÐÕÌɯÖÍɯÛÏÐÚɯÞÖÙÒȭɯ1ÌÓÈÛÌËɯÊÏÈ×ÛÌÙÚɯÖÍɯ

ÛÏÌɯÛÏÌÚÐÚɯÈÙÌɯÐÕËÐÊÈÛÌËɯÐÕɯÉÙÈÊÒÌÛÚȭ 

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 soil 

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).  
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1.4 Model development and setup  

3ÏÌɯ ËÌÝÌÓÖ×ÔÌÕÛɯ ÖÍɯ ÛÏÌɯ ÕÌÞɯ Ú×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ #5,ɯ 2ÖÜÛÏÌÙÕɯ !ÙÈÊÒÌÕɯ

"ÖÔ×ÌÛÐÛÐÖÕɯ ,ÖËÌÓɯ ȹ2Ö!ÙÈ"Ö,ÖȺɯ ÐÚɯ ÉÈÚÌËɯ ÖÕɯ ÛÏÌɯ ÛÏÌÖÙàɯ ÛÏÈÛɯ ÛÏÌɯ ÔÖÚÛɯ

È××ÙÖ×ÙÐÈÛÌɯÔÖËÌÓɯÚÌÛÜ×ɯÖ×ÛÐÔÐáÌÚɯÛÏÌɯÙÌÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯÒÕÖÞÓÌËÎÌɯÎÈÐÕɯÈÕËɯ

ÔÖËÌÓɯÊÖÔ×ÓÌßÐÛàɯȹ)ÖÌÙÎÌÕÚÌÕɯ ƖƔƔƕȺȭɯ %ÐÎÜÙÌɯƕ-Ɩɯ ÚÏÖÞÚɯ ÛÏÈÛɯ ÛÏÌɯ ÚÐÔ×ÓÌÚÛɯ

ÔÖËÌÓÚɯÛÌÕËɯÛÖɯÐÕÊÙÌÈÚÌɯÒÕÖÞÓÌËÎÌɯÎÈÐÕɯÞÐÛÏɯÊÖÔ×ÓÌßÐÛàɯÐÕɯÛÏÌɯÉÌÎÐÕÕÐÕÎȭɯ Ûɯ

ÈɯÊÌÙÛÈÐÕɯÓÌÝÌÓȮɯÈɯÛÙÈËÌ-ÖÍÍɯÉÌÛÞÌÌÕɯÊÖÔ×ÓÌßÐÛàɯÈÕËɯÒÕÖÞÓÌËÎÌɯÈÙÐÚÌÚɯËÜÌɯÛÖɯ

ÛÏÌɯÜÕÊÌÙÛÈÐÕÛàɯÊÈÜÚÌËɯÉàɯÈËËÐÕÎɯÛÖÖɯÔÈÕàɯÕÌÞɯÝÈÙÐÈÉÓÌÚȭɯ"ÖÕÚÐËÌÙÐÕÎɯÈɯ

ÔÖËÌÓɯÖÕɯÛÏÌɯÚÖÓÐËɯÊÜÙÝÌȮɯÍÖÙÊÐÕÎɤ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯËÈÛÈɯØÜÈÓÐÛàɯÈÕËɯØÜÈÕÛÐÛàɯ

ÌÕÏÈÕÊÌɯÛÏÌɯÔÖËÌÓ-ÉÈÚÌËɯÒÕÖÞÓÌËÎÌɯÖÍɯÛÏÌɯÚàÚÛÌÔȭɯ(ÕɯÛÏÌɯ×ÙÌÚÌÕÛɯÞÖÙÒȮɯÛÏÌɯ

ÈÝÈÐÓÈÉÓÌɯÎÓÖÉÈÓɯÔÖËÌÓɯȹ"+,-#&5,ȺɯÐÚɯÛÏÌɯÚÛÈÙÛÐÕÎɯ×ÖÐÕÛɯÞÏÐÊÏɯÓÐÌÚɯÖÕɯÛÏÌɯ

ÚÖÓÐËɯÊÜÙÝÌɯȹ%ÐÎÜÙÌɯƕ-ƗȺɯÈÛɯÈÕɯÐÕÛÌÙÔÌËÐÈÛÌɯÓÌÝÌÓɯÖÍɯÊÖÔ×ÓÌßÐÛàȭɯ'ÖÞÌÝÌÙȮɯÐÍɯ

ËÐÙÌÊÛÓàɯ È××ÓÐÌËɯ ÛÖɯ ÛÏÌɯ ÓÖÊÈÓɯ ÚÊÈÓÌȮɯ ÛÏÌɯ ÔÖËÌÓ-ÉÈÚÌËɯ ÒÕÖÞÓÌËÎÌɯ ÞÖÜÓËɯ

ËÌÊÙÌÈÚÌɯÊÖÕÚÐËÌÙÈÉÓàɯËÜÌɯÛÖɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯÛÏÌɯÙÌØÜÐÙÌËɯÊÖÔ×ÓÌßÐÛàɯÚÜ××ÓÐÌËɯ

Éàɯ ÈËÌØÜÈÛÌɯ Ú×ÌÊÐÌÚ-ɯÈÕËɯ ÈÙÌÈ-Ú×ÌÊÐÍÐÊɯ ×ÈÙÈÔÌÛÌÙÚȭɯ  Ûɯ ÛÏÌɯ ×ÖÐÕÛɯ ÖÍɯ ÌÕËɯ

ËÌÝÌÓÖ×ÔÌÕÛȮɯ ÈÍÛÌÙɯ ÙÌÊÖÕÚÛÙÜÊÛÐÖÕɯ ÈÕËɯ ÈËËÐÛÐÖÕÈÓɯ ÍÖÙÔÜÓÈÛÐÖÕÚȮɯ ×ÙÖ×ÌÙɯ

×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÈÕËɯÙÌÈÓÐÚÛÐÊɯÍÖÙÊÐÕÎɯÚÐÔÜÓÈÛÐÖÕÚɯÈÙÌɯÌß×ÌÊÛÌËɯÛÖɯËÌÓÐÝÌÙɯÈɯ

ÉÌÛÛÌÙɯ ÒÕÖÞÓÌËÎÌɯ ÈÛɯ ×ÓÖÛɯ ÚÊÈÓÌȭɯ 3ÏÐÚɯ ÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯ ȹ%ÐÎÜÙÌɯƕ-ƖȺɯ ÖÍÍÌÙÚɯ Èɯ

ÊÖÕÊÌ×ÛÜÈÓɯ ÉÈÚÐÚɯ ÍÖÙɯ ×ÖÛÌÕÛÐÈÓɯ ÐÔ×ÙÖÝÌÔÌÕÛɯ ÐÕɯ ÝÌÎÌÛÈÛÐÖÕɯ ÔÖËÌÓÓÐÕÎȭɯ  ɯ

ÝÈÓÐËÈÛÐÖÕɯÖÍɯÛÏÐÚɯÐÔ×ÙÖÝÌÔÌÕÛɯÐÚɯÉÌàÖÕËɯÛÏÌɯÚÊÖ×ÌɯÖÍɯÛÏÐÚɯÞÖÙÒȭ 
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%ÐÎÜÙÌɯƕ-Ɨȭɯ 1ÌÓÈÛÐÖÕɯ ÖÍɯ ÒÕÖÞÓÌËÎÌɯ ÎÈÐÕÌËɯ ÞÐÛÏɯ Èɯ ÔÖËÌÓɯ ÈÕËɯ ÔÖËÌÓɯ

ÊÖÔ×ÓÌßÐÛàȭɯ3ÏÌɯÚÖÓÐË-ÓÐÕÌɯÊÜÙÝÌɯÙÌ×ÙÌÚÌÕÛÚɯÈɯÚÔÈÓÓɯÖÙɯ×ÖÖÙ-ØÜÈÓÐÛàɯËÈÛÈÚÌÛɯ

ÐÕɯ ÊÖÔ×ÈÙÐÚÖÕɯ ÞÐÛÏɯ ÛÏÌɯ ÉÙÖÒÌÕ-ÓÐÕÌɯ ÊÜÙÝÌȭɯ 3ÏÌɯ ÈÙÙÖÞɯ ÐÕÚÐËÌɯ ÛÏÌɯ ×ÓÖÛɯ

ÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÌÕÏÈÕÊÌÔÌÕÛɯÍÙÖÔɯÈɯÚÛÈÙÛÐÕÎɯ×ÖÐÕÛɯɬɯÈɯÓÖÊÈÓɯÈ××ÓÐÊÈÛÐÖÕɯ

ÐÕÏÌÙÐÛÐÕÎɯÊÖÕÊÌ×ÛÚɯÍÙÖÔɯÈɯÎÓÖÉÈÓɯÔÖËÌÓɯɬɯÛÖɯÈɯÔÖËÌÓɯÞÐÛÏɯ×ÙÖ×ÌÙɯËÈÛÈȮɯ

×ÈÙÈÔÌÛÌÙÚɯÈÕËɯÕÌÞɯÝÈÙÐÈÉÓÌÚȮɯÞÏÐÊÏɯÊÈÕɯÉÌɯÈ××ÓÐÌËɯÐÕɯÈɯ×ÓÖÛɯÜ×ɯÛÖɯÈɯ

ÙÌÎÐÖÕÈÓɯÚÊÈÓÌɯȹ ËÈ×ÛÌËɯÍÙÖÔɯ)ÖÌÙÎÌÕÚÌÕɯƖƔƔƕȺȭ 

As stressed in Figure 1-2 and 1-4, model development was conducted 

via modules.  The first module  determines the species-specific 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 pyranometer 

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 (Setaria) 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 



 

ƕƔ 

 

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 2-4). 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.  

 

%ÐÎÜÙÌɯƕ-Ƙȭɯ,ÖËÌÓɯÚÊÏÌÔÌɯÍÖÙɯËÐÈÎÕÖÚÛÐÊɯÙÜÕÚȮɯÐÕÊÓÜËÐÕÎɯÍÐÌÓËɯËÈÛÈɯÈÕËɯ

ÔÌÛÌÖÙÖÓÖÎÐÊɯÍÖÙÊÐÕÎȮɯ×ÈÙÛÐÊÜÓÈÙɯÚÜÉ-ÔÖËÜÓÌÚɯÈÕËɯÛÏÌɯÔÈÐÕɯÝÌÎÌÛÈÛÐÖÕɯÚÛÈÛÌɯ

ÝÈÙÐÈÉÓÌÚȭ 
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3ÈÉÓÌɯƕ-ƕȭɯ/ÈÙÈÔÌÛÌÙÚɯÛÈÉÓÌɯÙÌØÜÐÙÌËɯÐÕɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÔÖËÜÓÌÚȭ 

,ÖËÜÓÌ /ÈÙÈÔÌÛÌÙ 4ÕÐÛ 4ÚÌ 

ȹÐȺɯ1ÈËÐÈÛÐÖÕ 
#ÐÍÍÜÚÌɯÛÖɯÎÓÖÉÈÓɯ

ÙÈËÐÈÛÐÖÕɯÊÖÌÍÍÐÊÐÌÕÛÚ 
- 

/ÈÙÛÐÛÐÖÕɯÖÍɯÎÓÖÉÈÓɯ

ÙÈËÐÈÛÐÖÕ 

ÛÙÈÕÚÍÌÙ +ÌÈÍɯ ÕÎÓÌ Ș "13 

 +ÌÈÍɯÈÙÌÈɯÐÕËÌß ÔƖɯÔ-Ɩ 
"13ɯÈÕËɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚ 

 2×ÌÊÛÙÈÓɯÛÙÈÐÛÚ ǔ 
"13ɯÈÕËɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚ 

ȹÐÐȺɯ"ÈÕÖ×àɯÕÌÛ "ÈÙÉÖßàÓÈÛÐÖÕɯÙÈÛÌ 
ϟÔÖÓɯÔǸƖɯÚǸƕɯ

××Ô-ƕ 
&// 

×ÏÖÛÖÚàÕÛÏÌÚÐÚ 0ÜÈÕÛÜÔɯÌÍÍÐÊÐÌÕÊà ϟÔÖÓɯϟÔÖÓǸƕ &// 

 
3ÌÔ×ÌÙÈÛÜÙÌɯ

ÊÖÌÍÍÐÊÐÌÕÛÚ 

)ɯÔÖÓ-ƕɯ*-ƕȰɯɯɯɯɯɯɯ

Ò)ɯÔÖÓ-ƕ 

&//ɯÈÕËɯ

1ÌÚ×ÐÙÈÛÐÖÕ 

 1ÖÖÛÚɯ"ȯ-ɯÙÈÛÐÖ Î"ɯÎ-ƕ- 1ÖÖÛɯÙÌÚ×ÐÙÈÛÐÖÕ 

 1ÖÖÛÚɯËÐÚÛÙÐÉÜÛÐÖÕ - 6ÈÛÌÙɯÜ×ÛÈÒÌ 

 
2ÖÐÓɯÛÌßÛÜÙÌɯȹÊÓÈàɯÈÕËɯ

ÚÈÕËȺ 
ǔ 

6ÈÛÌÙɯÈÝÈÐÓÈÉÓÌɯ×ÌÙɯ

ËÌ×ÛÏ 

 

3ÈÉÓÌɯƕ-Ɩȭɯ,ÌÛÌÖÙÖÓÖÎÐÊÈÓɯÍÖÙÊÐÕÎɯÝÈÙÐÈÉÓÌÚȭ 

,ÌÛÌÖÙÖÓÖÎÐÊÈÓɯÍÖÙÊÐÕÎ 

2ÖÓÈÙɯÙÈËÐÈÛÐÖÕɯȹ/ 1ȮɯËÐÙÌÊÛɯÈÕËɯËÐÍÍÜÚÌȺ 

 ÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÏÜÔÐËÐÛà 

 ÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÏÜÔÐËÐÛàɯÈÛɯÊÈÕÖ×àɯÏÌÐÎÏÛ 

+ÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌ 

2ÖÐÓɯÛÌÔ×ÌÙÈÛÜÙÌ 

2ÖÐÓɯÞÈÛÌÙ 

/ÙÌÊÐ×ÐÛÈÛÐÖÕ 

 ÐÙɯ×ÙÌÚÚÜÙÌ 
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1.5 Experimental plot design and monitoring setup of the thesis  

3Öɯ ×ÙÖ×ÌÙÓàɯ ×ÈÙÈÔÌÛÌÙÐáÌȮɯ ÍÖÙÊÌɯ ÈÕËɯ ÝÈÓÐËÈÛÌɯ ÛÏÌɯ ËÌÝÌÓÖ×ÌËɯ ÔÖËÌÓȮɯ ÈÕɯ

Ìß×ÌÙÐÔÌÕÛÈÓɯ×ÓÖÛɯÞÐÛÏɯÚÖ×ÏÐÚÛÐÊÈÛÌËɯÐÕÚÛÙÜÔÌÕÛÈÛÐÖÕɯÞÈÚɯÌÚÛÈÉÓÐÚÏÌËɯÐÕɯÛÏÌɯ

×ÈÚÛÜÙÌɯÈÙÌÈɯȹ%ÐÎÜÙÌɯƙȺȭɯ3ÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯ×ÓÖÛɯÏÈÚɯËÐÔÌÕÚÐÖÕÚɯÖÍɯƙƔɯßɯƖƔɯÔɯÖÕɯ

ÛÏÌɯÎÙÖÜÕËɯÈÕËɯÐÚɯÓÖÊÈÛÌËɯÈÛɯƖƕƔƝɯÔɯÈÚÓȭɯ ÓÔÖÚÛɯƛƔǔɯÖÍɯÛÏÌɯÈÙÌÈɯÐÚɯÊÖÝÌÙÌËɯ

×ÙÌËÖÔÐÕÈÕÛÓàɯÉàɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯ×ÓÈÕÛÌËɯÐÕɯÙÖÞÚȮɯÞÏÐÓÌɯÛÏÌɯÖÛÏÌÙɯ

ƗƔǔɯÐÚɯÊÖÝÌÙÌËɯÉàɯÉÙÈÊÒÌÕɯÍÌÙÕȭɯ3ÏÌɯÈÙÌÈɯÞÈÚɯÍÌÕÊÌËɯÐÕɯƖƔƔƛɯÈÕËɯÛÏÌÕɯÉÜÙÕÌËɯ

ÛÞÐÊÌɯȹ.ÊÛÖÉÌÙɯƖƔƔƜɯÈÕËɯ-ÖÝÌÔÉÌÙɯƖƔƔƝȺɯÛÖɯÔÖÕÐÛÖÙɯÊÈÕÖ×àɯÙÌÊÖÝÌÙàɯÈÍÛÌÙɯÈɯ

ÍÐÙÌȭ 

3ÏÌɯÖ×ÌÙÈÛÐÖÕɯÖÍɯÛÏÌɯÌÚÛÈÉÓÐÚÏÌËɯ×ÓÖÛɯÞÈÙÙÈÕÛÚȯ 

1. ÊÖÕÛÐÕÜÖÜÚɯÈÛÔÖÚ×ÏÌÙÐÊɯÍÖÙÊÐÕÎɯÈÕËɯÍÜÙÛÏÌÙɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯËÈÛÈ 

2. ËÈÛÈɯ ÖÍɯ ÖÛÏÌÙɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ÊÖÕËÐÛÐÖÕÚȮɯ ÌȭÎȭɯ ÚÖÐÓɯ ÔÖÐÚÛÜÙÌɯ

ȹ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɤÍÖÙÊÐÕÎȺ 

3. ÛÏÌɯÍÌÈÚÐÉÐÓÐÛàɯÖÍɯÍÐÌÓËɯÚÛÜËÐÌÚɯÍÖÙɯÖÉÛÈÐÕÐÕÎɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯËÈÛÈȮɯÌȭÎȭɯ

ÍÐÌÓËɯÚ×ÌÊÛÙÖÔÌÛÙà 

4. ÛÏÌɯÖ××ÖÙÛÜÕÐÛàɯÛÖɯÊÖÕËÜÊÛɯÌÊÖÓÖÎÐÊÈÓɯÌß×ÌÙÐÔÌÕÛÚȮɯÌȭÎȭɯÛÏÌɯÚÐÔÜÓÈÛÐÖÕɯ

ÖÍɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛɯÉàɯÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎ 

5. ÛÏÌɯÈ××ÓÐÊÈÛÐÖÕɯÖÍɯÓÖÞɯÈÓÛÐÛÜËÌɯÙÌÔÖÛÌɯÚÌÕÚÐÕÎɯȹ+ 12ȺɯÛÌÊÏÕÖÓÖÎàɯÛÖɯ

ÔÖÕÐÛÖÙɯÝÌÎÌÛÈÛÐÖÕɯËÌÝÌÓÖ×ÔÌÕÛɯÉÌÍÖÙÌɯÈÕËɯÈÍÛÌÙɯÉÜÙÕÐÕÎɯÞÏÐÊÏɯÊÈÕɯ

ÉÌɯÜÚÌËɯÍÖÙɯÚ×ÈÛÐÖ-ÛÌÔ×ÖÙÈÓɯÝÈÓÐËÈÛÐÖÕɯÖÍɯÈɯÎÙÐË-ÉÈÚÌËɯ2Ö!ÙÈ"Ö,Öɯ

ÚÐÔÜÓÈÛÐÖÕ. 

The experimental and monitoring setup is illustrated in Figure 5.  In 

general, monitoring activities included meteorology (see cha pter 3), balloon-

borne aerial photography (see chapter 5), field spectroscopy, and ground 

observations of canopy traits.   
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%ÐÎÜÙÌɯƕ-ƙȭɯ &ÌÕÌÙÈÓɯ Ìß×ÌÙÐÔÌÕÛÈÓɯ ÚÌÛÜ×ɯ ÍÖÙɯ ÍÐÌÓËɯÔÌÈÚÜÙÌÔÌÕÛÚɯ ÈÕËɯ

ÔÖÕÐÛÖÙÐÕÎɯÖÍɯ×ÖÚÛ-ÍÐÙÌɯÊÈÕÖ×àɯÙÌÊÖÝÌÙàȭ 

1.5.1 Forcing meteorology  

 ÕɯÈÜÛÖÔÈÛÐÊɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯÞÈÚɯÚ×ÌÊÐÍÐÊÈÓÓàɯËÌÚÐÎÕÌËɯÛÖɯÊÖÕÚÐËÌÙɯ

ÊÖÕËÐÛÐÖÕÚɯÈÛɯÊÈÕÖ×àɯÓÌÝÌÓȮɯÐÕɯÙÖÖÛɯËÌ×ÛÏȮɯÈÕËɯÈÛɯÓÌÈÍɯÚÜÙÍÈÊÌɯȹÛÌÔ×ÌÙÈÛÜÙÌȮɯ

ÏÜÔÐËÐÛàȮɯÈÕËɯÞÌÛÕÌÚÚȺɯÍÖÙɯ2ÌÛÈÙÐÈɯÈÕËɯÉÙÈÊÒÌÕȭɯ(ÕɯÊÖÕÛÙÈÚÛɯÛÖɯÛÏÌɯÊÖÔÔÖÕɯ

×ÙÈÊÛÐÊÌɯÈÛɯÎÓÖÉÈÓɯÚÊÈÓÌȮɯÛÏÌɯÌßÈÊÛɯÔÌÈÚÜÙÌÔÌÕÛÚɯÖÍɯÓÌÈÝÌÚɯÈÙÌɯÔÖÙÌɯÈÊÊÜÙÈÛÌɯ

ÛÏÈÕɯÉàɯÈÓÛÌÙÕÈÛÐÝÌÓàɯËÌÙÐÝÐÕÎɯÌÚÛÐÔÈÛÌÚɯÉÈÚÌËɯÖÕɯÛÏÌɯÌÕÌÙÎàɯÉÈÓÈÕÊÌɯÌØÜÈÛÐÖÕɯ

ÈÚɯ ËÖÕÌɯ ÐÕɯ ÛÏÌɯ ÖÙÐÎÐÕÈÓɯ "+,-#&5,ɯ ÔÖËÌÓȭɯ 3ÏÜÚȮɯ ÛÏÌÚÌɯ ÔÌÈÚÜÙÌÔÌÕÛÚɯ

ÚÜÉÚÛÐÛÜÛÌɯÛÏÌɯÙÌÚ×ÌÊÛÐÝÌɯ"+,ɯÔÖËÜÓÌÚɯÐÕɯÛÏÌɯ2Ö!ÙÈ"Ö,Öȭɯ1ÌÈÓÐÚÛÐÊɯÍÖÙÊÐÕÎɯÈÛɯ

ÛÏÌɯÊÈÕÖ×àɯÈÕËɯÐÕɯÛÏÌɯÙÖÖÛÌËɯÚÖÐÓɯÓÈàÌÙÚɯ×ÙÖÝÐËÌɯÈÕɯÌÕÏÈÕÊÌËɯËÈÛÈɯÚÌÛɯÍÖÙɯ

ÊÈÓÊÜÓÈÛÐÕÎɯÎÈÚɯÈÕËɯÞÈÛÌÙɯÌßÊÏÈÕÎÌɯÉÌÛÞÌÌÕɯÓÌÈÍɯÈÕËɯÈÛÔÖÚ×ÏÌÙÌȮɯÈÚɯÞÌÓÓɯÈÚɯ

ÍÖÙɯÙÖÖÛɯÙÌÚ×ÐÙÈÛÐÖÕɯÈÕËɯÞÈÛÌÙɯÓÐÔÐÛÈÛÐÖÕÚɯÐÕɯÛÏÌɯÚÖÐÓȭɯ 
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1.5.2 Ground observations for parameterization  and validation  

&ÙÖÜÕËɯ ÖÉÚÌÙÝÈÛÐÖÕÚɯ ÐÕÊÓÜËÌɯ ÐÕɯ ÚÐÛÜɯ ÔÌÈÚÜÙÌÔÌÕÛÚɯ ÈÕËɯ ÓÈÉÖÙÈÛÖÙàɯ

Ìß×ÌÙÐÔÌÕÛÚɯÖÕɯÚÖÐÓɯÈÕËɯ×ÓÈÕÛɯ×ÏàÚÐÖÓÖÎàɯÞÐÛÏɯÚÈÔ×ÓÌÚɯÊÖÓÓÌÊÛÌËɯÈÛɯÛÏÌɯÚÛÜËàɯ

ÚÐÛÌȭɯ(ÕɯÛÏÐÚɯÛÏÌÚÐÚȮɯÚÛÈÛÌɯÖÍɯÛÏÌɯÈÙÛɯÛÌÊÏÕÐØÜÌÚɯÞÌÙÌɯÊÖÔÉÐÕÌËɯÛÖɯÔÌÈÚÜÙÌɯÕÌÛɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚȮɯÊÈÕÖ×àɯÛÙÈÐÛÚɯȹÐÕÊÓÜËÐÕÎɯÉÐÖÔÈÚÚȺȮɯÈÕËɯÚÖÐÓɯ×ÙÖ×ÌÙÛÐÌÚɯÍÖÙɯ

ÌÐÛÏÌÙɯ Èɯ ÚÐÕÎÓÌɯ ÊÏÈÙÈÊÛÌÙÐáÈÛÐÖÕɯ ÖÙɯ ÊÖÕÛÐÕÜÖÜÚɯ ÔÌÈÚÜÙÌÔÌÕÛÚȭɯ +ÈÉÖÙÈÛÖÙàɯ

Ìß×ÌÙÐÔÌÕÛÚɯȹÌȭÎȭɯ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯÙÌÚ×ÖÕÚÌɯÐÕɯÚÏÈËÌȮɯ×ÓÈÕÛɯÈÕËɯÚÖÐÓɯÊÈÙÉÖÕɯÈÕËɯ

ÕÐÛÙÖÎÌÕȺɯÈÕËɯÍÐÌÓËɯÊÈÔ×ÈÐÎÕÚɯÈÛɯÛÏÌɯ×ÓÖÛɯÈÕËɯÞÐÛÏÐÕɯÛÏÌɯÝÈÓÓÌàɯÊÖÔ×ÓÌÛÌɯÛÏÌɯ

ÐÕÝÌÚÛÐÎÈÛÐÖÕÚɯÛÖɯÚÜ××ÖÙÛɯÉÖÛÏɯÔÖËÌÓɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÈÕËɯÙÌÔÖÛÌɯÚÌÕÚÐÕÎȭɯ 

1.5.3 Remote sensing for monitoring and validation  

+ÖÞɯÈÓÛÐÛÜËÌɯÙÌÔÖÛÌɯÚÌÕÚÐÕÎȮɯÖÙɯ+ 12ɯȹ ÉÌÙɯÌÛɯÈÓȭɯƖƔƕƔȺȮɯÞÈÚɯÜÚÌËɯÛÖɯÖÉÚÌÙÝÌɯ

ÛÏÌɯÚ×ÈÛÐÖ-ÛÌÔ×ÖÙÈÓɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÚ×ÌÊÐÌÚɯÊÖÝÌÙɯÉÌÍÖÙÌɯ

ÈÕËɯÈÍÛÌÙɯÉÜÙÕÐÕÎȭɯ%ÜÙÛÏÌÙÔÖÙÌȮɯÛÏÌɯËÈÛÈɯÈÙÌɯÐÕÛÌÕËÌËɯÛÖɯÉÌɯÜÚÌËɯÍÖÙɯÓÈÛÌÙɯ

ÝÈÓÐËÈÛÐÖÕɯÖÍɯÈɯÚ×ÈÛÐÈÓɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÖÍɯ2Ö!ÙÈ"Ö,ÖɯȹÊÏÈ×ÛÌÙɯƚȺȭɯ'ÖÞÌÝÌÙȮɯÛÖɯ

ÖÉÚÌÙÝÌɯÝÌÎÌÛÈÛÐÖÕɯËÌÝÌÓÖ×ÔÌÕÛɯÈÍÛÌÙɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛɯÐÕɯ+ 12ɯËÈÛÈȮɯ

×ÙÖ×ÌÙɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯÈÕËɯÊÈÓÐÉÙÈÛÐÖÕɯÔÌÛÏÖËÖÓÖÎàɯÏÈËɯÛÖɯÉÌɯËÌÝÌÓÖ×ÌËȭɯ Õɯ

È××ÙÖ×ÙÐÈÛÌɯÊÈÔÌÙÈɯÚàÚÛÌÔɯÞÈÚɯÚÌÓÌÊÛÌËɯÞÏÐÊÏɯÞÈÚɯȹÐȺɯÈ××ÓÐÊÈÉÓÌɯÛÖɯ+ 12ɯÐÕɯ

ÏÐÎÏÌÙɯ ÈÓÛÐÛÜËÌÚɯ ȹÓÖÞɯ ÞÌÐÎÏÛɯ ÚàÚÛÌÔȺȮɯ ȹÐÐȺɯ ÊÖÚÛɯ ÌÍÍÌÊÛÐÝÌɯ ÈÕËɯ ȹÐÐÐȺɯ ÈÉÓÌɯ ÛÖɯ

ËÐÚÊÙÐÔÐÕÈÛÌɯÉÌÛÞÌÌÕɯÛÏÌɯÖ×ÛÐÊÈÓɯÚÐÎÕÈÓÚɯÖÍɯÛÏÌɯÛÞÖɯÚ×ÌÊÐÌÚȭɯȹ%ÖÙɯËÌÛÈÐÓÌËɯ

ËÌÚÊÙÐ×ÛÐÖÕÚɯÛÏÌɯÙÌÈËÌÙɯÔÈàɯÙÌÍÌÙɯÛÖɯÊÏÈ×ÛÌÙɯƙȺȭɯ 

Fortunately, the camera used was able to distinguish between the two 

plants due to their spectral differences in visible and near infrared ranges 

(Figure 1-ƗÈȺȭɯ %ÖÙɯ ÓÌÈÍɯ ÈÙÌÈɯ ÐÕËÌßɯ ȹ+ (Ⱥɯ ÌØÜÈÓÚɯ ÖÕÌȮɯ ÛÏÌɯ ÉÙÈÊÒÌÕɀÚɯ ÓÖÞÌÙɯ

reflection in the visible range is due to higher pigmentation ɬ a considerably 

higher amount of chlorophyll a and b ɬ as observed in leaf extracts (Figure 1-

ƗÉȺȭɯ3ÏÌɯÉÙÈÊÒÌÕɀÚɯÏÐÎÏÌÙɯÙÌÍÓÌÊtance in the near infrared range is due to 

thicker leaves, while the higher absorption in the visible range of radiation is 

due to well -distributed pigments within the mesophyll (avoiding the so -

ÊÈÓÓÌËɯɁÊÓÜÔ×ÐÕÎɯÌÍÍÌÊÛɂȺȭɯ(ÕɯSetaria leaves, palisade cells are more 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 

ÙÌÔÖÛÌɯÚÌÕÚÐÕÎȭɯ%ÖÙɯ+ (ɯÏÐÎÏÌÙɯÛÏÈÕɯÖÕÌȮɯÖÙɯÈÛɯÛÏÌɯÊÈÕÖ×àɯÓÌÝÌÓȮɯÛÏÌɯÉÙÈÊÒÌÕɀÚɯ

higher reflectance in the near infrared range holds (Figure 1-3a), but Setaria 

absorbs more in the visible range. One reason is the leaf clumping, which is 

higher in Setaria canopies 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.  

  
 

 

%ÐÎÜÙÌɯƕ-ƚȭɯ2×ÌÊÛÙÈÓɯÚÐÎÕÈÛÜÙÌÚɯÈÛɯÓÌÈÍɯȹ+ (ɯǻɯƕȺɯÈÕËɯÊÈÕÖ×àɯÓÌÝÌÓÚɯȹ+ (ɯǿɯƕȺɯ

ÊÖÓÓÌÊÛÌËɯÐÕɯÛÏÌɯÍÐÌÓËɯȹÈȺȰɯÚÜÔɯÖÍɯÊÏÓÖÙÖ×ÏàÓÓɯÈɯÈÕËɯÉɯÍÙÖÔɯ×ÐÎÔÌÕÛɯÈÕÈÓàÚÐÚɯ

ȹ×ÐÎÔÌÕÛɯÈÕÈÓàÚÐÚɯÞÌÙÌɯËÖÕÌɯÜÕËÌÙɯÚÜ×ÌÙÝÐÚÐÖÕɯÖÍɯ/#ɯ#ȭɯ#ġÙÕÌÔÈÕÕȺȰɯÈÕËɯ

ÓÌÈÍɯÊÙÖÚÚ-ÚÌÊÛÐÖÕɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÚÜÕɯÓÌÈÝÌÚɯȹÊȺɯȹÊÙÖÚÚ-ÚÌÊÛÐÖÕÚɯÉàɯ

-ȭ*ġÕÐÎȮɯÚÊÈÓÌɯÉàɯ(ȭɯ5ÖÚÚȮɯÈÕËɯÕÖÛÈÛÐÖÕÚɯÉàɯ!ȭɯ2ÐÓÝÈȺȭ 

3ÏÐÚɯÊÓÌÈÙɯÚ×ÌÊÛÙÈÓɯËÐÍÍÌÙÌÕÊÌɯÈÛɯÛÏÌɯÓÌÈÍɯÈÕËɯÊÈÕÖ×àɯÓÌÝÌÓɯÈÓÓÖÞÌËɯÛÏÌɯÜÚÌɯÖÍɯÈɯ

ÊÖÚÛ-ÌÍÍÌÊÛÐÝÌɯ ÛÞÖ-ÊÈÔÌÙÈɯ ÚàÚÛÌÔɯ ÉÈÚÌËɯ ÖÕɯ ÚÛÈÕËÈÙËɯ ËÐÎÐÛÈÓɯ ÚÌÕÚÖÙÚȯɯ ȹÐȺɯ Èɯ

ÚÛÈÕËÈÙËɯ5(2ɯÈÕËɯȹÐÐȺɯÈɯÔÖËÐÍÐÌËɯ-(1ɯÊÈÔÌÙÈȭɯ!ÈÓÓÖÖÕ-ÉÖÙÕÌɯ×ÏÖÛÖÎÙÈ×ÏàɯÞÈÚɯ

ÜÚÌËɯÛÖɯÖÉÛÈÐÕɯÚ×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ×ÓÈÕÛɯÊÖÝÌÙɯȹÊÏÈ×ÛÌÙɯƙȺȭɯ"ÖÔÉÐÕÌËɯÞÐÛÏɯÎÙÖÜÕËɯ
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ÔÌÈÚÜÙÌÔÌÕÛÚȮɯ ÛÏÌɯ ×ÓÈÕÛɯ ÊÖÝÌÙɯ ÞÈÚɯ ÈÓÚÖɯ ÜÚÌËɯ ÛÖɯ ×ÙÖÝÐËÌɯ ÊÖÕÝÌÙÚÐÖÕɯ

ÊÖÌÍÍÐÊÐÌÕÛÚɯÍÖÙɯ×ÙÖÑÌÊÛÌËɯÊÖÝÌÙɯÛÖɯÓÌÈÍɯÈÙÌÈȭɯ 

1.6 Global relevance of the thesis: The induced invasion of bracken  

 ÓÛÏÖÜÎÏɯÛÏÌɯÊÜÙÙÌÕÛɯÚÛÜËàɯÍÖÊÜÚÌÚɯÖÕɯÈɯÚÔÈÓÓɯÚÜÉÚÌÛɯÈÙÌÈɯÖÍɯÛÏÌɯÌÈÚÛÌÙÕɯ

 ÕËÌÚȮɯÛÏÌɯÐÕÍÌÚÛÈÛÐÖÕɯÖÍɯÌÊÖÚàÚÛÌÔÚɯÉàɯÉÙÈÊÒÌÕɯÐÚɯÈɯÎÓÖÉÈÓɯ×ÙÖÉÓÌÔȭɯɯ3ÏÐÚɯÐÚɯ
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 ÉÚÛÙÈÊÛ 

Mountain pastures dominated by the pasture grass Setaria sphacelata in 

the Andes of southern Ecuador are heavily infested by southern bracken 

(Pteridium arachnoideum), 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 (LAI) 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 (1998ɬ2005) and the mean 

leafɬsun geometry reveal that PAR absorption is fairly equal for both species. 
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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 leafɬsun 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 Setaria while under clear sky conditions 

(mainly direc t irradiance), the average bracken individual is characterized by 

a higher PAR absorption potential. (Ḑ74 MJ mǸ2 yearǸ1). The latter situation 

which occurs if the maximum daily irradiance exceeds 615 W mǸƖ 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 Ḑ36% 

of the observation period (1998ɬ2005). 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 Setaria under overcast conditions (64% of all days). This 

means that neither bracken nor Setaria show a distinct advantage in PAR 

absorption capability under the current climatic conditions of the study area.  

2.1 Introduction  
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ÐÕɯÔÖÕÖÊÜÓÛÜÙÌÚȭɯ.ÜÙɯ×ÙÌÝÐÖÜÚɯÚÛÜËÐÌÚɯÖÕɯ2ÌÛÈÙÐÈɯ×ÈÚÛÜÙÌÚɯÏÈÝÌɯÚÏÖÞÕɯÛÏÈÛɯ

ÛÏÌɯÊÜÙÙÌÕÛɯÔÖËÌɯÖÍɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛɯÍÈÝÖÙÚɯÛÏÌɯÎÙÖÞÛÏɯÖÍɯÈÕɯÌßÛÙÌÔÌÓàɯ

ÈÎÎÙÌÚÚÐÝÌɯÞÌÌËȮɯÛÏÌɯÛÙÖ×ÐÊÈÓɯÉÙÈÊÒÌÕɯÍÌÙÕɯ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔɯȹ'ÈÙÛÐÎɯÈÕËɯ

!ÌÊÒɯƖƔƔƗȺȭɯ3ÏÐÚɯ×ÙÖÊÌÚÚɯÐÚɯ×ÈÙÛÐÊÜÓÈÙÓàɯ×ÙÖÔÐÕÌÕÛɯÐÕɯÛÏÌɯÓÖÞÌÙɯ×ÈÙÛÚɯÖÍɯÛÏÌɯ1ÐÖɯ

2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÝÈÓÓÌàɯǾƖȮƘƔƔɯÔɯÈÚÓɯȹ%ÐÎÜÙÌɯƖ-ƕȺɯÞÏÌÙÌɯÓÈÙÎÌɯÈÙÌÈÚɯȹḐƚƜǔȺɯÖÍɯ

ÍÖÙÔÌÙɯ×ÈÚÛÜÙÌÚɯÏÈÝÌɯÉÌÌÕɯÈÉÈÕËÖÕÌËɯËÜÌɯÛÖɯÉÙÈÊÒÌÕɯÐÕÍÌÚÛÈÛÐÖÕɯÈÕËɯÛÏÌɯ

ÊÖÕÊÖÔÐÛÈÕÛɯÚÜ×ÌÙÚÌÚÚÐÖÕɯÖÍɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯȹ!ÌÊÒɯÌÛɯÈÓȭɯƖƔƔƜÈȰɯ&ġÛÛÓÐÊÏÌÙɯÌÛɯ

ÈÓȭɯƖƔƔƝȺȭɯ4ÕÍÖÙÛÜÕÈÛÌÓàȮɯÛÏÌɯÓÖÚÚɯÖÍɯ×ÈÚÛÜÙÌɯÜÚÈÉÐÓÐÛàɯÉÖÖÚÛÚɯÛÏÌɯÓÈÕËɯÜÚÌɯ

×ÙÌÚÚÜÙÌɯÖÕɯÛÏÌɯÙÌÔÈÐÕÐÕÎɯÕÈÛÜÙÈÓɯÍÖÙÌÚÛȮɯÛÏÙÌÈÛÌÕÐÕÎɯÐÛÚɯÜÕÐØÜÌɯÉÐÖËÐÝÌÙÚÐÛàȭ 



 

Ɩƙ 

 

 

%ÐÎÜÙÌɯƖ-ƕȭɯ3ÏÌɯÙÌÚÌÈÙÊÏɯÈÙÌÈɯÚÏÖÞÐÕÎɯÍÙÈÊÛÐÖÕÈÓɯÊÖÝÌÙɯÉàɯÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯ

ÈÚɯËÌÙÐÝÌËɯÍÙÖÔɯ+ÈÕËÚÈÛɯ3,ɯËÈÛÈɯÞÐÛÏɯÛÏÌɯ×ÙÖÉÈÉÐÓÐÛàɯÎÜÐËÌËɯÚ×ÌÊÛÙÈÓɯ

ÜÕÔÐßÐÕÎɯÛÌÊÏÕÐØÜÌɯȹ&ġÛÛÓÐÊÏÌÙɯÌÛɯÈÓȭɯƖƔƔƝȺȰɯ!2ɯÌß×ÌÙÐÔÌÕÛÈÓɯÉÙÈÊÒÌÕɯÚÐÛÌɯ

ÈÕËɯÔÐÊÙÖÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕȮɯ$"2%ɯ$ÚÛÈÊÐĞÕɯ"ÐÌÕÛąÍÐÊÈɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖȮɯ

$"2%ɯÔÌÛɯ,ÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯÖÍɯÛÏÌɯ$ÚÛÈÊÐĞÕȮɯ32ƕɯÈÕËɯ"ÌÙÙÖɯÔÌÛɯÈÙÌɯ

ÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕÚɯÓÖÊÈÛÌËɯÈÛɯƖȮƚƚƔɯÈÕËɯƗȮƕƜƔɯÔɯÈÚÓȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ&ÙÌàɯ

ÚÏÈËÌÚɯÐÕËÐÊÈÛÌɯËÐÍÍÌÙÌÕÛɯÉÙÈÊÒÌÕɯÊÖÝÌÙÈÎÌɯ×ÌÙɯ×ÐßÌÓȮɯÞÏÐÛÌɯÔÌÈÕÚɯÉÙÈÊÒÌÕ-

ÍÙÌÌɯ×ÐßÌÓȭ 

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 



 

Ɩƚ 

 

(e.g., Pronk et al. 2007) might help to 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 (pho tosynthetically 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 sphacelata and Pteridium arachnoideum, as the basis for future 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). Because the 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 (e.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 

3ÏÌɯÊÜÙÙÌÕÛɯÐÕÝÌÚÛÐÎÈÛÐÖÕɯÐÚɯ×ÈÙÛɯÖÍɯÈɯÔÜÓÛÐËÐÚÊÐ×ÓÐÕÈÙàɯÌÊÖÓÖÎÐÊÈÓɯÙÌÚÌÈÙÊÏɯ

×ÙÖÑÌÊÛȭɯ3ÏÌɯÚÛÜËàɯÈÙÌÈɯÊÖÔ×ÙÐÚÌÚɯ×ÈÙÛÚɯÖÍɯÛÏÌɯËÌÌ×ÓàɯÐÕÊÐÚÌËɯÝÈÓÓÌàɯÖÍɯÛÏÌɯ1ÐÖɯ

2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÐÕɯÛÏÌɯÌÈÚÛÌÙÕɯÙÈÕÎÌɯÖÍɯÛÏÌɯ2ÖÜÛÏɯ$ÊÜÈËÖÙÐÈÕɯ ÕËÌÚɯÐÕɯÛÏÌɯ

ÝÐÊÐÕÐÛàɯ ÖÍɯ ÛÏÌɯ ÙÌÚÌÈÙÊÏɯ ÚÛÈÛÐÖÕɯ $ÚÛÈÊÐĞÕɯ "ÐÌÕÛąÍÐÊÈɯ 2ÈÕɯ %ÙÈÕÊÐÚÊÖɯ ȹ$"2%Ȯɯ

ƗȘƙƜɛƕƜɛɛ2ȮɯƛƝȘƘɛƘƙɛɛ6ȮɯÈÓÛȭɯƕȮƜƚƔɯÔɯÈÚÓȰɯ%ÐÎÜÙÌɯƖ-ƕȺȭɯ3ÏÌɯÚÛÈÛÐÖÕɯÐÚɯÚÐÛÜÈÛÌËɯ

ÉÌÛÞÌÌÕɯÛÏÌɯ×ÙÖÝÐÕÊÐÈÓɯÊÈ×ÐÛÈÓÚɯÖÍɯ+ÖÑÈɯÐÕɯÛÏÌɯÐÕÕÌÙ- ÕËÌÈÕɯÉÈÚÐÕɯÞÌÚÛɯÖÍɯÛÏÌɯ

ÔÈÐÕɯÊÖÙËÐÓÓÌÙÈɯÈÕËɯ9ÈÔÖÙÈɯÐÕɯÛÏÌɯÍÖÖÛÏÐÓÓÚɯÖÍɯÛÏÌɯÌÈÚÛÌÙÕɯ ÕËÌÚȭɯ3ÏÌɯÊÖÙÌɯ
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ÈÙÌÈɯËÐÚ×ÓÈàÌËɯÐÕɯ%ÐÎÜÙÌɯƖ-ƕɯÌÕÊÖÔ×ÈÚÚÌÚɯÈÕɯÈÓÛÐÛÜËÐÕÈÓɯÎÙÈËÐÌÕÛɯÍÙÖÔɯƕȮƜƔƔɯÛÖɯ

ƗȮƖƔƔɯÔɯÈÚÓȭɯ ɯËÌÛÈÐÓÌËɯËÌÚÊÙÐ×ÛÐÖÕɯÐÚɯÎÐÝÌÕɯÐÕɯ!ÌÕËÐßɯÌÛɯÈÓȭɯȹƖƔƔƚÈȺɯÈÕËɯ!ÌÊÒɯÌÛɯ

ÈÓȭɯȹƖƔƔƜÉȺȭɯ3ÏÌɯÊÓÐÔÈÛÌɯÖÍɯÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÝÈÓÓÌàɯÐÚɯ×ÌÙÏÜÔÐËɯȹ1ÐÊÏÛÌÙɯ

ƖƔƔƗȰɯ!ÌÕËÐßɯÌÛɯÈÓȭɯƖƔƔƜÈȮɯÉȺȭɯ(Ô×ÖÙÛÈÕÛɯÍÖÙɯÛÏÌɯÙÈËÐÈÛÐÖÕɯÊÖÕËÐÛÐÖÕÚɯÐÚɯÛÏÌɯÏÐÎÏɯ

ÊÓÖÜËɯÍÙÌØÜÌÕÊàɯÖÝÌÙɯÛÏÌɯÌÕÛÐÙÌɯàÌÈÙȮɯÌÚ×ÌÊÐÈÓÓàɯÈÛɯÏÐÎÏÌÙɯÈÓÛÐÛÜËÌÚɯȹ!ÌÕËÐßɯÌÛɯ

ÈÓȭɯƖƔƔƚÉȮɯƖƔƔƜÊȺȭɯ6ÏÐÓÌɯÛÏÌɯÕÖÙÛÏ-ÍÈÊÐÕÎɯÚÓÖ×ÌÚɯÖÍɯÛÏÌɯÝÈÓÓÌàɯÈÙÌɯÊÖÝÌÙÌËɯÉàɯÈɯ

Ú×ÌÊÐÌÚ-ÙÐÊÏɯÕÈÛÜÙÈÓɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛɯȹ!ÙÌÏÔɯÌÛɯÈÓȭɯƖƔƔƜȺȮɯÛÏÌɯÚÖÜÛÏ-ÍÈÊÐÕÎɯ

ÚÓÖ×ÌÚɯÏÈÝÌɯÉÌÌÕɯÊÓÌÈÙÌËɯÉàɯÚÓÈÚÏɯÈÕËɯÉÜÙÕɯÍÖÙɯÛÏÌɯÈÊØÜÐÚÐÛÐÖÕɯÖÍɯ×ÈÚÛÜÙÌɯÓÈÕËɯ

ÞÏÌÙÌɯÓÈÙÎÌɯ×ÖÙÛÐÖÕÚɯÖÍɯÛÏÌɯÓÖÞÌÙɯÛÌÙÙÈÐÕɯÉÌÛÞÌÌÕɯƕȮƜƔƔɯÈÕËɯƖȮƙƔƔɯÔɯÈÙÌɯ

ÈÓÙÌÈËàɯÐÕÍÌÚÛÌËɯÖÙɯÊÖÔ×ÓÌÛÌÓàɯÖÝÌÙÎÙÖÞÕɯÉàɯÉÙÈÊÒÌÕɯȹ%ÐÎÜÙÌɯƖ-ƕȺȭɯ 

Long-term meteorological data for the current study were available 

from the ECSF meteorological station located at 1,960 m asl (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 1998ɬ2005 as presented in Bendix et al. (2008a) were 

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

consisting of ten 10×10 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 305ɬ2,800 nm).  

2.2.2 Radiation scheme  

3ÖɯÊÈÓÊÜÓÈÛÌɯ/ 1ɯÈÉÚÖÙ×ÛÐÖÕɯÉàɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈȮɯÛÏÌɯÙÈËÐÈÛÐÖÕɯÚÊÏÌÔÌɯÖÍɯ

ÛÏÌɯÛÞÖ-ÉÐÎ-ÓÌÈÍɯÈ××ÙÖÈÊÏɯÖÍɯ#ÈÐɯÌÛɯÈÓȭɯȹƖƔƔƘȺɯÞÈÚɯÈ××ÓÐÌËȭɯ&ÌÕÌÙÈÓÓàȮɯÉÐÎ-ÓÌÈÍɯ

È××ÙÖÈÊÏÌÚɯËÌÚÊÙÐÉÌɯÛÏÌɯÞÈÛÌÙɯÈÕËɯÎÈÚɯÌßÊÏÈÕÎÌɯÖÍɯÝÌÎÌÛÈÛÐÖÕɯÐÕɯÈɯÚÐÔ×ÓÌɯ

ÞÈàɯÞÏÌÙÌɯÛÏÌɯÊÈÕÖ×àɯÐÚɯÛÙÌÈÛÌËɯÈÚɯÖÕÌɯÓÈàÌÙɯÞÐÛÏɯÈɯÚÐÕÎÓÌɯ×ÏàÚÐÖÓÖÎÐÊÈÓɯÈÕËɯ

ÈÌÙÖËàÕÈÔÐÊɯÙÌÚÐÚÛÈÕÊÌɯÛÖɯÞÈÛÌÙɯɤ".ƖɯÛÙÈÕÚÍÌÙȭɯ ɯÉÐÎ-ÓÌÈÍɯÔÖËÌÓɯÎÌÕÌÙÈÓÓàɯ

ÌÕÊÖÔ×ÈÚÚÌÚɯȹƕȺɯÈɯÙÈËÐÈÛÐÖÕɯÚÊÏÌÔÌɯÈÚɯËÐÚÊÜÚÚÌËɯÐÕɯÛÏÐÚɯÚÛÜËàȮɯȹƖȺɯÈɯÓÌÈÍɯ

ÔÖËÌÓɯÈÊÊÖÜÕÛÐÕÎɯÍÖÙɯÛÏÌɯÐÕÛÌÙÈÊÛÐÖÕɯÖÍɯÊÖÕËÜÊÛÈÕÊÌɯÈÕËɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÈÕËɯ

ÛÏÌɯÙÌÚ×ÖÕÚÌɯÖÍɯÚÛÖÔÈÛÈɯÛÖɯÞÈÛÌÙɯÝÈ×ÖÜÙɯ×ÙÌÚÚÜÙÌɯËÌÍÐÊÐÛɯÈÕËɯÈÝÈÐÓÈÉÓÌɯÚÖÐÓɯ

ÞÈÛÌÙȮɯÈÕËɯȹƗȺɯÈɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÖÍɯÙÈËÐÈÛÐÝÌɯÊÖÕËÜÊÛÈÕÊÌɯÛÖɯÚÖÓÜÛÌɯÛÏÌɯÓÌÈÍɯ

ÌÕÌÙÎàɯ ÉÈÓÈÕÊÌɯ ÌØÜÈÛÐÖÕɯ ȹ6ÈÕÎɯ ÈÕËɯ +ÌÜÕÐÕÎɯ ƕƝƝƜȺȭɯ 3ÏÌɯ ÛÞÖ-ÉÐÎ-ÓÌÈÍɯ

ÌßÛÌÕÚÐÖÕɯÚÌ×ÈÙÈÛÌÚɯÛÏÌɯÞÏÖÓÌɯÊÈÕÖ×àɯÓÌÈÍɯÈÙÌÈɯÐÕÛÖɯÚÜÕÓÐÛɯÈÕËɯÚÏÈËÌËɯÓÌÈÍɯ

×ÖÙÛÐÖÕÚɯÈÕËɯÛÏÌɯÊÈÕÖ×à-ÈÝÌÙÈÎÌɯ/ 1ɯÝÈÓÜÌÚɯÈÙÌɯÌÚÛÐÔÈÛÌËɯÍÖÙɯÌÈÊÏɯÓÌÈÍɯ

×ÖÙÛÐÖÕȮɯ ÞÏÐÊÏɯÕÌÌËÚɯ ÛÏÌɯ È××ÓÐÊÈÛÐÖÕɯ ÖÍɯ ÙÈËÐÈÛÐÝÌɯ ÛÙÈÕÚÍÌÙɯ ÊÈÓÊÜÓÈÛÐÖÕÚɯ

ÉÌÛÞÌÌÕɯÛÏÌɯÚÜÕÓÐÛɯÈÕËɯÚÏÈËÌËɯÓÌÈÍɯÍÙÈÊÛÐÖÕɯÈÕËɯÛÏÌɯÜÕËÌÙÓàÐÕÎɯÚÖÐÓɯȹ9ÏÈÕÎɯÌÛɯ

ÈÓȭɯƖƔƔƕȺȭɯ2×ÌÊÐÌÚɯÈÙÌɯÙÌ×ÙÌÚÌÕÛÌËɯÐÕɯÈɯÛÞÖ-ÉÐÎ-ÓÌÈÍɯÔÖËÌÓɯÈÚɯÈɯÚÐÕÎÓÌɯ×ÓÈÕÛɯ

ÞÐÛÏɯÖÕÌɯÚÜÕÓÐÛɯÈÕËɯÖÕÌɯÚÏÈËÌËɯÓÌÈÍȭɯ ÝÌÙÈÎÌɯÛÙÈÐÛÚɯȹÌȭÎȭȮɯÓÌÈÍɯÈÓÉÌËÖȺɯÛÏÈÛɯÈÙÌɯ
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ÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ ÍÖÙɯ ÛÏÌɯ Ú×ÌÊÐÌÚɯ ÈÙÌɯ ÈÚÚÐÎÕÌËɯ ÛÖɯ ÛÏÌɯ ÔÖËÌÓɯ ×ÓÈÕÛȭɯ (Ûɯ ÐÚɯ

×ÙÌÚÜ××ÖÚÌËɯÛÏÈÛɯÛÏÌɯÚÜÕÓÐÛɯÓÌÈÍɯÙÌÊÌÐÝÌÚɯÉÖÛÏɯËÐÍÍÜÚÌɯÈÕËɯËÐÙÌÊÛɯÙÈËÐÈÛÐÖÕɯ

ÞÏÐÓÌɯÛÏÌɯÚÏÈËÌËɯÓÌÈÍɯÙÌÊÌÐÝÌÚɯËÐÍÍÜÚÌɯÓÐÎÏÛɯÖÕÓàȭɯ 

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 grass Setaria. 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 &ȹϟȺ is used 

which  is derived from (Dai et al. 2004): 

 

  (1) 

 

where ϟ is the cosine of the solar zenith angle, ϩ1 and ϩ2 are coefficients 

from the Ross-&ÖÜËÙÐÈÈÕɯÍÜÕÊÛÐÖÕɯȹÚÌÌɯ2ÌÓÓÌÙÚɯƕƝƜƙȺɯÈÕËɯϪɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÓÌÈÍɯ

ÈÕÎÓÌɯ ËÐÚÛÙÐÉÜÛÐÖÕɯ ȹƕǻɯ ÏÖÙÐáÖÕÛÈÓȮɯ ǸƕǻÝÌÙÛÐÊÈÓȮɯ ƔǻÚ×ÏÌÙÐÊÈÓɯ ÓÌÈÍɯ ÈÕÎÓÌɯ

distribution) that have to be measured for representative individuals of 

bracken and Setaria 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 

 )21(877.0  ;  )33.0633.05.0(  ; )( 12
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absorbed by leaves at canopy depth (x) per unit leaf area index LAI  (excluding  

scattering) is calculated in the scheme as (Dai et al. 2004):  

 

  (2) 

where Ib0 is the incident direct beam radiation above the canopy, kb the 

direct beam extinction (see Dai et al. 2004) and the leaf scattering coefficient Ϭ 

is: 

  (3) 

with ϔ is the spectral leaf albedo (second parameter) and ϧ 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 that has 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  

3ÏÌɯÛÞÖ-ÉÐÎ-ÓÌÈÍɯÚÊÏÌÔÌɯÙÌØÜÐÙÌÚɯÛÏÌɯËÐÍÍÜÚÌɯÈÕËɯËÐÙÌÊÛɯÍÙÈÊÛÐÖÕÚɯÖÍɯÚÖÓÈÙɯ

ÙÈËÐÈÛÐÖÕɯ ÈÚɯ ÐÕ×ÜÛȭɯ !ÌÊÈÜÚÌɯ ÖÕÓàɯ ÎÓÖÉÈÓɯ ÙÈËÐÈÛÐÖÕɯ ÞÈÚɯ ÔÌÈÚÜÙÌËɯ ÈÛɯ ÛÏÌɯ

ÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯ ÚÛÈÛÐÖÕÚȮɯ ÞÌɯ ÜÚÌËɯ ÈÕɯ ÌÔ×ÐÙÐÊÈÓɯËÌÊÖÔ×ÖÚÐÛÐÖÕɯ ÍÜÕÊÛÐÖÕɯ ÛÖɯ

×ÈÙÛÐÛÐÖÕɯÐÕÊÐËÌÕÛɯÚÖÓÈÙɯÙÈËÐÈÛÐÖÕɯÐÕɯÐÛÚɯËÐÍÍÜÚÌɯÈÕËɯËÐÙÌÊÛɯÍÙÈÊÛÐÖÕÚȭɯ&ÌÕÌÙÈÓÓàȮɯ

ÚÜÊÏɯÍÜÕÊÛÐÖÕÚɯÈÙÌɯÉÈÚÌËɯÖÕɯÛÏÌɯËÐÍÍÜÚÌɯÍÙÈÊÛÐÖÕɯÖÍɯÙÈËÐÈÛÐÖÕɯȹÒɛȺɯÈÕËɯÛÏÌɯ

ÊÓÌÈÙÕÌÚÚɯÐÕËÌßɯȹÒÛȺȭɯ3ÏÌɯÊÓÌÈÙÕÌÚÚɯÐÕËÌßɯȹÒÛȺɯÐÚɯÛÏÌɯÙÈÛÐÖɯÖÍɯÐÕÊÖÔÐÕÎɯÙÈËÐÈÛÐÖÕɯ

ÈÛɯÛÏÌɯÌÈÙÛÏɯÚÜÙÍÈÊÌɯȹ(ƔȺɯÛÖɯÛÏÌɯÙÈËÐÈÛÐÖÕɯÈÛɯÛÏÌɯÛÖ×ɯÖÍɯÛÏÌɯÈÛÔÖÚ×ÏÌÙÌɯÖÕɯÈɯ

ÏÖÙÐáÖÕÛÈÓɯÚÜÙÍÈÊÌɯȹ(3. Ⱥȭɯ 

  (4) 

#ÐÍÍÜÚÌɯ(ËƔɯÈÕËɯËÐÙÌÊÛɯ(ÉƔɯÙÈËÐÈÛÐÖÕɯÐÕÊÐËÌÕÛɯÈÉÖÝÌɯÛÏÌɯÊÈÕÖ×àɯÐÚɯÛÏÌÕɯËÌÙÐÝÌËɯ

Éàȯ 

  (5) 

 
0)exp()1( blb IxLAIkbkbI ÖÖ-ÖÖ-= w



 

ƗƔ 

 

  (6) 

where I0 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 (1998ɬ2005) 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 (Figure 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 

Ḑ80% 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 in Figure 2-2b), results in 

ÙÌÓÈÛÐÝÌÓàɯ ÚÛÙÖÕÎɯ ËÌÝÐÈÛÐÖÕÚɯ ÐÕɯ ÛÏÌɯ ÈÍÛÌÙÕÖÖÕȭɯ .ÓÐÝÌÐÙÈɛÚɯ ÍÜÕÊÛÐÖÕɯ ȹ.$2,ȺȮɯ

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 

ÔÌÈÕɯÖÍɯÛÏÌÚÌɯÍÜÕÊÛÐÖÕÚɯÈÕËɯ.ÓÐÝÌÐÙÈɛÚɯÚÖÓÜÛÐÖÕɯÝÈÙÐÌÚɯÉÌÛÞÌÌÕɯǸƕɯÈÕËɯǶƖƖǔɯÖÍɯ

ÛÏÌɯ ÎÓÖÉÈÓɯ ÙÈËÐÈÛÐÖÕȭɯ %ÖÙɯ ÛÏÌɯ ÊÜÙÙÌÕÛɯ ÚÛÜËàȮɯ ÞÌɯ ÜÚÌËɯ ÛÏÌɯ ÔÖËÐÍÐÌËɯ $ÙÉÚɛɯ

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 

ÌÓÌÝÈÛÐÖÕɯÖÍɯƕƙȘȺȭɯ3ÏÌɯËÐÍÍÜÚÌɯÍÙÈÊÛÐÖÕɯÒɛɯÐÚɯÊÈÓÊÜÓÈÛÌËɯÐÕɯÈɯÛÞÖ-step procedure 

as follows:  
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(7) 

  (8) 

ÞÏÌÙÌɯÒɛɯÐÚɯÛÏÌɯËÐÍÍÜÚÌɯÍÙÈÊÛÐÖÕɯÖÍɯÙÈËÐÈÛÐÖÕɯÔÖËÐÍÐÌËɯËÜÌɯÛÖɯÚÖÓÈÙɯÎÌÖÔÌÛÙàɯ

ÞÐÛÏɯÛÏÌɯÊÖÚÐÕÌɯÖÍɯÚÖÓÈÙɯáÌÕÐÛÏɯÈÕÎÓÌɯϟȭɯ 

To obtain the PAR fraction from global radiation, a conversion factor of 

0.48 is generally multiplied by I0, but Zhang et al. (2000) and Lee and 

Hernández-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:  

  (9) 

2.2.4 Field observations of plant and soil parameters  

3ÏÌɯÛÞÖɯÙÌØÜÐÙÌËɯÚÛÙÜÊÛÜÙÈÓɯ×ÓÈÕÛɯ×ÈÙÈÔÌÛÌÙÚȮɯÛÏÌɯÓÌÈÍɯÈÙÌÈɯÐÕËÌßɯÈÕËɯÛÏÌɯÓÌÈÍɯ

ÛÖɯ ÎÙÖÜÕËɯ ÈÕÎÓÌÚȮɯ ÞÌÙÌɯ ÔÌÈÚÜÙÌËɯ ÞÐÛÏɯ Èɯ +(".1ɯ + (-ƖƔƔƔɯ ×ÓÈÕÛɯ ÊÈÕÖ×àɯ

ÈÕÈÓàáÌÙȭɯ+ÌÈÍɯÈÙÌÈɯÐÕËÌßɯÈÕËɯÓÌÈÍɯÈÕÎÓÌÚɯÞÌÙÌɯÛÈÒÌÕɯÍÖÙɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ2ÌÛÈÙÐÈɯ

ÈÕËɯÉÙÈÊÒÌÕɯÐÕËÐÝÐËÜÈÓÚȭɯ ɯÛÖÛÈÓɯÖÍɯƖƘɯÔÌÈÚÜÙÌÔÌÕÛÚɯÍÖÙɯÌÈÊÏɯÚ×ÌÊÐÌÚɯÞÌÙÌɯ

ÊÖÕËÜÊÛÌËɯÉÌÛÞÌÌÕɯ.ÊÛÖÉÌÙɯƖƔƔƛɯÈÕËɯ,ÈÙÊÏɯƖƔƔƜɯÖÕɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÐÛÌɯȹ!2ɯ

ÐÕɯ%ÐÎÜÙÌɯƖ-ƕȺȭɯ"ÈÕÖ×àɯÓÌÈÍɯÈÕÎÓÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÈÚɯÔÌÈÕɯÛÐÓÛɯÈÕÎÓÌɯȹ,3 Ⱥɯ

ȹÚÌÌɯ/ÌÙÐɯÌÛɯÈÓȭɯƖƔƔƗȺɯÛÏÈÛȮɯÏÖÞÌÝÌÙȮɯÐÚɯÐÕɯÎÖÖËɯÈÎÙÌÌÔÌÕÛɯÞÐÛÏɯËÐÙÌÊÛÓàɯËÌÙÐÝÌËɯ

ÔÌÈÕɯ ÓÌÈÍɯ ÈÕÎÓÌÚɯ ȹ ÕÛÜÕÌÚɯ ÌÛɯ ÈÓȭɯ ƖƔƔƕȺȭɯ ,ÌÈÕɯ ÛÐÓÛɯ ÈÕÎÓÌɯ ÖÙÐÌÕÛÈÛÐÖÕɯ ÖÍɯ

ÔÌÈÚÜÙÌËɯÍÖÓÐÈÎÌɯÐÚɯÊÖÕÝÌÙÛÌËɯÛÖɯÛÏÌɯÓÌÈÍɯÈÕÎÓÌɯ×ÈÙÈÔÌÛÌÙɯϪɯȹ$ØȭɯƕȺɯÉàȯɯ 

  (10) 

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 

NIR enhanced (310ɬƕȮƕƔƔɯÕÔȮɯËϞǻƗȭƗɯÕÔȺɯÈnd a Zeiss Plangitter PGS NIR 1.7 

(960ɬƕȮƚƝƔɯÕÔȮɯËϞǻƕȭƙɯÕÔȺɯÚÌÕÚÖÙȭɯ%ÖÙɯÙÌÍÓÌÊÛÐÖÕɯÔÌÈÚÜÙÌÔÌÕÛÚȮɯÍÙÌÚÏɯÓÌÈÝÌÚɯ
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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) 

ÈÕËɯ-(1ɯȹȁƛƔƔɯÕÔȺȭɯ 

 

%ÐÎÜÙÌɯƖ-Ɩȭɯ ȹÈȺɯ  ÝÌÙÈÎÌɯ ËÐÜÙÕÈÓɯ ÊÖÜÙÚÌɯ ÖÍɯ ÎÓÖÉÈÓɯ ÈÕËɯ ËÌÙÐÝÌËɯ ËÐÍÍÜÚÌɯ

ÙÈËÐÈÛÐÖÕɯÈÛɯ$"2%ɯÔÌÛɯÚÛÈÛÐÖÕɯȹƕƝƝƜɬƖƔƔƙȺȭɯȹÉȺɯ3ÏÌɯËÐÍÍÜÚÌɯÍÙÈÊÛÐÖÕɯÍÙÖÔɯÚÐßɯ

ËÌÊÖÔ×ÖÚÐÛÐÖÕɯÍÜÕÊÛÐÖÕÚɯÐÚɯÈÓÚÖɯÚÏÖÞÕɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÛÏÌɯÊÓÌÈÙÕÌÚÚɯÐÕËÌßɯ

ȹÉÖÛÛÖÔȺȭɯ%ÖÙɯÈÉÉÙÌÝÐÈÛÐÖÕÚȮɯÚÌÌɯÛÌßÛȭ 
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2.3 Results 

2.3.1 Derived plant and soil traits  

3ÏÌɯÖÉÚÌÙÝÌËɯÝÈÓÜÌÚɯÖÍɯ+ (ɯÈÕËɯϪɯÍÖÙɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÐÕËÐÝÐËÜÈÓÚɯÖÍɯ2ÌÛÈÙÐÈɯÈÕËɯ

ÉÙÈÊÒÌÕɯÈÙÌɯ×ÙÌÚÌÕÛÌËɯÐÕɯ3ÈÉÓÌɯƖ-ƕȭɯ3ÏÌàɯÚÏÖÞɯÛÏÈÛɯ+ (ɯÈÕËɯϪɯȹÐÕËÐÊÈÛÌËɯÉàɯ

ÛÏÌɯÔÌÈÕɯÛÐÓÛɯÈÕÎÓÌȺɯËÐÍÍÌÙɯÉÌÛÞÌÌÕɯÛÏÌɯÚÈÔ×ÓÌÚɯÈÕËɯÛÏÜÚȮɯÛÏÌɯÖÉÚÌÙÝÈÛÐÖÕɯ

ÚÐÛÜÈÛÐÖÕȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯ×ÙÐÕÊÐ×ÓÌɯÖÍɯÛÏÌɯÛÞÖ-ÉÐÎ-ÓÌÈÍɯÈ××ÙÖÈÊÏɯÖÕÓàɯ×ÌÙÔÐÛÚɯ

ÖÕÌɯÈÝÌÙÈÎÌɯÐÕËÐÝÐËÜÈÓɯ×ÌÙɯÚ×ÌÊÐÌÚȭɯ3ÏÜÚȮɯÛÏÌɯ×ÓÈÕÛÚɯÚÌÓÌÊÛÌËɯÐÕɯÛÏÌɯÍÐÌÓËɯ

ÚÜÙÝÌàɯÞÏÐÊÏɯÈÙÌɯ×ÙÌÚÌÕÛÌËɯÐÕɯ3ÈÉÓÌɯƖ-ƕɯÈÙÌɯÊÏÖÚÌÕɯÛÖɯ×ÙÖ×ÌÙÓàɯÙÌ×ÙÌÚÌÕÛɯÈÕɯ

ÈÝÌÙÈÎÌɯÐÕËÐÝÐËÜÈÓȭɯ3ÏÌɯÊÈÓÊÜÓÈÛÌËɯÈÝÌÙÈÎÌɯÚÛÙÜÊÛÜÙÈÓɯ×ÓÈÕÛɯÛÙÈÐÛÚɯÈÙÌɯÛÏÌÕɯ

ÈÚÚÐÎÕÌËɯÛÖɯÛÏÌɯÈÝÌÙÈÎÌɯ2ÌÛÈÙÐÈɯÈÕËɯÉÙÈÊÒÌÕɯÐÕËÐÝÐËÜÈÓɯÜÚÌËɯÉàɯÛÏÌɯÙÈËÐÈÛÐÖÕɯ

ÚÊÏÌÔÌɯÞÏÐÊÏɯÐÚɯÈ××ÓÐÌËɯÐÕɯÛÏÌɯÕÌßÛɯÚÜÉÚÌÊÛÐÖÕȭɯ3ÏÌɯÚÈÔÌɯÏÖÓËÚɯÍÖÙɯÛÏÌɯÖ×ÛÐÊÈÓɯ

ÛÙÈÐÛÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯ3ÈÉÓÌɯƖ-Ɩȭɯ 

3ÈÉÓÌɯƖ-ƕȭɯ +ÌÈÍɯ ÈÙÌÈɯ ÐÕËÌßɯ ȹ+ (Ⱥɯ ÈÕËɯ ÔÌÈÕɯ ÛÐÓÛɯ ÈÕÎÓÌɯ ȹ,3 Ⱥɯ ÖÍɯ ƖƘɯ

ÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÖÍɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈɯÈÕËɯÉÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯ

ÈÙÈÊÏÕÖÐËÌÜÔȺɯÖÕɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÐÛÌ 

 2ÌÛÈÙÐÈ  !ÙÈÊÒÌÕ  

2ÈÔ×ÓÌ + (ɯȹÔƖɯÔ-ƖȺ ,3 ɯȹËÌÎȭȺ + (ɯȹÔƖɯÔ-ƖȺ ,3 ɯȹËÌÎȭȺ 

ƕ ƕȭƗƕ ƙƜ ƕȭƗƜ Ɯ 
Ɩ ƕȭƛƝ ƛƗ ƕȭƙƕ ƘƔ 

Ɨ ƕȭƗƖ ƚƖ ƕȭƚƙ ƘƝ 

Ƙ ƕȭƛƙ ƚƔ ƕȭƘƕ Ɣ 

ƙ ƕȭƗƜ ƚƕ ƕȭƜƜ Ɯ 

ƚ ƕȭƛƚ ƙƘ ƕȭƘƔ Ɨƕ 

ƛ ƕȭƝƝ ƙƛ Ɩȭƕƛ ƖƜ 

Ɯ ƗȭƜƘ Ƙƙ ƖȭƖƘ Ƙƚ 

Ɲ ƖȭƘƖ ƙƝ ƖȭƜƛ Ɣ 

ƕƔ ƗȭƖƔ ƙƝ ƗȭƖƕ Ɨƚ 

ƕƕ Ɩȭƛƚ ƘƖ ƖȭƜƙ Ɣ 

ƕƖ ƗȭƝƙ Ƙƙ Ƙȭƛƚ ƘƔ 

ƕƗ ƕȭƙƘ ƛƚ ƗȭƙƗ ƘƔ 

ƕƘ ƕȭƙƔ ƛƚ ƘȭƔƜ ƘƖ 

ƕƙ ƖȭƘƖ ƚƗ ƖȭƖƗ ƘƔ 

ƕƚ ƗȭƔƔ ƚƙ ƖȭƚƔ Ɣ 

ƕƛ Ɩȭƛƕ ƙƝ ƙȭƖƛ Ƙƕ 

ƕƜ ƖȭƔƘ ƚƖ ƗȭƝƛ ƘƔ 

ƕƝ ƕȭƙƖ ƛƙ Ɩȭƚƙ ƕƗ 

ƖƔ ƕȭƛƖ ƚƗ ƗȭƖƛ Ɨƛ 

Ɩƕ ƘȭƗƘ ƙƕ ƘȭƜƜ Ɣ 

ƖƖ ƗȭƘƕ ƙƛ ƗȭƝƙ Ɨƚ 

ƖƗ Ɩȭƛƚ ƚƔ ƗȭƖƘ Ɣ 
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3ÈÉÓÌɯƖ-ƕɯ×ȭƗƗ 

ƖƘ Ɨȭƕƕ ƙƗ ƗȭƙƔ Ɣ 

 ÝÌÙÈÎÌ ƖȭƘƔ ƙƝȭƛƝ ƖȭƝƘ ƖƗȭƝƚ 
ƕ ů ƔȭƝƔ ƝȭƕƘ ƕȭƕƙ ƕƜȭƜƛ 

 ÝÌÙÈÎÌɯϪ  -ƔȭƗƛ  ƔȭƘƜ 

 

3ÈÉÓÌɯƖ-Ɩȭɯ(ÕÛÌÎÙÈÛÌËɯÖ×ÛÐÊÈÓɯÛÙÈÐÛÚɯȹ/ 1ȺɯÖÍɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈȮɯÉÙÈÊÒÌÕɯ

ȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺɯÈÕËɯÉÈÙÌɯÚÖÐÓȭɯȹ2ÖÜÙÊÌȯɯÍÐÌÓËɯÖÉÚÌÙÝÈÛÐÖÕÚɯÞÐÛÏɯ

'ÈÕËà-ɯ2×ÌÊȺ 

 2ÌÛÈÙÐÈ !ÙÈÊÒÌÕ !ÈÙÌɯÚÖÐÓ 
1ÌÍÓÌÊÛÈÕÊÌɯȹǔȺɯ/ 1ɯȹƘƔƔɯɬɯƛƔƔɯÕÔȺ ƕƕȭƛ ƛȭƘ ƕƔȭƛ 
3ÙÈÕÚÔÐÛÛÈÕÊÌɯȹǔȺɯ/ 1ɯȹƘƔƔɯɬɯƛƔƔɯÕÔȺ ƕȭƙ Ɨȭƛ - 

 ÉÚÖÙ×ÛÈÕÊÌɯȹǔȺɯ/ 1ɯȹƘƔƔɯɬɯƛƔƔɯÕÔȺ ƜƚȭƜ ƜƜȭƝ ƜƝȭƗ 

 

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 LAI 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 Setaria tufts 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 angle of Ḑ59° 

ÈÕËɯÈÕɯÈÝÌÙÈÎÌɯÓÌÈÍɯÈÕÎÓÌɯËÐÚÛÙÐÉÜÛÐÖÕɯ×ÈÙÈÔÌÛÌÙɯÖÍɯϪǻɯǸƔȭƗƛɯÞÏÐÊÏɯÊÓÌÈÙÓàɯ

confirms the more vertical orientation of the grass stalks. MTA values and the 

low standard deviation show that the angular distribution of Setaria culms 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 st udy. 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 ɬ 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 

ÔÌÈÕɯÓÌÈÍɯÈÕÎÓÌɯ×ÈÙÈÔÌÛÌÙɯÖÍɯϪǻƔȭƘƜȭ 

 



 

Ɨƙ 

 

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).  

 

%ÐÎÜÙÌɯƖ-Ɨȭɯ/ÈÙÛÐÛÐÖÕÐÕÎɯ ÐÕÛÖɯ ÙÌÍÓÌÊÛÈÕÊÌɯ ȹÈÓÉÌËÖȺȮɯ ÛÙÈÕÚÔÐÛÛÈÕÊÌɯ ÈÕËɯ

ÈÉÚÖÙ×ÛÈÕÊÌɯÖÍɯÚ×ÌÊÛÙÈÓɯÙÈËÐÈÛÐÖÕɯÐÕÊÐËÌÕÛɯÖÕɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈȮɯ/ÛÌÙÐËÐÜÔɯ

ÈÙÈÊÏÕÖÐËÌÜÔɯȹÈÚɯÈÕɯÈÝÌÙÈÎÌɯÖÍɯÛÏÙÌÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÚÈÔ×ÓÌÚȮɯ+ (ǻƕȺɯÈÕËɯ

ÉÈÙÌɯÚÖÐÓȭɯ3ÏÌɯÛÙÈÊÌËɯÓÐÕÌɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯËÐÝÐÚÐÖÕɯÉÌÛÞÌÌÕɯÝÐÚÐÉÓÌɯȹ/ 1ȺɯÈÕËɯ

ÕÌÈÙɯÐÕÍÙÈɯÙÌËɯȹǿƛƔƔɯÕÔȺȭ 

In contrast, the topsoil reveals the typical, almost linear increase of 

reflectance towards the near infrared. Bracken contrasts with Setaria by a 

lower reflectance in the PAR and a higher reflectance in the NIR. 

Transmittance of bracken fronds is slightly higher than that of Setaria over the 

whole spectrum. The integrated optical traits for the PAR spectral range (300ɬ

700 nm) as derived from the measurements of the field spectrometer for both 

species (Setaria and 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%), resulting in a slightly higher absorptance of 

2.1% for bracken which might potentially favor bracken with regard to 

photosynthesis.   



 

Ɨƚ 

 

2.3.2 Simulated PAR absorption capability  

3ÏÌɯÍÐÙÚÛɯØÜÈÕÛÐÛàɯÛÏÈÛɯËÌÛÌÙÔÐÕÌÚɯÛÏÌɯ/ 1ɯÈÉÚÖÙ×ÛÐÖÕɯÊÈ×ÈÊÐÛàɯÐÚɯÛÏÌɯÚ×ÌÊÐÌÚ-

Ú×ÌÊÐÍÐÊɯÓÌÈÍɬÚÜÕɯÎÌÖÔÌÛÙàɯÞÏÐÊÏɯÐÚɯÔÈÐÕÓàɯÐÕÍÓÜÌÕÊÌËɯÉàɯÛÏÌɯÈÝÌÙÈÎÌɯÓÌÈÍɯ

ÈÕÎÓÌɯ×ÈÙÈÔÌÛÌÙɯÍÙÖÔɯ 

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°) a round 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.  

 

%ÐÎÜÙÌɯƖ-Ƙȭɯ2ÜÕÓÐÛɯÈÕËɯÚÏÈËÌËɯÓÌÈÍɯÍÙÈÊÛÐÖÕÚɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÍÖÙɯÚÖÓÈÙɯ

ÌÓÌÝÈÛÐÖÕÚɯÉÌÛÞÌÌÕɯƙɯÈÕËɯƜƙȘɯȹÚÖÓÈÙɯÌÓÌÝÈÛÐÖÕǻƝƔȘ-ÚÖÓÈÙɯáÌÕÐÛÏȺȭ 

However, the sunlit and shaded leaf fraction must be scaled by the 

species-specific leaf area index (Table 2-1) of the average individuals to 

complete the view on leafɬsun geometry effects on PAR absorption potential. 

By doing so, Setaria sunlit leaf area exceeds that of bracken at solar zenith 

angles <55° (Figure 2-5). The shift of the inversion point of the sunlit leaf 



 

Ɨƛ 

 

fraction (see Figure 2-4: 62° solar zenith angle) is an effect of the slightly 

greater LAI of the average bracken individual. This also explains the fact that 

the shaded leaf area of bracken exceeds the shaded leaf area of Setaria at all 

solar elevations.  

 

%ÐÎÜÙÌɯƖ-ƙȭɯ+ÌÈÍɯÈÙÌÈɯÐÕËÌßɯȹÔƖɈÔǸƖȺɯÖÍɯÚÜÕÓÐÛɯÈÕËɯÚÏÈËÌËɯÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯ

ÈÕËɯ2ÌÛÈÙÐÈɯÈÚɯËÌ×ÌÕËÐÕÎɯÖÕɯÛÏÌɯÚÖÓÈÙɯáÌÕÐÛÏɯÈÕÎÓÌɯȹÚÖÓÈÙɯÌÓÌÝÈÛÐÖÕǻƝƔȘ-

ÚÖÓÈÙɯáÌÕÐÛÏȺȭ 

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 Setaria with 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 (1ɬ3) 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 ɬ 2005) at the ECSF meteorological station (Figure 2-1). The 

decomposition of global radiation was conducted by applying Eqs. 4 ɬ9. The 



 

ƗƜ 

 

results depicted in Figure 2-6b clearly reveal that PAR absorption of bracken 

(4.2 MJ mǸƖ dayǸƕ) is fairly equal to PAR absorption of Setaria (4.5 MJ mǸ2 dayǸƕ. 

(ÕÛÌÎÙÈÛÌËɯÖÝÌÙɯÛÏÌɯËÈàȮɯÛÏÌɯËÐÍÍÌÙÌÕÊÌɯȹͅ/ 1ȺɯÈÔÖÜÕÛÚɯÛÖɯÑÜÚÛɯƔȭƗɯ,)ɯÔǸƖ 

dayǸƕ. At first glance, this result is unexpected because considerable 

differences in sunlit and shaded leaf area of the two species exist (Figure 

2-6a). 

 

%ÐÎÜÙÌɯƖ-ƚȭɯȹÈȺɯ+ÌÈÍɯÈÙÌÈɯÐÕËÐÊÌÚɯȹÔƖɈÔǸƖȺɯÖÍɯÚÜÕÓÐÛɯÈÕËɯÚÏÈËÌËɯ×ÖÙÛÐÖÕÚɯÖÍɯ

ÛÏÌɯÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÐÕɯÛÏÌɯÊÖÜÙÚÌɯÖÍɯÈɯËÈàɯÞÐÛÏɯÙÌÎÈÙËɯÛÖɯÛÏÌɯ

ÈÝÌÙÈÎÌɯÓÌÈÍɬÚÜÕɯÎÌÖÔÌÛÙàɯÖÍɯÛÏÌɯÚÛÜËàɯÈÙÌÈȭɯȹÉȺɯ ÕÕÜÈÓɯÈÝÌÙÈÎÌɯÖÍɯÛÏÌɯ

ËÐÜÙÕÈÓɯÊÖÜÙÚÌɯÖÍɯÐÙÙÈËÐÈÕÊÌɯÈÛɯÛÏÌɯ$"2%ɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯȹƕƝƝƜɬƖƔƔƙȰɯ

!ÌÕËÐßɯÌÛɯÈÓȭɯƖƔƔƜÈȺȮɯÚÜÔɯÖÍɯÈÉÚÖÙÉÌËɯËÐÙÌÊÛɯÈÕËɯËÐÍÍÜÚÌɯ/ 1ɯÉàɯÚÜÕÓÐÛɯÈÕËɯ

ÚÏÈËÌËɯÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯ×ÓÖÛÛÌËɯÖÕɯÛÏÌɯÓÌÍÛɯÖÙËÐÕÈÛÌɯÈßÐÚɯÈÕËɯ

Ûà×ÐÊÈÓɯÚÖÓÈÙɯÌÓÌÝÈÛÐÖÕɯÐÕɯËÌÎÙÌÌÚɯÖÕɯÛÏÌɯÙÐÎÏÛɯÖÙËÐÕÈÛÌɯÈßÐÚȭ 

 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 



 

ƗƝ 

 

reason is that the available direct radiation at an inclined surface (leaf), 

ÍÖÓÓÖÞÐÕÎɯ+ÈÔÉÌÙÛɛÚɯÓÈÞȮɯËÌ×ÌÕËÚɯÖÕɯÛÏÌɯÐÕÊÐËÌÕÛɯÈÕÎÓÌɯÖÍɯÛÏÌɯÓÐÎÏÛɯÉÌÈÔɯÈÚɯÈɯ

combination of leaf angle and position of the sun, but t his angular 

dependence is not applicable to isotropically distributed diffuse radiation. 

Consequently, the species-specific 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 LAI 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 mǸƖ dayǸƕ (4.2 MJ mǸƖ dayǸƕ bracken, 4.5 MJ mǸƖ 

dayǸƕ Setaria) 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).  

 

%ÐÎÜÙÌɯƖ-ƛȭɯ/ 1ɯÈÉÚÖÙ×ÛÐÖÕɯÖÍɯÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÍÖÙɯȹÓÌÍÛȺɯÈɯ

ÚÜÕÕàɯËÈàɯȹƙɯ#ÌÊÌÔÉÌÙɯƖƔƔƛȺɯÈÕËɯȹÙÐÎÏÛȺɯÈɯÛà×ÐÊÈÓɯÖÝÌÙÊÈÚÛɯËÈàɯȹƙɯ)ÈÕÜÈÙàɯ

ƖƔƔƜȺȭɯ 1ÈËÐÈÛÐÖÕɯ ËÈÛÈɯ ÍÖÙɯ ÔÖËÌÓɯ ÐÕÐÛÐÈÓÐáÈÛÐÖÕɯ ÈÙÌɯ ÛÈÒÌÕɯ ÍÙÖÔɯ ÛÏÌɯ

ÔÐÊÙÖÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯÈÛɯÛÏÌɯÉÙÈÊÒÌÕɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÐÛÌȭ 

The cloudy day with dominating diffuse i rradiance reveals that Setaria 

has a slightly higher PAR absorption over the day (2.1 MJ mǸƖ dayǸƕ) that 

exceeds that of bracken by 9.5% (or 0.2 MJ mǸƖ dayǸƕ) (Figure 2-7, right). 

However, it is striking that this potential growth advantage of Setaria is 



 

ƘƔ 

 

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 mǸƖ 

dayǸƕ, which is 16.4% (or 1.2 MJ mǸƖ dayǸƕ) more than total PAR absorption by 

Setaria. The reason of this inversion is illustrated in Figure 2-8.  

 

%ÐÎÜÙÌɯƖ-Ɯȭɯ#ÐÍÍÌÙÌÕÛɯ/ 1ɯÊÖÔ×ÖÕÌÕÛÚɯÈÉÚÖÙÉÌËɯÉàɯÛÏÌɯÚÜÕÓÐÛɯÊÈÕÖ×àɯÖÍɯ

ÉÙÈÊÒÌÕɯȹÓÌÍÛȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÙÐÎÏÛȺɯÖÕɯÛÏÌɯÚÜÕÕàɯËÈàȮɯƙɯ#ÌÊÌÔÉÌÙɯƖƔƔƛȮɯÉÈÚÌËɯ

ÖÕɯÛÏÌɯÙÈËÐÈÛÐÝÌɯÛÙÈÕÚÍÌÙɯÚÊÏÌÔÌȭ 

On sunny days, the major gain of PAR absorption by bracken as 

compared to Setaria is achieved by the absorption of incident direct beam 

radiation (I 0 direct) only. Here, the geometric configuration mentioned earlier 

takes effect. Fairly perpendicular incidence of the direct solar beam around 

noon (sun elevations 60ɬ80°) onto nearly horizontally oriented bracken fronds 

provides the markedly higher direct radiation gain as compared to the nearly 

vertically oriented Setaria leaves. Even if PAR absorption of diffuse solar 

radiation ( Id0) and scattered diffuse radiation ( Idif) is higher for Setaria on 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 mǸƖ (with an increment of 100 W mǸƖ). 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 Eqs. 4ɬ9 leads to an increase of the direct radiation fraction 

wi th increasing radiation maximum. Consequently, a maximum of 100 W m ǸƖ 

is mainly characterized by diffuse irradiance, a maximum of 1,000 W m ǸƖ 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 ǸƖ where 



 

Ƙƕ 

 

direct radiation dominates, bracken absorbs clearly more direct PAR, as 

illustrated in Figure 2-8 (direct PAR I0). 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 1998ɬ

2005 were evaluated to derive the frequency of daily radiation maxima in the 

valley. Figure 2-9 reveals that illumination situations favoring Setaria PAR 

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.  

 

%ÐÎÜÙÌɯƖ-Ɲȭɯ%ÙÌØÜÌÕÊàɯ ÈÕËɯ ÐÕÛÌÕÚÐÛàɯ ÖÍɯ ÛÏÌɯ ËÈÐÓàɯ ÐÙÙÈËÐÈÕÊÌɯ ÔÈßÐÔÜÔɯ

ÉÌÛÞÌÌÕɯƕƖƔƔɯÈÕËɯƕƗƔƔɯÏÖÜÙÚɯÍÖÙɯÛÏÌɯ$"2%ɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯȹƕƝƝƜɬ

ƖƔƔƙȺɯÈÕËɯÛÖÛÈÓɯËÈÐÓàɯ/ 1ɯÈÉÚÖÙ×ÛÐÖÕɯÉàɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯ

ÉÈÚÌËɯÖÕɯÛÏÌɯÙÌÓÈÛÐÝÌɯËÐÜÙÕÈÓɯÊÖÜÙÚÌɯÖÍɯÙÈËÐÈÛÐÖÕɯÍÙÖÔɯƙɯ#ÌÊÌÔÉÌÙɯƖƔƔƛȭ 

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. Setaria absorbs 1,533 MJ mǸƖ yearǸƕ PAR while bracken 

reaches almost the same annual PAR absorption capacity of 1,530 MJ mǸƖ 

yearǸƕ.  
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2.4 Discussion  

3ÏÌɯÊÜÙÙÌÕÛɯ×È×ÌÙɯÍÖÊÜÚÌÚɯÖÕɯÈɯÊÖÔ×ÈÙÐÚÖÕɯÖÍɯÛÏÌɯ/ 1ɯÙÈËÐÈÛÐÖÕɯÈÉÚÖÙ×ÛÐÖÕɯ

ÊÈ×ÈÉÐÓÐÛÐÌÚɯÖÍɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯÚ×ÌÊÐÌÚȮɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈɯÈÕËɯ

ÈÕɯÈÎÎÙÌÚÚÐÝÌɯÞÌÌËȮɯÛÏÌɯÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺȮɯÐÕɯÛÏÌɯ

ÈÕÛÏÙÖ×ÖÎÌÕÐÊɯ×ÈÚÛÜÙÌɯÚàÚÛÌÔɯÖÍɯÈɯÛÙÖ×ÐÊÈÓɯÔÖÜÕÛÈÐÕɯÉÐÖËÐÝÌÙÚÐÛàɯÏÖÛÚ×ÖÛɯÐÕɯ

ÛÏÌɯÌÈÚÛÌÙÕɯ ÕËÌÚɯÖÍɯÚÖÜÛÏÌÙÕɯ$ÊÜÈËÖÙȭɯ3ÏÌɯÞÖÙÒɯÙÌÓÐÌÚɯÖÕɯÈɯÕÜÔÌÙÐÊÈÓɯÛÞÖ-

ÉÐÎ-ÓÌÈÍɯÙÈËÐÈÛÐÖÕɯÚÊÏÌÔÌɯÚ×ÌÊÐÍÐÊÈÓÓàɯ×ÈÙÈÔÌÛÌÙÐáÌËɯÞÐÛÏɯÍÐÌÓËɯÚÜÙÝÌàÚɯÖÍɯ

×ÓÈÕÛɯÍÜÕÊÛÐÖÕÈÓɯÛÙÈÐÛÚȮɯÌÕÊÖÔ×ÈÚÚÐÕÎɯÚÛÙÜÊÛÜÙÈÓɯÈÕËɯÖ×ÛÐÊÈÓɯ×ÈÙÈÔÌÛÌÙÚɯÖÍɯ

ÉÖÛÏɯÚ×ÌÊÐÌÚȭɯ3ÏÌɯÚÈÔ×ÓÌÚɯÚÌÓÌÊÛÌËɯËÜÙÐÕÎɯÛÏÌɯÍÐÌÓËɯÚÛÜËÐÌÚɯÛÖɯËÌÙÐÝÌËɯ×ÓÈÕÛɯ

ÍÜÕÊÛÐÖÕÈÓɯÛÙÈÐÛÚɯÞÌÙÌɯÊÏÖÚÌÕɯÛÖɯ×ÙÖ×ÌÙÓàɯÙÌ×ÙÌÚÌÕÛɯÈÕɯÈÝÌÙÈÎÌɯÐÕËÐÝÐËÜÈÓɯÖÍɯ

ÉÖÛÏɯÚ×ÌÊÐÌÚɯÜÕËÌÙɯËÐÍÍÌÙÌÕÛɯÎÙÖÞÛÏɯÚÐÛÜÈÛÐÖÕÚɯȹÌÓÌÝÈÛÐÖÕȮɯÚÓÖ×ÌɯÈÕÎÓÌɯÈÕËɯ

ÈÚ×ÌÊÛȺȭɯ3ÏÌɯÙÌÚÜÓÛÐÕÎɯÚÛÙÜÊÛÜÙÈÓɯÈÕËɯÖ×ÛÐÊÈÓɯ×ÓÈÕÛɯ×ÈÙÈÔÌÛÌÙÚɯÈÙÌɯÐÕɯÎÖÖËɯ

ÈÎÙÌÌÔÌÕÛɯÞÐÛÏɯÔÌÈÚÜÙÌËɯÝÈÓÜÌÚɯÍÖÙɯÚÐÔÐÓÈÙɯÚ×ÌÊÐÌÚɯÖÙɯÔÖËÌÓɯËÌÍÈÜÓÛÚɯÖÍɯ

ÊÖÔ×ÈÙÈÉÓÌɯ×ÓÈÕÛɯÍÜÕÊÛÐÖÕÈÓɯÛà×ÌÚɯȹÈÚȮɯÌȭÎȭȮɯÍÜÕÊÛÐÖÕÈÓɯÎÙÖÜ×ɯÖÍɯÛÙÖ×ÐÊÈÓɯ"Ƙɯ

ÎÙÈÚÚÌÚȺȭɯ3ÏÌɯÈÝÌÙÈÎÌɯ+ (ɯÖÍɯ2ÌÛÈÙÐÈȮɯÍÖÙɯÐÕÚÛÈÕÊÌȮɯÊÖÐÕÊÐËÌÚɯØÜÐÛÌɯÞÌÓÓɯÞÐÛÏɯ

ËÌÍÈÜÓÛɯÝÈÓÜÌÚɯÜÚÌËɯÍÖÙɯÊÓÐÔÈÛÌɯÔÖËÌÓÐÕÎɯÖÍɯÛÙÖ×ÐÊÈÓɯ"ƘɯÎÙÈÚÚÓÈÕËÚɯÞÐÛÏɯÓÈÕËɯ

ÚÜÙÍÈÊÌɯÔÖËÌÓÚɯȹÌȭÎȭȮɯ!ÜÌÙÔÈÕÕɯÌÛɯÈÓȭɯƖƔƔƕȺȭɯ3ÏÌɯÈÝÌÙÈÎÌɯ+ (ɯÖÍɯÚÖÜÛÏÌÙÕɯ

ÉÙÈÊÒÌÕɯÐÚɯÓÖÞÌÙɯÛÏÈÕɯÛÏÌɯÔÈßÐÔÜÔɯÝÈÓÜÌÚɯÍÖÙɯÈɯÍÜÓÓàɯËÌÝÌÓÖ×ÌËɯÊÈÕÖ×àɯÖÍɯ

ÕÖÙÛÏÌÙÕɯÉÙÈÊÒÌÕɯȹ/ȭɯÈØÜÐÓÐÕÜÔȺɯÐÕɯ$ÕÎÓÈÕËɯȹ+ (ɯḐƘɯÐÕɯÓÈÛÌɯ)ÜÓàȰɯ!ÓÈÊÒÉÜÙÕɯ

ÈÕËɯ/ÐÛÔÈÕɯƕƝƝƝȰɯ/ÐÛÔÈÕɯƖƔƔƔȺȭɯ+ÌÈÍɯÈÕÎÓÌɯÝÈÓÜÌÚɯÍÖÙɯ2ÌÛÈÙÐÈɯÞÌÙÌɯÚÐÔÐÓÈÙɯÛÖɯ

ÛÏÖÚÌɯÙÌ×ÖÙÛÌËɯÉàɯÖÛÏÌÙɯÚÛÜËÐÌÚɯÖÍɯÎÙÈÚÚÓÈÕËÚɯȹÌȭÎȭȮɯ,ÐÓÓÌÙ-&ÖÖËÔÈÕɯÌÛɯÈÓȭɯ

ƕƝƝƝȰɯ/ÌÙÐɯÌÛɯÈÓȭɯƖƔƔƗȺȭɯ3ÏÌɯÈÝÌÙÈÎÌɯÓÌÈÍɯÈÕÎÓÌɯËÐÚÛÙÐÉÜÛÐÖÕɯ×ÈÙÈÔÌÛÌÙɯÍÖÙɯ2ÌÛÈÙÐÈ 

ȹϪǻǸƔȭƗƛȺɯÐÚɯÐÕɯÛÏÌɯÚÈÔÌɯÖÙËÌÙɯÖÍɯÛÏÌɯËÌÍÈÜÓÛɯÝÈÓÜÌɯȹϪǻɯǸƔȭƗȺɯÚÜ××ÓÐÌËɯÉàɯÈɯ

ÊÖÔ×ÈÙÈÉÓÌɯÙÈËÐÈÛÐÖÕɯÚÊÏÌÔÌɯÍÖÙɯ"ƘɯÎÙÈÚÚÓÈÕËɯȹ.ÓÌÚÖÕɯÌÛɯÈÓȭɯƖƔƔƘȺȭɯ 

With regard to the optical traits, reflection measurements of bracken 

canopies in England (400ɬ1,100 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 of Setaria is 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 Setaria have 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 ( fPAR) in this study 

where the leaf area index of the Setaria and bracken average individuals is 

ËÐÍÍÌÙÐÕÎɯÔÖËÌÙÈÛÌÓàɯȹͅ+ (ǻƔȭƙƘɯÔ2 mǸƖ) is the leafɬsun geometry (and thus, 

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 60ɬ80% of fPAR variations while 

individually contributing canopy -level factors explain only a smaller 

proportion of fPAR 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 Eqs. 7ɬ9). However, to derive local 

functions, several years (at least one) of diffuse radiation and PAR 

measurements are necessary. Most recently, respective sensors 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 Eqs. 7ɬ8) 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. Nevert heless, 

locally derived decomposition functions replacing Eqs. 7 ɬ9 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 Setaria exhibit 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 species-specific 

variations, particularly under water and nutrient stress (for bracken, refer, 

e.g., to Bray 1991 and Pakeman et al. 1994; for tropical C4 grass, to Kiniry et al. 

1999 and Marques da Silva and Arrabaça 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. 2ÐÔÜÓÈÛÐÕÎɯÊÈÕÖ×àɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚ 

 

3ÏÐÚɯÊÏÈ×ÛÌÙɯÏÈÚɯÉÌÌÕɯ×ÜÉÓÐÚÏÌËɯÈÚȯɯ2ÐÓÝÈɯ!2&Ȯɯ1ÖÖÚɯ*Ȯɯ5ÖÚÚɯ(Ȯɯ*ġÕÐÎɯ-Ȯɯ

1ÖÓÓÌÕÉÌÊÒɯ 1Ȯɯ 2ÊÏÌÐÉÌɯ 1Ȯɯ !ÌÊÒɯ $Ȯɯ !ÌÕËÐßɯ )ɯ ȹƖƔƕƖȺɯ 2ÐÔÜÓÈÛÐÕÎɯ ÊÈÕÖ×àɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÍÖÙɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯ Ú×ÌÊÐÌÚɯ ÖÍɯÈÕɯÈÕÛÏÙÖ×ÖÎÌÕÐÊɯ ÎÙÈÚÚÓÈÕËɯ

ÊÖÔÔÜÕÐÛàɯÐÕɯÛÏÌɯ ÕËÌÚɯÖÍɯÚÖÜÛÏÌÙÕɯ$ÊÜÈËÖÙȭɯ$ÊÖÓÖÎÐÊÈÓɯ,ÖËÌÓÓÐÕÎȮɯÝÖÓȭƖƗƝȮɯ

××ȭɯƕƘ-ƖƚȭȮɯƕƘȭɯ%ÌÉÙÜÈÙàɯƖƔƕƖȭɯ 

1Ì×ÙÐÕÛÌËɯÞÐÛÏɯ×ÌÙÔÐÚÚÐÖÕȭ 

 

 ÉÚÛÙÈÊÛ 

3ÙÖ×ÐÊÈÓɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛɯÐÕɯÛÏÌɯ ÕËÌÚɯÖÍɯÚÖÜÛÏÌÈÚÛÌÙÕɯ$ÊÜÈËÖÙɯÐÚɯÙÌÎÜÓÈÙÓàɯ

ËÌÚÛÙÖàÌËɯÛÖɯÎÈÐÕɯ×ÈÚÛÜÙÌɯÓÈÕËɯÉàɯÊÜÓÛÐÝÈÛÐÕÎɯÛÏÌɯ"ƘɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈȭɯ

 ÍÛÌÙɯÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎɯÖÍɯÛÏÌɯ×ÈÚÛÜÙÌÚȮɯÛÏÌɯÎÙÈÚÚɯÐÚɯ×ÈÙÛÓàɯÖÜÛÊÖÔ×ÌÛÌËɯÉàɯ

ÛÏÌɯ"ƗɯÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺȭɯ3ÏÐÚɯÊÖÔ×ÌÛÐÛÐÖÕɯÙÌ×ÙÌÚÌÕÛÚɯ

ÛÏÌɯ×ÙÖÉÓÌÔÈÛÐÊɯÖÍɯ×ÈÚÛÜÙÌɯËÌÎÙÈËÈÛÐÖÕɯÈÕËɯÐÕÊÙÌÈÚÐÕÎɯËÌÍÖÙÌÚÛÈÛÐÖÕȮɯËÜÌɯÛÖɯ

ÛÏÌɯÕÌÊÌÚÚÐÛàɯÖÍɯÕÌÞɯ×ÈÚÛÜÙÌɯÓÈÕËȭɯ!ÌÊÈÜÚÌɯÕÖɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÛÏÌɯÎÙÖÞÛÏɯ

×ÖÛÌÕÛÐÈÓɯÖÍɯÉÖÛÏɯÚ×ÌÊÐÌÚɯÐÕɯÛÏÌɯ ÕËÌÚɯÖÍɯ$ÊÜÈËÖÙɯÐÚɯÈÝÈÐÓÈÉÓÌȮɯÈɯÎÙÖÞÛÏɯ

ÚÐÔÜÓÈÛÐÖÕɯÔÖËÌÓɯÏÈÚɯÉÌÌÕɯÐÔ×ÙÖÝÌËɯÈÕËɯ×ÙÖ×ÌÙÓàɯ×ÈÙÈÔÌÛÌÙÐáÌËɯÞÐÛÏɯÍÐÌÓËɯ

ÖÉÚÌÙÝÈÛÐÖÕÚȭɯ 3ÏÌɯ ÔÌÈÚÜÙÌËɯ Ú×ÌÊÐÌÚ-ɯÈÕËɯ ÚÐÛÌ-Ú×ÌÊÐÍÐÊɯ ×ÏàÚÐÖÓÖÎÐÊÈÓɯ ÈÕËɯ

ÌËÈ×ÏÐÊɯ ×ÈÙÈÔÌÛÌÙÚɯ ÈÙÌɯ ×ÙÌÚÌÕÛÌËɯ ÐÕɯ ÛÏÐÚɯ ×È×ÌÙȮɯ ÈÚɯ ÞÌÓÓɯ ÈÚɯ ÛÏÌɯ ÔÖËÌÓɯ

ÝÈÓÐËÈÛÐÖÕɯÞÐÛÏɯÍÐÌÓËɯÖÉÚÌÙÝÈÛÐÖÕÚɯÖÍɯÓÌÈÍɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕȭɯ3ÏÌɯÝÈÓÐËÈÛÐÖÕɯ

ÚÏÖÞÌËɯËÌÝÐÈÛÐÖÕÚɯÖÍɯÚÐÔÜÓÈÛÌËɯÍÙÖÔɯÖÉÚÌÙÝÌËɯÓÌÈÍɯÕÌÛɯÈÚÚÐÔÐÓÈÛÐÖÕɯÓÖÞÌÙɯ

ÛÏÈÕɯƙǔɯÖÍɯÛÏÌɯÖÉÚÌÙÝÌËɯÝÈÓÜÌÚȭɯ3ÏÌɯÝÈÓÐËÈÛÌËɯÔÖËÌÓɯÞÈÚɯÙÜÕɯÞÐÛÏɯÈɯÍÜÓÓàɯ

ÙÌÈÓÐÚÛÐÊɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÍÖÙÊÐÕÎɯÖÍɯÛÏÌɯàÌÈÙɯƖƔƔƜɯȹƕƔɯÔÐÕɯÛÐÔÌɯÚÛÌ×Ⱥȭɯ3ÏÌɯÔÈÐÕɯ

ÙÌÚÜÓÛɯ×ÖÐÕÛÚɯÛÖɯÚÓÐÎÏÛÓàɯÏÐÎÏÌÙɯÎÙÖÞÛÏɯ×ÖÛÌÕÛÐÈÓɯÖÍɯ2ÌÛÈÙÐÈɯÞÐÛÏɯƙƜƛƝɯÎɯÔǸƖɯÈǸƕȮɯ

ÉÈÚÌËɯÖÕɯÈÕɯÈÕÕÜÈÓɯ".ƖɯÕÌÛɯÈÚÚÐÔÐÓÈÛÐÖÕɯÙÈÛÌɯÖÍɯƖƕƛɯÔÖÓɯ".ƖɯÔǸƖɯÈǸƕȭɯ3ÏÌɯ

ÊÈÓÊÜÓÈÛÌËɯÎÙÖÞÛÏɯ×ÖÛÌÕÛÐÈÓɯÖÍɯÉÙÈÊÒÌÕɯÞÈÚɯƙƙƙƘɯÎɯÔǸƖɯÈǸƕȮɯÉÈÚÌËɯÖÕɯÛÏÌɯ".Ɩɯ

ÕÌÛɯÈÚÚÐÔÐÓÈÛÐÖÕɯÖÍɯƕƝƛɯÔÖÓɯ".ƖɯÔǸƖɯÈǸƕȭɯ (ÕɯÈËËÐÛÐÖÕȮɯ ÐÛɯÞÈÚɯ ÚÏÖÞÕɯÛÏÈÛɯ

ËÌÊÙÌÈÚÐÕÎɯ ÐÕÊÖÔÐÕÎɯ ÚÖÓÈÙɯ ÙÈËÐÈÛÐÖÕɯ ÈÕËɯ ÓÖÞɯ ÛÌÔ×ÌÙÈÛÜÙÌɯ ÈÙÌɯÍÈÝÖÜÙÈÉÓÌɯ

ÞÌÈÛÏÌÙɯÊÖÕËÐÛÐÖÕÚɯÍÖÙɯÉÙÈÊÒÌÕɯÐÕɯÊÖÕÛÙÈÙàɯÛÖɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈȭ 
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3.1 Introduction  

+ÈÙÎÌɯ ÈÙÌÈÚɯ ÖÍɯ ÛÙÖ×ÐÊÈÓɯ ÔÖÜÕÛÈÐÕɯ ÍÖÙÌÚÛɯ ÐÕɯ ÛÏÌɯ 1ÐÖɯ 2ÈÕɯ %ÙÈÕÊÐÚÊÖɯ 5ÈÓÓÌàɯ

ȹÌÈÚÛÌÙÕɯ ÕËÌÚɯÖÍɯ2ÖÜÛÏɯ$ÊÜÈËÖÙȺɯÏÈÝÌɯÉÌÌÕɯÊÓÌÈÙÌËɯÉàɯÚÓÈÚÏ-ÈÕË-ÉÜÙÕɯÛÖɯ

ÎÈÐÕɯ ×ÈÚÛÜÙÌɯÓÈÕËȭɯ  ÍÛÌÙɯ ÛÏÌɯ ×ÈÚÛÜÙÌɯ ÎÙÈÚÚɯ ȹ2ÌÛÈÙÐÈɯ Ú×ÏÈÊÌÓÈÛÈȺɯ ÏÈÚɯ ÉÌÌÕɯ

ÔÈÕÜÈÓÓàɯ×ÓÈÕÛÌËȮɯÛÏÌɯÊÜÙÙÌÕÛɯÔÈÕÈÎÌÔÌÕÛɯÚÛÙÈÛÌÎàɯÖÍɯÙÌÊÜÙÙÌÕÛÓàɯÉÜÙÕÐÕÎɯ

ÛÏÌɯ×ÈÚÛÜÙÌÚɯÍÖÙɯÙÌÑÜÝÌÕÈÛÐÖÕɯÍÈÝÖÜÙÚɯÛÏÌɯÎÙÖÞÛÏɯÖÍɯÛÏÌɯÛÙÖ×ÐÊÈÓɯÉÙÈÊÒÌÕɯÍÌÙÕɯ

/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȮɯÈÕɯÌßÛÙÌÔÌÓàɯÈÎÎÙÌÚÚÐÝÌɯÞÌÌËɯȹ'ÈÙÛÐÎɯÈÕËɯ!ÌÊÒȮɯƖƔƔƗɯ

ÈÕËɯ !ÌÕËÐßɯ ÈÕËɯ !ÌÊÒȮɯ ƖƔƔƝȺȭɯ 2ÈÛÌÓÓÐÛÌɯ ÖÉÚÌÙÝÈÛÐÖÕÚɯ ÏÈÝÌɯ ÚÏÖÞÕɯ ÛÏÈÛȮɯ

×ÈÙÛÐÊÜÓÈÙÓàɯÐÕɯÛÏÌɯÓÖÞÌÙɯ×ÈÙÛÚɯÖÍɯÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÝÈÓÓÌàɯȹǾƖƘƔƔɯÔɯÈÉÖÝÌɯ

ÚÌÈɯÓÌÝÌÓȺȮɯÓÈÙÎÌɯÈÙÌÈÚɯȹḐƚƜǔȺɯÖÍɯÍÖÙÔÌÙɯ×ÈÚÛÜÙÌÚɯÏÈÝÌɯÉÌÌÕɯÈÉÈÕËÖÕÌËɯËÜÌɯÛÖɯ

ÛÏÌɯÐÕÍÌÚÛÈÛÐÖÕɯÉàɯÉÙÈÊÒÌÕɯÛÏÈÛɯÖÜÛÊÖÔ×ÌÛÌÚɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯȹɯ!ÌÊÒɯÌÛɯÈÓȭȮɯ

ƖƔƔƜɯÈÕËɯ&ġÛÛÓÐÊÏÌÙɯÌÛɯÈÓȭȮɯƖƔƔƝȺȭɯ3ÏÌɯÙÌÈÚÖÕɯÍÖÙɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÝÌɯÚÛÙÌÕÎÛÏɯÖÍɯ

ÉÙÈÊÒÌÕɯÐÚɯÕÖÛɯàÌÛɯÜÕËÌÙÚÛÖÖËȭɯ2ÖÔÌɯÐÕÝÌÚÛÐÎÈÛÐÖÕÚɯÐÕɯÖÛÏÌÙɯÙÌÎÐÖÕÚɯÊÖÕÊÓÜËÌËɯ

ÛÏÈÛɯÛÏÌɯÚ×ÙÌÈËÐÕÎɯÈÕËɯÎÙÖÞÛÏɯÖÍɯÉÙÈÊÒÌÕɯÐÚɯÚÛÐÔÜÓÈÛÌËɯÉàɯÉÜÙÕÐÕÎɯȹ/ÈÎÌȮɯ

ƕƝƜƚȮɯ"ÙÜáɯÌÛɯÈÓȭȮɯƖƔƔƝɯÈÕËɯ1ÖÖÚɯÌÛɯÈÓȭȮɯƖƔƕƔȺȭɯ.ÛÏÌÙɯÚÛÜËÐÌÚɯÐÕɯ$ÕÎÓÈÕËɯÈÕËɯ

,ÌßÐÊÖɯȹ,ÈÙÙÚɯÌÛɯÈÓȭȮɯƖƔƔƔÈȮɯ,ÈÙÙÚɯÌÛɯÈÓȭȮɯƖƔƔƔÉɯÈÕËɯ2ÊÏÕÌÐËÌÙȮɯƖƔƔƘȺɯÈÚÚÜÔÌËɯ

ÛÏÈÛɯÉÙÈÊÒÌÕɯÐÚɯÈÉÓÌɯÛÖɯÊÖÔ×ÌÛÌɯÍÖÙɯÓÐÎÏÛɯÔÖÙÌɯÚÜÊÊÌÚÚÍÜÓÓàȭɯ3ÖɯÛÌÚÛɯÛÏÌɯÓÈÛÛÌÙɯ

Ïà×ÖÛÏÌÚÐÚȮɯ ÐÛɯ ÐÚɯ ÖÍɯ ÍÜÕËÈÔÌÕÛÈÓɯ ÐÕÛÌÙÌÚÛɯ ÛÖɯ ÊÖÔ×ÈÙÌɯ ÛÏÌɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ

×ÖÛÌÕÛÐÈÓɯÖÍɯÛÏÌɯ"Ɨɯ×ÓÈÕÛɯÉÙÈÊÒÌÕɯÈÕËɯÛÏÌɯ"Ƙɯ×ÓÈÕÛɯ2ÌÛÈÙÐÈɯȹËÈɯ2ÐÓÝÈɯÈÕËɯ

 ÙÙÈÉÈñÈȮɯ ƖƔƔƘȺɯ ÜÕËÌÙɯ ÙÌÈÓÐÚÛÐÊɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ÊÖÕËÐÛÐÖÕÚɯ Éàɯ È××ÓàÐÕÎɯ Èɯ

×ÙÖÊÌÚÚɯÔÖËÌÓɯÍÖÙɯÊÈÕÖ×àɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚȭɯ 

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 

functi ons under varying environmental conditions and on various spatio ɬ

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, species-specific 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. sphacelata [(Schumach.) Stapf & C.E. Hubb.ex Chipp.] and 

the weed P. arachnoideum [(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 species-specific differences as e.g. related 
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to the C3 and C4 photosynthetic pathways. The second main point (ii) 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 and Olioso 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 species- and 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 acc uracy (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 (LAI), leaf optical properties and orientation in 

relation to site-specific solar geometry are important p arameters 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. species-specific 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, Müller 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 

accuracy 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.).  

(ii) 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 et 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 strongly 

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 cost-expensive parameter determination in the field which 

additionally presupposes multidisciplinary knowledge in all relevant field 

methods. Secondly, in the most cases, no actual site-specific 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 

ØÜÈÕÛÐÛÐÌÚɯÐÕɯɁÛÞÖ-big-ÓÌÈÍɯÔÖËÌÓÚɂɯÙÌÓÌÝÈÕÛɯÍÖÙɯÊÈÕÖ×àɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÈÚɯ

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 site-specific 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 Section 3.2.3, Table 

3-2). Furthermore, the properly parameterized model is fully forced with 

meteorological on-site measurements (refer to details in Section 3.2.4, Table 

3-1) which includes also sensors for normally model -derived (and thus 

uncertain) parameters as e.g. temperature of sunlit and shade leaves, but also 

for improving radiation partitioning (Section 3.2.2.1). The expected benefit is 

an accurate species- and site-specific canopy photosynthesis model which is 

indispensable to assess the real competitive strength of both antagonists with 

regard of their growth potential.  
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3ÈÉÓÌɯƗ-ƕȭɯ,ÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÌÕÚÖÙÚɯÈÛɯÛÏÌɯ×ÈÚÛÜÙÌɯÚÐÛÌȭ 

5ÈÙÐÈÉÓÌ 2ÌÕÚÖÙ (ÕÚÛÙÜÔÌÕÛÈÛÐÖÕ 

&ÓÖÉÈÓɯÙÈËÐÈÛÐÖÕ /àÙÈÕÖÔÌÛÌÙȰ 

"-1ƕɯ*Ð××ɯȫɯ

9ÖÕÌÕȮɯ(ÕÊȭ 

2ÌÕÚÖÙÚɯÚÌÛɯÈÛɯƖɯÔÌÛÌÙÚɯÏÌÐÎÏÛ 

 ÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯ

ÙÌÓÈÛÐÝÌɯÏÜÔÐËÐÛà 

3ÏÌÙÔÖÔÌÛÌÙɯÈÕËɯ

ÏàÎÙÖÔÌÛÌÙȰ 

,/ƕƔƔ ɯ1ÖÛÙÖÕÐÊȮɯ

 & 

3ÞÖɯÊÖÜ×ÓÌËɯÚÌÕÚÖÙÚȮɯÖÕÌɯÈÛɯƖɯÔɯ

ÈÕËɯÖÕÌɯÈÛɯƙƔɯÊÔɯÊÈÕÖ×àɯÏÌÐÎÏÛ 

!ÈÙÖÔÌÛÙÐÊɯ×ÙÌÚÚÜÙÌ !ÈÙÖÔÌÛÌÙȰ 

"2ƕƔƔɯ"ÈÔ×ÉÌÓÓȮɯ

(ÕÊȭ 

2ÐÕÎÓÌɯÚÌÕÚÖÙ 

+ÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌ (ÕÍÙÈÙÌËɯ

ÛÏÌÙÔÖÊÖÜ×ÓÌȰ 

(132-/ɯ ×ÖÎÌÌȮɯ(ÕÊȭ 
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3.2 Methods  
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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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3.2.2.1 The radiation module  
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where I0 is the incident global radiation above the canopy and Òɛ the 

diffuse fraction of radiation modified due to solar geometry with the cosine of 

solar zenith angle ϟ. 
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with the at -site observed diffuse radiation fraction k. An empirical 

formulation for calculating k is given in Section 3.2.3.1. 

3.2.2.2 The photosynt hesis module  
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where A is set to the minimum of the three photosynthesis functions 

for light ( Wi), CO2 (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 (ϔȮɯϟÔÖÓɯØÜÈÕÛÈɯÔǸƖ sǸƕ). For the C3 plant, 

the relationship of the compensation point for CO 2 (̈́ɛ) to 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 ( ϯ, 

ϟÔÖÓɯ".2 ϟÔÖÓɯØÜÈÕÛÈǸƕ). The second function (Wc) represents the limitation 

due to carboxylation efficiency. For the C3 plant, photorespiration is 

positively related to the leaf internal CO 2:O2 ratio, and the RuBisCO activity is 

expressed in terms of ̈́ɛ and the Michaelis constants Kc and Ko (Long and 

Bernacchi, 2003). For the C4 plant, a low ratio of Ci to air pressure (Pa) leads 

to CO2 leakage from the leaf, which limits photosynthesis. The efficiency of 

the CO2 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 photosynt hate (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 C4-type. The parameters quantum 

yield (ϯ) and maximum carboxylation rate ( Vmsun,sha) are explained in more 

detail in Section 3.2.3.2. 

Different from previous works, carboxylation limitations (Eqs. (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 C4-type. Other 

improvements are (i) to differ between sunlit and shade -adapted leaves 

regarding the maximum carboxylation rate ( Vmsun,sha equals Vmsun or Vmsha) and 

(ii) to parameterize the mod el with gas-exchange measurements. In addition 

Ci depends on photosynthesis and on the atmospheric mole fraction of CO2, 
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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 209,000 ppm is used to 

calculate the partial pressure of oxygen (O). 

The maximum carboxylation rate Vmsun,sha in Eqs. (4.3), (4.4) and (4.5) 

depends on enzymatic activity which is significantly affected by leaf 

temperature. So Vmsun,sha is calculated by multi plying Vmsun,sha estimated at 25 

°C (Section 3.2.3.2) by a temperature function for carboxylation gv(Tl): 
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where Q10 is the proportional change by a variation of 10 °C in 

temperature. Tl is the leaf temperature in Kelvin. R is the universal gas 

constant (8.3145 J KǸƕ molǸƕ). Temperature regulation is not considered to 

differ from sunlit to shade leaves. The estimation of activation energy ( Ea), 

entropy factor ( sͅ), 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 ( ϕ) in A = 

min( Wc,Wi,We)·ϕ and ϕ is given by: 
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where fBroot,j is the fraction of root biomass for each soil layer j (Section 

3.2.3.3, Eq. (17)). ͉ j is the soil water content (Section 3.2.3.2, Eq. (13)). ͙ o = 

ǸƖƛƙȮƔƔƔɯÔÔɯÈÕËɯc͙ ǻɯǸƛƘȮƔƔƔɯÔÔɯÈÙÌɯÛÏÌɯÚÖÐÓɯÞÈÛÌÙɯ×ÖÛÌÕÛÐÈÓÚɯÈÛɯÔÈßÐÔÜÔɯ

and minimum plant transpiration, res pectively. The variables s͉at,j, s͘at,j and Cj 

are functions of soil texture (Section 3.2.3.2Ȯɯ$ØÚȭɯȹƕƘȺȮɯȹƕƙȺɯÈÕËɯȹƕƚȺȺɯÈÕËɯϕɯ

ranges from 0 for completely dry soils to 1 for water -logged soils. 

3.2.2.3 The leaf and root respiration module  
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  ÕÌÛǻƔȭƛƙẗȹ ẗϕǸȹ1ËÚÜÕǶ1ËÚÏÈǶ1ÔÙÖÖÛȺȺ ȹƛȺ 

Construction respiration is assumed to include ion -uptake costs and to 

be species-independent. 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 Vmsun,sha (Section 3.2.2.2), 

the effect of temperature on respiration was given by multiplying the 

estimated respiration at 25 °C (Rd0sun,sha) by the temperature function, 

gr(Tl), as follows: 
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() shalrshasha

sunlrsunsun

LAITgRd=Rd

LAITgRd=Rd

ÖÖ

ÖÖ

0

0
 ȹƜȺ 

where Rd0sun and Rd0sha 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 LAIsun and LAI sha are 

complementary values of the total LAI ( Table 3-2), i.e. LAIsun + LAI sha = LAI. In 

this work the fraction of shade adapted leaves was set to the minimum of the 

LAI sha fraction ( fLAI sha) for all solar zenith angles (Bendix et al., 2010) and the 

LAI sha is given in Table 3-2. 
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3ÈÉÓÌɯƗ-Ɩɯ×ȭɯƚƕ 
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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): 
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where gr(Tl) is the temperature function, similar to Eq. (5), Tl is the leaf 

temperature in Kelvin and Ear is the activation energy ( Table 3-2).Root 

maintenance respiration (Rmroot) is direct related to tissue nitrogen, according 

to the straightforward scheme of Ryan (1991): 
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where Rmroot is given in ϟmol CO2 sǸƕ, 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 sǸƕ (Ryan, 1991) multiplied by 106 to agree with 

the root dry biomass (Broot) in grams (Table 3-2). CNroot is the carbon to 

nitrogen relationship and BCO2 is the conversion factor of CO2 to dry biomass 

ȹϟÎɯÉÐÖÔÈÚÚɯǺɯϟÔÖÓɯ"O2Ǹƕ). 

3.2.2.4 Module for conversion of net assimilated CO 2 into dry biomass  
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where BP is the potential dry biomass in grams, Anet is the net 

ÈÚÚÐÔÐÓÈÛÐÖÕɯ ÐÕɯ ϟÔÖÓɯ ".2, t is the time-step and n is the time span of 

calculation. 

3.2.3 Species- and site-specific model parameterization  
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3.2.3.1 Parameterization of the radiation module  
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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 co ÌÍÍÐÊÐÌÕÛÚɯǸƘȭƛɯÈÕËɯƚȭƙɯÙÌÚÜÓÛÌËɯÍÙÖÔɯÕÖÕÓÐÕÌÈÙɯÓÌÈÚÛɯÚØÜÈÙÌÚɯ

fitting of the observed diffuse radiation fraction k to the clearness index kt.  
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3.2.3.2 Parameterization 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 o n the gas-exchange 

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 C3-plant 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 CO2 

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 CO2 

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 (Vmsun and Vmsha) and the 



 

ƚƛ 

 

efficiency of the CO2 concentrating mechanism (m parameter) for Setaria are 

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 (ii) quantum yield ( ϯ), estimated values for Setaria 

corresponds to the initial increase in the light response curve at an incident 

ÙÈËÐÈÛÐÖÕɯǾɯƕƙƔɯϟÔÖÓɯquanta mǸƖ sǸƕ (grey lines Figure 3-3a and Eq. (4.2)). For 

bracken, the assimilation data at the CO2 ÚÈÛÜÙÈÛÐÕÎɯÓÌÝÌÓÚɯȹǿƙƔƔɯϟÔÖÓɯ".2 

mol airǸƕ) was fitted to Eq. (4.1) to estimate the quantum yield (black lines in 

Figure 3-3b). Light absorption by leaves (ϔ, Table 3-2) was obtained from field 

spectroscopy (Bendix et al., 2010 and Göttlicher et al., 2011). No significant 

difference was found between the quantum yield of shade and sunlit leaves. 

The quantum yield for Setaria and bracken leaves is shown in Table 3-2. 

The temperature function of maximum carboxylation rate was 

parameterized by using CO2 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 (Ea) and the entropy factor (ͅ2). The 

deactivation energy (Hd) was set to 200 kJ molǸƕ for both species (Table 3-2). 

For carboxylation, derived Q10 value was 2.4 for bracken and 2.5 for Setaria, 

and derived entropy factor (ͅ2) was 650 J molǸƕ KǸƕ for bracken and 648 J 

molǸƕ KǸƕ for 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. (5)) 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 Setaria with 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 moistu re 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 (m3 H 2O mǸƗɯsoil). 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:  

 

 )1.02 +d0.06 - d-0.46( 2

20 ÖÖÖQ=Qj  ȹƕƗȺ 

   

where ͉Ñ is the water content in the layer j, 2͉0 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. 
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The required information on s oil water (Eq. (6)), namely the water 

content at soil saturation ( s͉at,j), the saturated soil matric potential ( s͘at,j) and 

the parameter Cj, were obtained from empirical functions (Oleson et al., 2004): 

 

 jsandjsat f ,,  0.126 - 0.489 Ö=Q  ȹƕƘȺ 

 jsandf

jsat
,03.088.1

, 1010
Ö-

³-=Y  ȹƕƙȺ 

 jclayj fC , 159.091.2 Ö+=  ȹƕƚȺ 

where fsand,j and fclay,j are the site-specific sand and clay contents, 

respectively, in the j th layer (Figure 3-5). Clay and sand content were 

determined by laboratory investigations of soil samples collected at the study 

site and nearby (Günter 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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3.2.3.3 Parameterization of the respiration module  

For the respiration modu le, species-specific 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 
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equation used to derive the initial slope (refer t o Figure 3-3a, Section 3.2.3.2). 

Second, dark respiration was extracted from field measurements of CO2 net 

assimilation during night when leaf temperature ranged from 14 to 16 °C 

(Figure 3-7, Section 3.3.1). From these observations average values of species-

Ú×ÌÊÐÍÐÊɯÙÌÚ×ÐÙÈÛÐÖÕɯÖÚÊÐÓÓÈÛÌËɯÈÙÖÜÕËɯƔȭƚƗɯÈÕËɯƔȭƙƙɯϟÔÖÓɯ".2 mǸƖ sǸƕ for 

bracken (16 °C) and Setaria (14 °C). Average species-specific dark respiration 

derived from the light response curve at 25 °C ranged from 1.36 to 2.28 for 

bracken fronds and from 0ȭƛƚɯÛÖɯƖȭƛƜɯϟÔÖÓɯ".2 mǸƖ sǸƕ for Setaria leaves. 

Average values were taken to represent leaf dark respiration at 25 °C (Rd0sun 

and Rd0sha, 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). Species-specific 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 

Pürckhauer, manually separating roots and rhizomes from mineral soil and 

by complete drying at 60 °C. Three Pürckhauer 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 Broot (Table 3-2). The required 

species-specific vertical root distribution is derived by:  

 

 ( )( )( )jjjj dbdadbda
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Ö-Ö-Ö-Ö-

+-+= -- 11

2

1
,  

ȹƕƛȺ 

where fBroot,j is the fraction of roots on the total biomass (Broot) 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 species-specific root and rhizome distributions. The highest 

fraction of bracken rhizomes and roots are observed between 20 and 30 cm. In 

contrast, roots of Setaria exponentially decrease with depth.  
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%ÐÎÜÙÌɯƗ-ƚȭɯ#ÐÚÛÙÐÉÜÛÐÖÕɯ ÍÜÕÊÛÐÖÕÚɯ ȹÚÖÓÐËɯ ÓÐÕÌÚȺɯ ÉÈÚÌËɯ ÖÕɯ ÈÝÌÙÈÎÌÚɯ ÖÍɯ

ÉÌÓÖÞÎÙÖÜÕËɯÉÐÖÔÈÚÚɯËÈÛÈɯȹËÖÛÚȺȭɯ,ÈßÐÔÜÔɯÈÕËɯÔÐÕÐÔÜÔɯÝÈÓÜÌÚɯÍÖÙɯÌÈÊÏɯ

ÉÐÖÔÈÚÚɯÚÈÔ×ÓÌɯÈÙÌɯËÌ×ÐÊÛÌËɯÈÚɯËÌÝÐÈÛÐÖÕɯÉÈÙÚɯÍÙÖÔɯÛÏÌɯÈÝÌÙÈÎÌÚɯȹÕɯǻɯƝɯÍÖÙɯ

ÌÈÊÏɯÚ×ÌÊÐÌÚȺȭ 

3.2.3.4 Parameterization of the module for con version of net assimilated 

CO2 into dry biomass  

 ɯÚ×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯÍÈÊÛÖÙɯȹ!".ƖȺɯÞÈÚɯÜÚÌËɯÛÖɯÊÖÕÝÌÙÛɯÕÌÛɯÈÚÚÐÔÐÓÈÛÐÖÕɯÐÕÛÖɯËÙàɯ

ÉÐÖÔÈÚÚɯȹ3ÈÉÓÌɯƗ-ƖȺȭɯ$ÚÛÐÔÈÛÌÚɯÖÍɯ!".ƖɯÞÌÙÌɯÈÝÈÐÓÈÉÓÌɯÍÖÙɯÉÙÈÊÒÌÕɯÍÌÙÕɯÈÕËɯ

2ÌÛÈÙÐÈɯÎÙÈÚÚɯÍÙÖÔɯÛÏÌɯÞÖÙÒɯÖÍɯ/ÖÛÛÏÈÚÛɯÌÛɯÈÓȭɯȹƖƔƕƔȺȭɯ(ÕɯÛÏÌɯÊÜÙÙÌÕÛɯÝÌÙÚÐÖÕɯÖÍɯ

ÛÏÌɯÔÖËÌÓȮɯÐÛɯÐÚɯÈÚÚÜÔÌËɯÛÏÈÛɯÛÏÌɯÛÖÛÈÓɯÈÚÚÐÔÐÓÈÛÌËɯ".ƖɯÞÈÚɯÊÖÕÝÌÙÛÌËɯÞÐÛÏɯÕÖɯ

ÓÖÚÚɯÐÕÛÖɯËÙàɯÉÐÖÔÈÚÚɯȹÐÕɯÎÙÈÔÚɯ×ÌÙɯÚØÜÈÙÌɯÔÌÛÙÌȺȮɯÞÏÐÊÏɯÐÕɯÛÏÌɯÌÕËɯÖÍɯÈɯàÌÈÙɯ

ÐÚɯÊÖÔ×ÖÚÌËɯÖÍɯÈÉÖÝÌɯÈÕËɯÉÌÓÖÞÎÙÖÜÕËɯÓÐÝÐÕÎɯÈÕËɯËÌÈËɯÉÐÖÔÈÚÚȭ 

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 one-year model run was conducted with realistic external forcing 

(meteorological data) from January 1, 2008 to January 1, 2009 in 10-min 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 soil 

temperature. Radiation absorption for every time step was calculated by at -
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site global radiation measurements and the novel site-specific radiation 

decomposition function (refer t o Section 3.2.3.1). 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 (Eq. (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 

,ÖËÌÓ-ÐÕËÌ×ÌÕËÌÕÛɯÍÐÌÓËɯÔÌÈÚÜÙÌÔÌÕÛÚɯÈÕËɯÚÐÔÜÓÈÛÐÖÕɯÙÌÚÜÓÛÚɯÖÍɯÕÌÛɯ".Ɩɯ

ÈÚÚÐÔÐÓÈÛÐÖÕɯ ÈÙÌɯ ÊÖÔ×ÈÙÌËɯ ÈÛɯ ÛÏÌɯ ÓÌÈÍɯ ÚÊÈÓÌɯ ÐÕɯ ƕƔɯ ÔÐÕɯ ÛÐÔÌɯ ÐÕÛÌÙÝÈÓÚɯ ÍÖÙɯ

ÚÌÓÌÊÛÌËɯËÈàÚȭɯ ÛɯÊÈÕÖ×àɯÓÌÝÌÓȮɯÛÏÌɯ×ÙÖ×ÌÙÓàɯ×ÈÙÈÔÌÛÌÙÐáÌËɯÔÖËÌÓɯȹ3ÈÉÓÌɯƗ-ƕɯ

ÈÕËɯ3ÈÉÓÌɯƗ-ƖȺɯÐÚɯÙÜÕɯÜÕËÌÙɯÙÌÈÓÐÚÛÐÊɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯÊÖÕËÐÛÐÖÕÚȮɯÍÖÙÊÌËɯÉàɯÖÕÌɯ

àÌÈÙɯÖÍɯÏÐÎÏɯØÜÈÓÐÛàɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯËÈÛÈɯÍÙÖÔɯÛÏÌɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕȭɯ3ÏÌɯ

ÚÐÔÜÓÈÛÐÖÕɯ ÙÌÚÜÓÛÚɯ ÈÙÌɯ ÈÚÚÜÔÌËɯ ÛÖɯ ÙÌÝÌÈÓɯ Èɯ ÙÌÈÓÐÚÛÐÊɯ Ú×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ ÕÌÛɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ÈÕËɯ ×ÖÛÌÕÛÐÈÓɯ ÊÈÙÉÖÕɯ ÈÓÓÖÊÈÛÐÖÕɤËÙàɯ ÔÈÛÛÌÙɯ ×ÙÖËÜÊÛÐÖÕɯ ÖÍɯ

ÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÞÏÐÊÏɯÈÙÌɯÜÚÌËɯÛÖɯÈÚÚÌÚÚɯÛÏÌɯ×ÖÛÌÕÛÐÈÓɯÎÙÖÞÛÏɯÈËÝÈÕÛÈÎÌÚɯ

ÖÍɯÛÏÌɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯÚ×ÌÊÐÌÚɯÜÕËÌÙɯÙÌÈÓÐÚÛÐÊɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯÊÖÕËÐÛÐÖÕÚȭ 

3.3.1 Assimilation parameter validation  

%ÖÙɯ ÝÈÓÐËÈÛÐÖÕɯ ÖÍɯ ÔÖËÌÓɯ ×ÈÙÈÔÌÛÌÙÚɯ ÙÌÓÈÛÌËɯ ÛÖɯ ÛÏÌɯ ÊÈÓÊÜÓÈÛÐÖÕɯ ÖÍɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚȮɯÐÕËÌ×ÌÕËÌÕÛɯËÐÜÙÕÈÓɯÎÈÚ-ÌßÊÏÈÕÎÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÐÕɯÛÏÌɯÍÐÌÓËɯ

ÞÌÙÌɯÊÖÔ×ÈÙÌËɯÞÐÛÏɯÚÐÔÜÓÈÛÐÖÕɯÙÌÚÜÓÛÚɯÍÖÙɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÍÖÙɯÛÏÌɯÚÈÔÌɯ

ËÈàÚȭɯ3ÏÌɯÙÖÖÛɯÔÌÈÕɯÚØÜÈÙÌɯÌÙÙÖÙɯȹ1,2$ȺɯÈÕËɯÛÏÌɯËÐÍÍÌÙÌÕÊÌɯÖÍɯÚÜÔÚɯȹÚͅÜÔȺɯ

ÈÙÌɯ ÜÚÌËɯ ÍÖÙɯ ÈÊÊÜÙÈÊàɯ ÈÚÚÌÚÚÔÌÕÛȭɯ%ÐÎÜÙÌɯƗ-ƛɯÚÏÖÞÚɯ ÛÏÌɯ ÖÉÚÌÙÝÌËɯ ÈÕËɯ

ÚÐÔÜÓÈÛÌËɯÈÚÚÐÔÐÓÈÛÐÖÕɯÍÖÙɯÉÖÛÏɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈȭɯ%ÖÙɯÉÙÈÊÒÌÕȮɯÛÏÌɯÚÜÔɯÖÍɯ

ÖÉÚÌÙÝÌËɯ ÝÈÓÜÌÚɯ ÞÈÚɯ ƗƔƔɯ ÔÔÖÓɯ ".ƖɯÔǸƖɯËÈàǸƕȮɯ ÞÏÐÓÌɯ ÚÐÔÜÓÈÛÌËɯ ÝÈÓÜÌÚɯ

ÈÊÊÜÔÜÓÈÛÌɯ ÛÖɯ ƗƔƗɯÔÔÖÓɯ ".ƖɯÔǸƖɯËÈàǸƕɯ ȹËÐÍÍÌÙÌÕÊÌɯ ÖÍɯ ƕǔȺȭɯ 3ÏÌɯ 1,2$ɯ

ÉÌÛÞÌÌÕɯÔÌÈÚÜÙÌÔÌÕÛÚɯÈÕËɯÚÐÔÜÓÈÛÌËɯÝÈÓÜÌÚɯÞÈÚɯƕȭƙƘɯϟÔÖÓɯ".ƖɯÔǸƖɯÚǸƕȭɯ3ÏÌɯ
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/ÌÈÙÚÖÕɅÚɯ×ÙÖËÜÊÛɯÔÖÔÌÕÛɯÊÖÙÙÌÓÈÛÐÖÕɯÊÖÌÍÍÐÊÐÌÕÛɯÞÈÚɯƔȭƝƙɯȹÙƴɯǻɯƔȭƝƕȺɯÞÏÐÊÏɯ

ÚÏÖÞÚɯÏÐÎÏɯÈÚÚÖÊÐÈÛÐÖÕɯÉÌÛÞÌÌÕɯÛÏÌɯ×ÈÐÙÌËɯÚÈÔ×ÓÌÚɯÐÕɯÛÐÔÌȭɯ1ÌÚÐËÜÈÓÚɯÞÌÙÌɯ

ÊÖÕÚÐËÌÙÌËɯÛÖɯÉÌɯÕÖÙÔÈÓÓàɯËÐÚÛÙÐÉÜÛÌËɯÈÍÛÌÙɯÚÊÖÙÐÕÎɯÈɯ×-ÝÈÓÜÌɯÓÌÚÚɯÛÏÈÕɯƔȭƕɯÐÕɯ

ÛÏÌɯ2ÏÈ×ÐÙÖɬ6ÐÓÒɯÛÌÚÛȭɯ%ÖÙɯ2ÌÛÈÙÐÈȮɯÛÏÌɯÚÜÔɯÖÍɯÖÉÚÌÙÝÌËɯÝÈÓÜÌÚɯÞÈÚɯƗƙƔɯÔÔÖÓɯ

".ƖɯÔǸƖɯËÈàǸƕɯÞÏÐÓÌɯÚÐÔÜÓÈÛÌËɯÝÈÓÜÌÚɯÈÎÎÙÌÎÈÛÌËɯÈÛɯƗƚƖɯÔÔÖÓɯ".ƖɯÔǸƖɯËÈàǸƕȮɯ

×ÖÐÕÛÐÕÎɯÛÖɯÈɯÚÓÐÎÏÛɯÖÝÌÙÌÚÛÐÔÈÛÐÖÕɯÖÍɯÔÖËÌÓɯÙÌÚÜÓÛÚɯÖÍɯƗǔȭɯ3ÏÌɯ1,2$ɯÞÈÚɯƖȭƚƛɯ

ϟÔÖÓɯ".ƖɯÔǸƖɯÚǸƕɯÈÕËɯÛÏÌɯÊÖÌÍÍÐÊÐÌÕÛɯÖÍɯËÌÛÌÙÔÐÕÈÛÐÖÕɯÞÈÚɯƔȭƜƖȭ 

 

%ÐÎÜÙÌɯƗ-ƛȭɯ #ÈÐÓàɯ ÔÌÈÚÜÙÌÔÌÕÛÚɯ ÖÍɯ ÕÌÛɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ȹÐÕɯ ÎÙÌàȺɯ ÈÕËɯ

ÚÐÔÜÓÈÛÐÖÕɯÙÌÚÜÓÛÚɯȹÐÕɯÉÓÈÊÒȺɯÍÖÙɯÉÙÈÊÒÌÕɯȹÈȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÊȺȮɯÐÕÊÓÜËÐÕÎɯÛÏÌɯ

ËÐÍÍÌÙÌÕÊÌɯÖÍɯÚÜÔÚɯÍÖÙɯÌÈÊÏɯËÐÜÙÕÈÓɯÙÜÕȭɯ,ÌÈÚÜÙÌÔÌÕÛÚɯÝÚȭɯÚÐÔÜÓÈÛÐÖÕÚɯÈÙÌɯ

ÚÏÖÞÕɯ ÖÕɯ ÛÏÌɯ ÙÐÎÏÛɯ ÍÖÙɯ ÉÙÈÊÒÌÕɯ ȹÉȺɯ ÈÕËɯ ÍÖÙɯ2ÌÛÈÙÐÈɯȹËȺɯ ÐÕÊÓÜËÐÕÎɯ ÛÏÌɯ

ÊÖÌÍÍÐÊÐÌÕÛɯÖÍɯËÌÛÌÙÔÐÕÈÛÐÖÕȭ 
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3.3.2 Model run with realistic meteorological forcing  

3ÏÌɯÊÈÕÖ×àɯÈÚÚÐÔÐÓÈÛÐÖÕɯÈÕËɯÛÏÌɯÛÖÛÈÓɯÙÌÚ×ÐÙÈÛÐÖÕɯȹÐÕÊÓÜËÐÕÎɯÙÖÖÛɯÙÌÚ×ÐÙÈÛÐÖÕȺɯ

ÙÌÚÜÓÛÐÕÎɯÍÙÖÔɯÛÏÌɯÖÕÌ-àÌÈÙɯÔÖËÌÓɯÙÜÕɯÈÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯƗ-Ɯȭ 

 

%ÐÎÜÙÌɯƗ-Ɯȭɯ#ÈÐÓàɯÔÌÈÕÚɯÖÍɯÊÈÕÖ×àɯÎÙÖÚÚɯÈÚÚÐÔÐÓÈÛÐÖÕɯȹ×ÖÚÐÛÐÝÌɯÉÈÙÚȺɯÈÕËɯ

ÛÖÛÈÓɯÙÌÚ×ÐÙÈÛÐÖÕɯȹÕÌÎÈÛÐÝÌɯÉÈÙÚȺɯÍÖÙɯÉÙÈÊÒÌÕɯȹÉÓÈÊÒɯÉÈÙÚȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÎÙÌàɯ

ÉÈÙÚȺɯÛÏÙÖÜÎÏÖÜÛɯÛÏÌɯàÌÈÙɯƖƔƔƜȭɯ,ÈÐÕɯÊÓÐÔÈÛÐÊɯÝÈÙÐÈÉÓÌÚɯÈÙÌɯËÐÚ×ÓÈàÌËɯÐÕɯ

ÓÐÕÌÚȯɯ ȹÛÖ×Ⱥɯ ËÈÐÓàɯ ÔÌÈÕɯ ÖÍɯ ÐÕÊÖÔÐÕÎɯ ÚÏÖÙÛÞÈÝÌɯÙÈËÐÈÛÐÖÕȮɯ ȹÔÐËËÓÌȺɯ ÓÌÈÍɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯȹÉÖÛÛÖÔȺɯÚÖÐÓɯÛÌÔ×ÌÙÈÛÜÙÌÚɯȹÉÓÈÊÒȯɯǸƕƙɯÊÔȰɯÎÙÌàȯɯǸƙƔɯÊÔȺɯ

ÈÕËɯÚÖÐÓɯÞÈÛÌÙɯÊÖÕÛÌÕÛɯÈÛɯǸƖƔɯÊÔȭɯ6ÐÛÏɯÌßÊÌ×ÛÐÖÕɯÖÍɯÚÖÐÓɯÛÌÔ×ÌÙÈÛÜÙÌɯÓÐÕÌÚɯ

ÈÙÌɯÚÜ×ÌÙÐÔ×ÖÚÌËɯÉàɯÈɯÔÖÝÐÕÎɯÈÝÌÙÈÎÌɯȹÛÐÔÌɯÓÈÎɯÖÍɯÖÕÌɯÔÖÕÛÏȺɯÚÏÖÞÕɯÐÕɯ

ÎÙÌàȭ 

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 

Setaria/bracken are 430/283 mol CO2 mǸƖ aǸƕ of gross assimilation and 158/91 

mol CO2 mǸƖ aǸƕ of respiration losses. However, annual net assimilation 

reveals a slight advantage for Setaria over the year, with 217 mol CO2 mǸƖ aǸƕ in 

comparison to bracken with 191 mol CO2 mǸƖ aǸƕ. Daily averages of net 
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assimilation are 5ƖƖɯÔÔÖÓɯ".ƖɯÔǸƖɯËÈàǸƕɯÍÖÙɯÉÙÈÊÒÌÕɯÈÕËɯƙƝƗɯÔÔÖÓɯ".Ɩɯ

ÔǸƖɯËÈàǸƕɯÍÖÙɯSetaria. 

With regard to temperature, it can be observed that the grass Setaria is 

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 (10:00ɬ14:00 local time) varies from 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 3-2) 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 Setaria than for bracken and thus, bracken 

has a more constant balance throughout the year. Consequently, Setaria's net 

assimilation is more sensitive to intra -annual temperature variation than that 

of bracken. 

With regard to solar radiation, Setaria profits 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 Setaria grass is evident. Higher respiration levels balance this 

advantage, favouring bracken under totals of daily solar radiation below 12 

MJ mǸƖ dayǸƕ. A similar comparison may be made regarding variations in 

temperature. A stronger dependency of Setaria photosynthesis 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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%ÐÎÜÙÌɯƗ-Ɲȭɯ1ÌÓÈÛÐÖÕÚÏÐ×ɯÖÍɯËÈÐÓàɯÎÙÖÚÚɯÈÚÚÐÔÐÓÈÛÐÖÕɯÛÖɯÛÖÛÈÓɯÎÓÖÉÈÓɯÚÖÓÈÙɯ

ÙÈËÐÈÛÐÖÕɯÖÉÚÌÙÝÌËɯÖÝÌÙɯÛÏÌɯàÌÈÙɯÍÖÙɯÉÙÈÊÒÌÕɯȹÐÕɯÉÓÈÊÒȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÐÕɯÎÙÌàȺȭ 

 

%ÐÎÜÙÌɯƗ-ƕƔȭɯ1ÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯËÈÐÓàɯÊÈÕÖ×àɯÕÌÛɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÈÕËɯ

ÈÝÌÙÈÎÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÖÉÚÌÙÝÌËɯÖÝÌÙɯÛÏÌɯàÌÈÙɯÍÖÙɯÉÙÈÊÒÌÕɯȹÐÕɯÉÓÈÊÒȺɯÈÕËɯ

2ÌÛÈÙÐÈɯȹÐÕɯÎÙÌàȺȭ 

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 mǸƖ, while Setaria produces 

5879 g mǸƖ. 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 Setaria can 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. 

 

%ÐÎÜÙÌɯƗ-ƕƕȭɯ#ÙàɯÔÈÛÛÌÙɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯÉÙÈÊÒÌÕɯȹÐÕɯÉÓÈÊÒȺɯÈÕËɯ2ÌÛÈÙÐÈɯÎÙÈÚÚɯ

ȹÐÕɯ ÎÙÌàȺɯ ÊÈÓÊÜÓÈÛÌËɯ ÖÝÌÙɯ ÛÏÌɯ àÌÈÙɯ ƖƔƔƜȭɯ 3ÏÌɯÉÈÙÚɯ ȹÉÖÛÛÖÔȺɯ ÚÏÖÞɯ ÛÏÌɯ

ËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÉÐÖÔÈÚÚɯÐÕÊÙÌÔÌÕÛÚɯÖÍɯ2ÌÛÈÙÐÈɯÈÕËɯÉÙÈÊÒÌÕɯȹ2ÌÛÈÙÐÈɯ

ÔÐÕÜÚɯÉÙÈÊÒÌÕȺȭ 

3.4 Discussion  

3ÏÌɯ ÔÈÐÕɯ ÈÐÔɯ ÖÍɯ ÛÏÌɯ ÊÜÙÙÌÕÛɯ ÚÛÜËàɯ ÞÈÚɯ ÛÖɯ ÐÔ×ÙÖÝÌɯ ÈÕËɯ ÛÖɯ ×ÙÖ×ÌÙÓàɯ

×ÈÙÈÔÌÛÌÙÐáÌɯÈɯÕÜÔÌÙÐÊÈÓɯÔÖËÌÓɯÛÖɯÊÈÓÊÜÓÈÛÌɯÕÌÛɯÈÚÚÐÔÐÓÈÛÐÖÕɯÖÍɯÛÞÖɯÚ×ÌÊÐÌÚɯ

ȹÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈȺɯÜÕËÌÙɯÙÌÈÓÐÚÛÐÊɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÊÖÕËÐÛÐÖÕÚȭ 

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 well-parameterized models as e.g. presented in 

Müller 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 uncertainties, 

validation results correspond very well with the observed and simulated 

photosynthesis of both species (r² = 0.87ɬ0.91). To illustrate good agreement, 

one may compare the slightly higher correlation of coefficient (r² = 0.88ɬ0.92) 

found by Chen et al. (1994) under controlled environment (gas exchange 

measurements made in laboratory) with that of Leuning et al. (1998) (r² = 

0.67ɬ0.71), 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 mǸƖ aǸƕ was 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 mǸƖ aǸƕ for the study area in Ecuador. Alonso-

Amelot and Rodulfo -Baechler (1996) reported a much higher value of about 

8.5 kg mǸƖ aǸƕ for t he 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 mǸƖ 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 Setaria, the simulated biomass production (5879 kg mǸƖ aǸƕ) 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 Setaria and similar grass species of up to 8.5 kg mǸƖ aǸƕ in the 

lowland tropics and around 5.5 kg m ǸƖ aǸƕ in the temperate region where the 

environmental conditions are more similar to the highland tropics as the Rio 

San Francisco Valley at 2100 m asl Hacker and Jones (1969) found an annual 

production of 3.9 kg mǸƖ aǸƕ for 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 above-ground Setaria dry weight 

production of around 1.2 and 3.2 kg mǸƖ aǸƕ, respectively. For the study area, 

an average of 5.3 ± 1.6 kg mǸƖ of standing Setaria biomass 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 eleven 

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 CO2 uptake of the C3-plant bracken and the C4-

plant Setaria were 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 Setaria from sunny to cloudy 

and from warmer to cooler periods.  

With regard to ra diation, Setaria is 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 MJǸƕ in his model of the bracken in UK ( Pteridium 

aquilinum). Pitman (2000) found average values of 2.77 g MJǸƕ. At the same 

time, tropical C4 grasses generally show higher values of RUE, up to 4.7 g 

MJǸƕ (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 

Setaria and 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, Setaria has 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 Setaria because of its higher radiation use efficiency in 

comparison to bracken. 

3.5 Conclusions  

3ÏÐÚɯ×È×ÌÙɯÏÈÚɯÚÏÖÞÕɯÛÏÈÛɯÛÏÌɯÚÐÔÜÓÈÛÐÖÕɯÖÍɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÍÖÙɯÉÙÈÊÒÌÕɯÍÌÙÕɯ

ÈÕËɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÕÌÌËÚɯÈɯÔÖËÌÓɯÍÙÈÔÌÞÖÙÒɯÛÏÈÛɯÌÕÊÖÔ×ÈÚÚÌÚɯ

Ú×ÌÊÐÍÐÊɯÍÜÕÊÛÐÖÕÚɯÍÖÙɯÛÏÌɯ"ƗɯÈÕËɯ"Ƙɯ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯ×ÈÛÏÞÈàÚȭɯ3ÏÐÚɯÐÚɯÔÈÐÕÓàɯ

ËÜÌɯÛÖɯÛÏÌɯÔÖÙÌɯËÈÔ×ÌËɯÙÌÈÊÛÐÖÕɯÖÍɯÛÏÌɯ"ƗɯÉÙÈÊÒÌÕɯ×ÓÈÕÛÚɯÛÖɯÊÏÈÕÎÌÚɯÐÕɯ
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ÐÕÊÖÔÐÕÎɯÙÈËÐÈÛÐÖÕɯÈÕËɯÛÌÔ×ÌÙÈÛÜÙÌɯÐÕɯÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÛÏÌɯ"Ƙɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȭɯ

 ËËÐÛÐÖÕÈÓÓàȮɯÐÛɯÐÚɯÕÌÊÌÚÚÈÙàɯÛÖɯÐÕÊÓÜËÌɯÛÏÌɯ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯÙÌÚ×ÖÕÚÌÚɯÖÍɯÉÖÛÏȮɯ

ÚÜÕÓÐÛɯÈÕËɯÚÏÈËÌɯÈÊÊÓÐÔÈÛÌËɯÓÌÈÝÌÚɤÍÙÖÕËÚɯÉàɯÈ××ÓàÐÕÎɯÛÏÌɯÚÈÔÌɯÍÜÕÊÛÐÖÕÚȭɯ

,ÌÈÚÜÙÌÔÌÕÛÚɯ ÖÍɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ÜÕËÌÙɯ ÝÈÙàÐÕÎɯ ÛÏÌÙÔÈÓɯ ÊÖÕËÐÛÐÖÕÚɯ ÈÙÌɯ

ÕÌÊÌÚÚÈÙàɯÛÖɯÈËÑÜÚÛɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯËÌ×ÌÕËÌÕÊÌɯÍÜÕÊÛÐÖÕɯÍÖÙɯÌÈÊÏɯÚ×ÌÊÐÌÚȭɯ

6ÐÛÏɯÛÏÌɯ×ÙÖ×ÌÙÓàɯ×ÈÙÈÔÌÛÌÙÐáÌËɯÔÖËÌÓȮɯÎÖÖËɯÈÎÙÌÌÔÌÕÛɯÉÌÛÞÌÌÕɯÚÐÔÜÓÈÛÐÖÕɯ

ÈÕËɯ ÖÉÚÌÙÝÈÛÐÖÕÚɯ ÖÍɯ ÕÌÛɯ ÊÈÕÖ×àɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ÞÈÚɯ ÈÊÏÐÌÝÌËȭɯ 3ÏÌɯ

ÈÛÔÖÚ×ÏÌÙÐÊɯÍÖÙÊÐÕÎɯÖÍɯÛÏÌɯÔÖËÌÓɯÉàɯÔÌÈÕÚɯÖÍɯÈɯÔÐÊÙÖ-ÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÚÛÈÛÐÖÕɯ

ÈÓÓÖÞÌËɯÛÏÌɯÚÐÔÜÓÈÛÐÖÕɯÖÍɯÊÈÕÖ×àɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÜÕËÌÙɯÙÌÈÓÐÚÛÐÊɯÈÔÉÐÌÕÛɯ

ÊÖÕËÐÛÐÖÕÚȭɯ3ÏÐÚɯÐÚɯÖÕÌɯÙÌÈÚÖÕɯÍÖÙɯÛÏÌɯÎÖÖËɯÊÖÙÙÌÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯÚÐÔÜÓÈÛÌËɯÈÕËɯ

ÖÉÚÌÙÝÌËɯÎÙÖÞÛÏɯàÐÌÓËÚȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÖÕɯÚÐÛÜÈÛÐÖÕɯÈÚɯÖÉÚÌÙÝÌËɯÐÕɯ

ÛÏÌɯ ÍÐÌÓËɯ ×ÈÙÛÓàɯ ×ÖÐÕÛÚɯ ÛÖɯ Èɯ ÚÓÐÎÏÛɯÎÙÖÞÛÏɯ ÈËÝÈÕÛÈÎÌɯ ÖÍɯ ÉÙÈÊÒÌÕȮɯ ÞÏÐÊÏɯ

ÊÖÕÛÙÈËÐÊÛÚɯÛÏÌɯÏÐÎÏÌÙɯÎÙÖÞÛÏɯ×ÖÛÌÕÛÐÈÓɯÖÍɯ2ÌÛÈÙÐÈȭɯ3ÏÐÚɯÔÐÎÏÛɯÉÌɯÙÌÚÜÓÛɯÖÍɯÛÏÌɯ

ÊÖÔÔÖÕɯÓÈÕËɯÜÚÌɯ×ÙÈÊÛÐÚÌȭɯ3ÏÌɯÎÙÈÚÚɯÐÚɯÎÙÈáÌËɯÉàɯÊÈÛÛÓÌɯÞÏÐÓÌɯÛÏÌɯÍÌÙÕɯÐÚɯ

ÔÖÚÛÓàɯÓÌÍÛɯÜÕËÐÚÛÜÙÉÌËȮɯÈ×ÈÙÛɯÍÙÖÔɯÕÌÎÓÐÎÐÉÓÌɯËÈÔÈÎÌÚɯÉàɯÛÙÈÔ×ÓÐÕÎȭɯ3ÏÜÚȮɯ

ÙÌÔÖÝÐÕÎɯÈɯÔÈÑÖÙɯ×ÈÙÛɯÖÍɯÛÏÌɯÎÙÖÞÐÕÎɯÉÐÖÔÈÚÚɯÖÍɯ2ÌÛÈÙÐÈɯÔÐÎÏÛɯÙÌËÜÊÌɯÛÏÌɯ

ÊÖÔ×ÌÛÐÛÐÝÌɯÚÛÙÌÕÎÛÏɯÖÍɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȭɯ%ÜÙÛÏÌÙÔÖÙÌȮɯÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎɯÍÖÙɯ

ÙÌÑÜÝÌÕÈÛÐÖÕɯ ÖÍɯ ÛÏÌɯ ÎÙÈÚÚɯ ÈÕËɯ ÉÙÈÊÒÌÕɯ ÊÖÕÛÙÖÓɯ ÐÚɯ ÈÓÚÖɯ Ïà×ÖÛÏÌÚÐáÌËɯ ÛÖɯ

×ÈÙÛÐÊÜÓÈÙÓàɯÍÈÝÖÜÙɯÛÏÌɯÙÌÎÙÖÞÛÏɯÖÍɯÉÙÈÊÒÌÕɯÈÍÛÌÙɯÍÐÙÌȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯ×ÙÌÚÌÕÛÌËɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÔÖËÌÓɯËÖÌÚɯÕÖÛɯàÌÛɯÈÓÓÖÞɯÛÏÌɯËÐÙÌÊÛɯÚÐÔÜÓÈÛÐÖÕɯÖÍɯÊÖÔ×ÌÛÐÛÐÖÕȮɯ

ÌȭÎȭɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯËÐÚÛÜÙÉÈÕÊÌȭɯ3ÏÜÚȮɯÍÜÛÜÙÌɯÐÔ×ÙÖÝÌÔÌÕÛÚɯÖÍɯÛÏÌɯÔÖËÌÓɯÞÐÓÓɯ

ÊÖÕÚÐËÌÙɯÉÐÖÔÈÚÚɯ×ÈÙÛÐÛÐÖÕÐÕÎɯÈÕËɯÛÜÙÕÖÝÌÙɯÈÕËɯÛÏÌɯÐÕÍÓÜÌÕÊÌɯÖÍɯÙÌÓÌÝÈÕÛɯ

ÎÙÖÞÛÏɯËÐÚÛÜÙÉÈÕÊÌÚɯȹÍÐÙÌȮɯÊÈÛÛÓÌɯÉÙÖÞÚÐÕÎɯÈÕËɯÛÙÈÔ×ÓÐÕÎȺɯÈÚɯÞÌÓÓɯÈÚɯÛÏÌɯËÐÙÌÊÛɯ

ÈÉÖÝÌ-ÎÙÖÜÕËɯÙÈËÐÈÛÐÖÕɯÊÖÔ×ÌÛÐÛÐÖÕɯÖÍɯÉÖÛÏɯÚ×ÌÊÐÌÚȭ 

 ÊÒÕÖÞÓÌËÎÌÔÌÕÛÚ 
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"ÏÈ×ÛÌÙɯƘ 

4. "ÓÐÔÈÛÌɯ"ÏÈÕÎÌɯÈÕËɯÐÛÚɯ(Ô×ÈÊÛɯÖÕɯ

"ÜÙÙÌÕÛɯÈÕËɯ%ÜÛÜÙÌɯ5ÌÎÌÛÈÛÐÖÕɯ

#àÕÈÔÐÊÚɯÈÕËɯ"ÈÙÉÖÕɯ"àÊÓÐÕÎ 

 

!ÙÌÕÕÌÙɯ2ÐÓÝÈƕȮɯ"ȭɯ#ÐÚÓÐÊÏƖȮɯ(ȭɯ5ÖÚÚƗȮɯ*ȭɯ1ÖÖÚƘȮɯ1ȭɯ2ÊÏÌÐÉÌƗȮɯ/ȭɯ5ÖÙ×ÈÏÓƙȮƚȮɯ!ȭɯ

2ÊÏÙġËÌÙƙȮƚȮɯ ȭɯ'ÜÛÏƖȮɯ$ȭɯ!ÌÊÒƘȮɯ)ȭɯ!ÌÕËÐßƕ 
ƕɯ%ÈÊÜÓÛàɯÖÍɯ&ÌÖÎÙÈ×ÏàȮɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ,ÈÙÉÜÙÎȮɯ&ÌÙÔÈÕà 

Ɩɯ'ÌÓÔÏÖÓÛáɯ"ÌÕÛÙÌɯÍÖÙɯ$ÕÝȭɯ1ÌÚÌÈÙÊÏɯ4%9ɯ+ÌÐ×áÐÎȮɯ#Ì×Ûȭɯ$ÊÖÓȭɯ,ÖËÌÓÓÐÕÎ 
Ɨɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ.ÚÕÈÉÙĹÊÒȮɯ#Ì×ÛȭɯÖÍɯ/ÓÈÕÛɯ/ÏàÚÐÖÓÖÎàȮɯ&ÌÙÔÈÕà 

Ƙɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ!ÈàÙÌÜÛÏȮɯ#Ì×ÛȭɯÖÍɯ/ÓÈÕÛɯ/ÏàÚÐÖÓÖÎàɯÈÕËɯ!ÈàÙÌÜÛÏɯ"ÌÕÛÙÌɯÖÍɯ

$ÊÖÓÖÎàɯÈÕËɯ$ÕÝÐÙÖÕÔÌÕÛÈÓɯ1ÌÚÌÈÙÊÏȮɯ&ÌÙÔÈÕà 
ƙɯ+ÈÕËÚÊÈ×Ìɯ$ÊÖÓÖÎàȮɯ3ÌÊÏÕÐÚÊÏÌɯ4ÕÐÝÌÙÚÐÛåÛɯ,ĹÕÊÏÌÕȮɯ&ÌÙÔÈÕàȰ 

ƚɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ/ÖÛÚËÈÔȮɯ/ÖÛÚËÈÔȮɯ&ÌÙÔÈÕà 

 

(ÕɯÙÌÝÐÌÞȯɯ$ÊÖÓÖÎÐÊÈÓɯ2ÛÜËÐÌÚɯ!ÖÖÒɯȹ"ÏÈ×ÛÌÙɯƖƘȺȭɯ2×ÙÐÕÎÌÙȮɯ'ÌÐËÌÓÉÌÙÎ 

 ÉÚÛÙÈÊÛ 

(ÕɯÛÏÐÚɯÊÏÈ×ÛÌÙȮɯ×ÈÚÛÜÙÌɯÈÕËɯÍÖÙÌÚÛɯ×ÙÖËÜÊÛÐÝÐÛàɯÈÕËɯËàÕÈÔÐÊÚɯÈÙÌɯÐÕÝÌÚÛÐÎÈÛÌËɯ

ÜÕËÌÙɯÎÓÖÉÈÓɯÊÓÐÔÈÛÌɯÊÏÈÕÎÌɯÐÔ×ÈÊÛÚȭɯ#ÜÌɯÛÖɯÜÕÚÜÚÛÈÐÕÈÉÓÌɯÔÈÕÈÎÌÔÌÕÛȮɯ

×ÈÚÛÜÙÌɯ ÈÙÌÈÚȮɯ ÔÖÚÛÓàɯ ÊÖÝÌÙÌËɯ Éàɯ2ÌÛÈÙÐÈɯ Ú×ÏÈÊÌÓÈÛÈȮɯ ÈÙÌɯ ÐÕÝÈËÌËɯ Éàɯ ÛÏÌɯ

ÈÎÎÙÌÚÚÐÝÌɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺȭɯ3ÏÌɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕɯ

"ÖÔ×ÌÛÐÛÐÖÕɯ,ÖËÌÓɯȹ2Ö!ÙÈ"Ö,ÖȺɯÞÈÚɯÈ××ÓÐÌËɯÛÖɯ×ÙÌËÐÊÛɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯ

ÛÏÌɯ×ÈÚÛÜÙÌ-ÞÌÌËɯÊÖÔ×ÌÛÐÛÐÖÕɯÜÕËÌÙɯ(/""-21$2ɯ ƕ!ɯÊÖÕËÐÛÐÖÕÚȭɯ3ÏÌɯÔÖËÌÓɯ

ÈÕËɯÙÌÚ×ÌÊÛÐÝÌɯ×ÏàÚÐÖÓÖÎÐÊÈÓɯÖÉÚÌÙÝÈÛÐÖÕÚɯÙÌÝÌÈÓɯÈɯÏÐÎÏÌÙɯ×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯ

2ÌÛÈÙÐÈɯÜÕËÌÙɯ ÎÓÖÉÈÓɯ ÞÈÙÔÐÕÎȭɯ (Õɯ ÛÏÌɯ ÍÖÙÌÚÛȮɯ Èɯ ×ÖÛÌÕÛÐÈÓɯ ÐÕÊÙÌÈÚÌɯ ÐÕɯ

×ÙÌÊÐ×ÐÛÈÛÐÖÕɯÊÖÜÓËɯÉÖÖÚÛɯÓÈÕËÚÓÐËÌɯÈÊÛÐÝÐÛàɯÈÕËɯÛÏÜÚɯÈÍÍÌÊÛɯÎÙÖÞÛÏɯËàÕÈÔÐÊÚȭɯ

3ÏÌɯ ÍÖÙÌÚÛ-ÎÈ×ɯ %.1,(-#ɯ ÔÖËÌÓɯ ×ÙÌËÐÊÛÚɯ Èɯ ÏÐÎÏÌÙɯ ÍÙÈÊÛÐÖÕɯ ÖÍɯ ÌÈÙÓàɯ

ÚÜÊÊÌÚÚÐÖÕÈÓɯÚ×ÌÊÐÌÚɯÐÕɯÛÙÌÌɯÚ×ÌÊÐÌÚɯÊÖÔ×ÖÚÐÛÐÖÕȮɯÞÏÐÊÏɯÞÖÜÓËɯÙÌËÜÊÌɯÛÏÌɯ

ÈÉÖÝÌÎÙÖÜÕËɯÊÈÙÉÖÕɯÚÛÖÊÒÚȭɯ(ÕɯÚÜÔÔÈÙàȮɯÊÓÐÔÈÛÌɯÞÈÙÔÐÕÎɯÔÐÎÏÛɯÐÔ×ÙÖÝÌɯ

ÙÌÎÜÓÈÛÐÕÎɯÈÕËɯÚÜ××ÖÙÛÐÕÎɯÚÌÙÝÐÊÌÚɯÖÕɯÛÏÌɯ×ÈÚÛÜÙÌɯÚÐËÌɯȹÐÕÊÙÌÈÚÌËɯÊÈÙÉÖÕɯ



 

ƝƔ 

 

ÚÌØÜÌÚÛÙÈÛÐÖÕȮɯÏÐÎÏÌÙɯ×ÈÚÛÜÙÌɯàÐÌÓËȺȮɯÉÜÛɯÈÓÚÖɯÓÌÈËɯÛÖɯÈɯÙÌËÜÊÛÐÖÕɯÖÍɯÈÉÖÝÌɯ

ÎÙÖÜÕËɯÊÈÙÉÖÕɯÚÛÖÊÒÚɯÐÕɯÛÏÌɯÕÈÛÜÙÈÓɯÍÖÙÌÚÛȭɯ 

4.1 Introduction  

3ÏÌɯ ÍÜÛÜÙÌɯ ËÌÝÌÓÖ×ÔÌÕÛɯ ÖÍɯ ÝÌÎÌÛÈÛÐÖÕɯ ËàÕÈÔÐÊÚɯ ÈÕËɯ ÊÖÔ×ÖÕÌÕÛÚɯ ÖÍɯ ÛÏÌɯ

ÊÈÙÉÖÕɯ ÊàÊÓÌɯ ÚÌÕÚÐÛÐÝÌɯ ÛÖɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ÊÏÈÕÎÌɯ ÚÏÖÜÓËɯ ÉÌɯ ÊÖÕÚÐËÌÙÌËɯ

ÚÌ×ÈÙÈÛÌÓàɯÍÖÙɯÉÖÛÏɯ×ÈÙÛÚɯÖÍɯÛÏÌɯÌÊÖÚàÚÛÌÔÚɯÐÕɯÛÏÌɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯ5ÈÓÓÌàȮɯÐȭÌȭɯÛÏÌɯ

ÕÈÛÜÙÈÓɯÍÖÙÌÚÛɯÈÕËɯÛÏÌɯ×ÈÚÛÜÙÌÚɯÈÚɯÈɯÞÐËÌÚ×ÙÌÈËɯÈÕÛÏÙÖ×ÖÎÌÕÐÊɯÙÌ×ÓÈÊÌÔÌÕÛɯ

ÚàÚÛÌÔȭɯ 4ÚÌÍÜÓɯ ÛÖÖÓÚɯ ÛÖɯ ×ÙÌËÐÊÛɯ ÈÕɯ ÐÔ×ÈÊÛɯ ÖÍɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ÊÏÈÕÎÌɯ ÖÕɯ

ÝÌÎÌÛÈÛÐÖÕɯÈÙÌɯÕÜÔÌÙÐÊÈÓɯÎÙÖÞÛÏɯÔÖËÌÓÚɯȹ!ÖÕÈÕɯÌÛɯÈÓȭɯƖƔƔƗȺȭɯ/ÙÖÊÌÚÚ-ÖÙÐÌÕÛÌËɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÔÖËÌÓÚɯÈÓÓÖÞɯÍÖÙɯÈÕɯÌÚÛÐÔÈÛÐÖÕɯÖÍɯÊÏÈÕÎÌÚɯÐÕɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚȮɯ

ÉÐÖÔÈÚÚɯÈÕËɯÛÏÜÚȮɯÊÈÙÉÖÕɯÈÓÓÖÊÈÛÐÖÕȮɯÞÏÐÊÏɯÐÚɯÈ××ÓÐÌËɯÛÖɯÛÏÌɯ×ÈÚÛÜÙÌɯÚàÚÛÌÔȭɯ

3Öɯ ÈÕÈÓàáÌɯ ÛÏÌɯ ËàÕÈÔÐÊÚɯ ÖÍɯ ÍÖÙÌÚÛɯ ÚÛÈÕËÚɯ ÜÕËÌÙɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ÊÏÈÕÎÌɯ

ÐÔ×ÈÊÛÚȮɯ ×ÙÖÊÌÚÚ-ÉÈÚÌËɯ ÍÖÙÌÚÛ-ÎÈ×ɯ ÔÖËÌÓÚɯ ÊÈÕɯ ÉÌɯ ÜÚÌËȭɯ (Õɯ ÈËËÐÛÐÖÕȮɯ ÚÖÐÓɯ

ÔÌÊÏÈÕÐÊÈÓɯÈÕËɯÏàËÙÖÓÖÎÐÊÈÓɯ×ÙÖ×ÌÙÛÐÌÚɯÈÚɯÞÌÓÓɯÈÚɯÛÙÌÌɯÔÖÙ×ÏÖÓÖÎàɯÚÏÖÜÓËɯÉÌɯ

ÊÖÕÚÐËÌÙÌËȮɯÉÌÊÈÜÚÌɯÖÍɯÛÏÌɯÐÕÛÌÕÚÐÛàɯÖÍɯÓÈÕËÚÓÐËÌÚɯÐÕɯÛÏÌɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛȭɯ!ÖÛÏɯ

ÔÖËÌÓɯÛà×ÌÚɯÕÌÌËɯÌßÛÌÕÚÐÝÌɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÛÖɯÈËÈ×ÛɯÛÏÌɯÔÖËÌÓÚɯÛÖɯÛÏÌɯÓÖÊÈÓɯ

ÚÐÛÜÈÛÐÖÕȭɯ3ÏÌɯ×ÈÙÈÔÌÛÌÙɯÝÈÓÜÌÚɯÞÌÙÌɯËÌÙÐÝÌËɯÍÙÖÔɯÍÐÌÓËɯÚÜÙÝÌàÚɯÍÖÙɯÚÐÕÎÓÌɯ

Ú×ÌÊÐÌÚɯÖÙɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ×ÓÈÕÛɯÍÜÕÊÛÐÖÕÈÓɯÛà×ÌÚȭ 

"ÓÐÔÈÛÌɯÊÏÈÕÎÌɯÔÐÎÏÛɯÈÍÍÌÊÛɯÛÏÌɯÍÖÙÌÚÛɯÈÕËɯÛÏÌɯ×ÈÚÛÜÙÌɯÐÕɯÛÏÌɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯ

!ÐÖ-Ú×ÏÌÙÌɯ1ÌÚÌÙÝÌɯȹ1!2%ȺɯÐÕɯËÐÍÍÌÙÌÕÛɯÞÈàÚȯ 

¶ .Õɯ ×ÈÚÛÜÙÌÚȮɯ ÈÕɯ ÐÕÊÙÌÈÚÌɯ ÖÍɯ ÛÏÌɯ ÛÌÔ×ÌÙÈÛÜÙÌɯ ÔÐÎÏÛɯ ÚÛÐÔÜÓÈÛÌɯ ÛÏÌɯ

ÎÙÖÞÛÏɯÖÍɯÛÏÌɯ"Ƙ-Ûà×Ìɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈɯÖÝÌÙɯÛÏÈÛɯÖÍɯÛÏÌɯ

"Ɨ-Ûà×Ìɯ ÉÙÈÊÒÌÕɯ ȹ/ÛÌÙÐËÐÜÔɯ ÈÙÈÊÏÕÖÐËÌÜÔȺɯ ÈÕËɯ ÛÏÜÚɯ ÔÐÎÏÛɯ ÚÏÐÍÛɯ ÛÏÌɯ

ÊÖÔ×ÌÛÐÛÐÝÌɯÐÕÛÌÙÈÊÛÐÖÕɯÖÍɯÉÖÛÏɯÚ×ÌÊÐÌÚɯÐÕɯÍÈÝÖÜÙɯÖÍɯÛÏÌɯÎÙÈÚÚȭɯ3ÏÐÚɯÞÈÚɯ

ÐÕÝÌÚÛÐÎÈÛÌËɯÉàɯÔÌÈÕÚɯÖÍɯÛÌÔ×ÌÙÈÛÜÙÌ-ËÙÐÝÌÕɯÙÜÕÚɯÖÍɯÛÏÌɯ2ÖÜÛÏÌÙÕɯ

!ÙÈÊÒÌÕɯ"ÖÔ×ÌÛÐÛÐÖÕɯ,ÖËÌÓɯȹ2Ö!ÙÈ"Ö,ÖȺȭɯ 

 

¶ (ÕɯÛÏÌɯÕÈÛÜÙÈÓɯÍÖÙÌÚÛȮɯÐÕÊÙÌÈÚÌɯÖÍɯ×ÙÌÊÐ×ÐÛÈÛÐÖÕɯÔÈàɯÓÌÈËɯÛÖɯÈɯÏÐÎÏÌÙɯ

ÓÈÕË-ÚÓÐËÌɯ ÈÊÛÐÝÐÛàȮɯ ÈÕËɯ ÛÏÜÚɯ ÛÖɯ ÈÕɯ ÌÕÏÈÕÊÌËɯ ÍÖÙÌÚÛɯ ÛÜÙÕÖÝÌÙɯ ÞÐÛÏɯ

ÐÔ×ÈÊÛÚɯÖÕɯÊÈÙÉÖÕɯÚÌØÜÌÚÛÙÈÛÐÖÕȭɯ3ÏÌɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯÕÈÛÜÙÈÓɯËÐÚÛÜÙÉÈÕÊÌɯ

ÍÈÊÛÖÙɯ ȿÓÈÕË-ÚÓÐËÌÚɀɯ ÖÕɯ ÛÏÌɯ ËàÕÈÔÐÊÚɯ ÖÍɯ ÛÏÌɯ ÕÈÛÜÙÈÓɯ ÍÖÙÌÚÛɯ ÞÈÚɯ

ÐÕÝÌÚÛÐÎÈÛÌËɯÞÐÛÏɯÛÏÌɯÍÖÙÌÚÛ-ÎÈ×ɯÔÖËÌÓɯ%.1,(-#ȭ 
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4.2 Methods  

4.2.1 The SoBraCoMo Model  

3ÏÌɯ2Ö!ÙÈ"Ö,ÖɯÐÚɯÈɯÊÈÕÖ×à-×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÔÖËÌÓɯÉÈÚÌËɯÖÕɯÛÏÌɯÛÞÖ-ÉÐÎ-ÓÌÈÍɯ

È××ÙÖÈÊÏɯȹ#ÈÐɯÌÛɯÈÓȭɯƖƔƔƘȺȭɯ ÚɯËÌÚÊÙÐÉÌËɯÉàɯ2ÐÓÝÈɯÌÛɯÈÓɯȹƖƔƕƖȺȮɯÛÏÌɯÎÌÕÌÙÈÓɯ

ÊÖÔ×Ö-ÕÌÕÛÚɯÖÍɯÛÏÌɯ2Ö!ÙÈ"Ö,ÖɯÈÙÌɯȹÐȺɯÈɯÙÈËÐÈÛÐÖÕɯÔÖËÜÓÌȮɯÐÕÊÓÜËÐÕÎɯÊÈÕÖ×àɯ

ÙÈËÐÈÛÐÖÕɯÈÕËɯÙÈËÐÈÛÐÖÕɯ×ÈÙÛÐÛÐÖÕÐÕÎȮɯȹÐÐȺɯÈɯÊÈÕÖ×à-×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÔÖËÜÓÌȮɯȹÐÐÐȺɯ

ÈɯÙÌÚ×ÐÙÈÛÐÖÕɯÔÖËÜÓÌɯÍÖÙɯÓÌÈÝÌÚɯÈÕËɯÚÜÉÛÌÙÙÈÕÌÖÜÚɯ×ÓÈÕÛɯ×ÈÙÛÚȮɯÈÕËɯȹÐÝȺɯÈɯ

ÔÖËÜÓÌɯÍÖÙɯÊÖÕÝÌÙÚÐÖÕɯÖÍɯÕÌÛɯÈÚÚÐÔÐÓÈÛÌËɯ".ƖɯÐÕÛÖɯÉÐÖÔÈÚÚɯȹËÙàɯÔÈÛÛÌÙȺȭɯ ÓÓɯ

ÔÖËÜÓÌÚɯÈÙÌɯ×ÈÙÈÔÌÛÌÙÐáÌËɯÍÖÙɯÛÞÖɯÚ×ÌÊÐÌÚȮɯÛÏÌɯÔÈÐÕɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÈÕËɯ

ÛÏÌɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕȭɯ%ÖÙɯÛÏÌɯÙÈËÐÈÛÐÖÕɯÚÊÏÌÔÌȮɯÚ×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯÖ×ÛÐÊÈÓɯÈÕËɯ

ÔÖÙ×ÏÖÓÖÎÐÊÈÓɯ×ÓÈÕÛɯÛÙÈÐÛÚɯÞÌÙÌɯËÌÙÐÝÌËɯÍÙÖÔɯÍÐÌÓËɯÔÌÈÚÜÙÌÔÌÕÛÚɯȹ!ÌÕËÐßɯÌÛɯ

ÈÓȭɯƖƔƕƔȺȭɯ3ÏÌɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÖÍɯÛÏÌɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÔÖËÌÓɯÞÈÚɯËÖÕÌɯÉàɯ

ËÌÛÌÙÔÐÕÐÕÎɯÚ×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯÝÈÓÜÌÚɯÖÍɯØÜÈÕÛÜÔɯàÐÌÓËɯÈÕËɯÊÈÙÉÖßàÓÈÛÐÖÕɯÙÈÛÌȭɯ

3ÖɯÈÚÚÌÚÚɯÛÏÌɯÛÏÌÙÔÈÓɯÐÕÍÓÜÌÕÊÌɯÖÕɯÉÐÖÔÈÚÚɯ×ÙÖËÜÊÛÐÖÕɯÈÕËɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÝÌɯ

ÚÛÙÌÕÎÛÏɯ ÈÛɯ ÓÌÈÍɯ ÈÕËɯ ÊÈÕÖ×àɯ ÓÌÝÌÓȮɯ ÓÌÈÍɯ ÔÌÈÚÜÙÌÔÌÕÛÚɯ ÞÌÙÌɯ ÔÈËÌɯ ÜÕËÌÙɯ

ÊÖÕÛÙÖÓÓÌËɯÊÖÕËÐÛÐÖÕÚɯÈÕËɯÜÚÌËɯÛÖɯ×ÈÙÈÔÌÛÌÙÐáÌɯÛÏÌɯ2Ö!ÙÈ"Ö,ÖȮɯÞÏÐÊÏɯÐÚɯÙÜÕɯ

ÈÛɯÊÈÕÖ×àɯÓÌÝÌÓɯÜÚÐÕÎɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯÍÖÙÊÐÕÎɯËÈÛÈɯÖÍɯÛÏÌɯàÌÈÙɯƖƔƔƜȭɯ%ÜÙÛÏÌÙɯ

×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÊÖÕÊÌÙÕÌËɯÙÌÚ×ÐÙÈÛÖÙàɯÊÈÙÉÖÕɯÓÖÚÚÌÚɯÈÕËɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÖÍɯ

ÕÌÛɯ ÈÚÚÐÔÐÓÈÛÐÖÕɯ ÛÖɯ ËÙàɯ ÔÈÛÛÌÙȭɯ $ÕÝÐÙÖÕÔÌÕÛÈÓɯ ÍÖÙÊÐÕÎɯ ÖÍɯ ÛÏÌɯ ÔÖËÌÓɯ ÐÚɯ

ÊÖÕËÜÊÛÌËɯÞÐÛÏɯËÈÛÈɯÖÍɯÎÓÖÉÈÓɯÙÈËÐÈÛÐÖÕȮɯÈÐÙɯÛÌÔ×ÌÙÈÛÜÙÌȮɯÙÌÓÈÛÐÝÌɯÏÜÔÐËÐÛàȮɯ

ÈÛÔÖÚ×ÏÌÙÐÊɯ×ÙÌÚÚÜÙÌȮɯÓÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌȮɯÞÐÕËɯÚ×ÌÌËȮɯ×ÙÌÊÐ×ÐÛÈÛÐÖÕȮɯÚÖÐÓɯÞÈÛÌÙɯ

ÊÖÕÛÌÕÛɯÈÕËɯÚÖÐÓɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÏÐÊÏɯÞÌÙÌɯÊÖÕÛÐÕÜÖÜÚÓàɯÙÌÊÖÙËÌËɯÐÕɯÛÏÌɯÍÐÌÓËȭɯ

(ÕɯÛÏÌɯÍÖÓÓÖÞÐÕÎȮɯ ÛÏÌɯÔÖËÌÓɯÐÚɯÈ××ÓÐÌËɯÛÖɯÊÈÓÊÜÓÈÛÌɯÚÊÌÕÈÙÐÖÚɯÈÛɯËÐÍÍÌÙÌÕÛɯ

ÈÔÉÐÌÕÛɯÛÌÔ×ÌÙÈÛÜÙÌÚȭɯ3ÖɯÍÖÙÊÌɯÛÏÌɯÔÖËÌÓɯÛÏÌɯËÖÞÕÚÊÈÓÌËɯÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯ

ËÈÛÈɯÚÌÛÚɯÖÍɯÈÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯȹÍÖÙɯÔÖÙÌɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÊÓÐÔÈÛÌɯÚÊÌÕÈÙÐÖÚɯÙÌÍÌÙɯ

ÛÖɯ"ÏÈ×ȭɯƕƝȺɯÈÙÌɯÜÚÌËɯÖÕɯÈɯËÈÐÓàɯ ÉÈÚÐÚȭɯ ÓÓɯÝÈÙÐÈÉÓÌÚɯ ÞÏÐÊÏɯÈÙÌɯËÐÙÌÊÛÓàɯ

ËÌ×ÌÕËÌÕÛɯÖÕɯÈÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯȹÚÖÐÓɯÈÕËɯÓÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌÚȺɯÈÙÌɯ×ÙÖÑÌÊÛÌËɯÛÖɯÛÏÌɯ

(/""-21$2ɯ ƕ!ɯÚÊÌÕÈÙÐÖɯ×ÌÙÐÖËÚɯȹ-ÈÒÐÊÌÕÖÝÐÊɯÈÕËɯ2ÞÈÙÛɯƖƔƔƔȺɯÉàɯÙÌÎÙÌÚÚÐÖÕɯ

ÈÕÈÓàÚÐÚȭɯ(ÕɯÛÏÌɯÙÌÎÙÌÚÚÐÖÕɯÈÕÈÓàÚÐÚȮɯÛÏÌɯÙÌÚÐËÜÈÓÚɯÞÌÙÌɯÛÌÚÛÌËɯÍÖÙɯÕÖÙÔÈÓɯ

ËÐÚÛÙÐÉÜÛÐÖÕɯȹ2ÏÈ×ÐÙÖ-6ÐÓÒɯÛÌÚÛɯǿɯƔȭƝƝȺɯÈÕËɯÈɯÓÐÕÌÈÙɯÔÖËÌÓɯÞÈÚɯÍÐÛÛÌËɯÉàɯÓÌÈÚÛ-

ÚØÜÈÙÌÚɯÉÌÛÞÌÌÕɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌÚɯÖÍɯÛÏÌɯÚÖÐÓȮɯÖÙɯÛÏÌɯÓÌÈÍɯÈÕËɯÛÏÌɯÈÝÌÙÈÎÌɯÈÐÙɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯȹÙÌÍÌÙÌÕÊÌɯ×ÌÙÐÖËȺȭ 

4.2.2 The FORMIND Model  

%.1,(-#ɯÉÌÓÖÕÎÚɯÛÖɯÛÏÌɯÊÓÈÚÚɯÖÍɯ×ÙÖÊÌÚÚ-ÉÈÚÌËɯÍÖÙÌÚÛ-ÎÈ×ɯÔÖËÌÓÚȭɯ(ÛɯÐÚɯËÌ-

ÚÐÎÕÌËɯÛÖɯÈÕÈÓàáÌɯÛÏÌɯËàÕÈÔÐÊÚɯÖÍɯÜÕÌÝÌÕ-ÈÎÌËȮɯÚ×ÌÊÐÌÚ-ÙÐÊÏɯÍÖÙÌÚÛɯÚÛÈÕËÚɯ

ÞÐÛÏɯÈɯÍÖÊÜÚɯÖÕɯÛÏÌɯÐÔ×ÈÊÛɯÖÍɯÕÈÛÜÙÈÓɯÖÙɯÈÕÛÏÙÖ×ÖÎÌÕÐÊɯËÐÚÛÜÙÉÈÕÊÌÚɯÖÕɯÍÖÙÌÚÛɯ

ÚÛÙÜÊÛÜÙÌɯÈÕËɯÊÖÔ×ÖÚÐÛÐÖÕɯȹ*ġÏÓÌÙɯÈÕËɯ'ÜÛÏɯƖƔƔƘȮɯ'ÜÛÏɯÈÕËɯ#ÐÛáÌÙɯƖƔƔƕȺȭɯ(Ûɯ



 

ƝƖ 

 

ÏÈÚɯÉÌÌÕɯÚÜÊ-ÊÌÚÚÍÜÓÓàɯÈ××ÓÐÌËɯÛÖɯÝÈÙÐÖÜÚɯÍÖÙÌÚÛÚɯÛÏÙÖÜÎÏÖÜÛɯÛÏÌɯÛÙÖ×ÐÊÚɯȹÌȭÎȭɯ

1ĹÎÌÙɯÌÛɯÈÓȭɯƖƔƔƜȮɯ*ġÏÓÌÙɯÈÕËɯ'ÜÛÏɯƖƔƕƔȮɯ/ĹÛáɯÌÛɯÈÓȭɯƖƔƕƕȺȭɯ3ÏÌɯÔÈÐÕɯ×ÙÖÊÌÚÚÌÚɯ

ÖÍɯÛÏÌɯÔÖËÌÓɯÈÙÌɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÖÕɯÍÖÙɯÓÐÎÏÛɯÈÕËɯÚ×ÈÊÌɯÞÏÐÊÏɯÐÕÍÓÜÌÕÊÌÚɯÛÙÌÌɯ

ÎÙÖÞÛÏȮɯÛÙÌÌɯÔÖÙÛÈÓÐÛàȮɯÈÕËɯÛÏÌɯÌÚÛÈÉÓÐÚÏÔÌÕÛɯÖÍɯàÖÜÕÎɯÛÙÌÌÚȭɯ3ÖɯÏÈÕËÓÌɯÛÏÌɯ

ÏÐÎÏɯÕÜÔÉÌÙɯÖÍɯÛÙÌÌɯÚ×ÌÊÐÌÚɯÐÕɯÛÏÌɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÝÈÓÓÌàɯȹÔÈÕàɯÖÍɯÛÏÌÔɯÈÙÌɯ

ÌßÛÙÌÔÌÓàɯÙÈÙÌȺȮɯÛÙÌÌɯÚ×ÌÊÐÌÚɯÞÐÛÏÐÕɯÛÏÌɯÔÖËÌÓɯÈÙÌɯÎÙÖÜ×ÌËɯÐÕÛÖɯÚÌÝÌÕɯ×ÓÈÕÛɯ

ÍÜÕÊÛÐÖÕÈÓɯ Ûà×ÌÚɯ ȹ/%3ÚȺɯ ÈÊÊÖÙËÐÕÎɯ ÛÖɯ ÚÌÓÌÊÛÌËɯ ÈÛÛÙÐÉÜÛÌÚɯ ÓÐÒÌɯ ÔÈßÐÔÜÔɯ

ÈÛÛÈÐÕÈÉÓÌɯËÐÈÔÌÛÌÙɯÖÙɯÔÈßÐÔÜÔɯÏÌÐÎÏÛɯÖÍɯÛÙÌÌɯÚ×ÌÊÐÌÚȭɯ(ÕɯÛÏÐÚɯÊÏÈ×ÛÌÙɯÞÌɯ

ÈÕÈÓàáÌËɯÖÕÌɯÍÖÙÌÚÛɯÛà×ÌȮɯÛÏÌɯÙÐËÎÌɯÍÖÙÌÚÛɯȹƕƝƔƔ-ƖƕƔƔɯÔɯÈÚÓȺɯÏÈÙÉÖÜÙÐÕÎɯȃƛƔɯ

ÛÙÌÌɯÚ×ÌÊÐÌÚȭɯ ɯ×ÈÙÈÔÌÛÌÙÐáÈÛÐÖÕɯÖÍɯÛÏÌɯ%.1,(-#ɯÔÖËÌÓɯÍÖÙɯÛÏÌɯÙÐËÎÌɯÍÖÙÌÚÛɯ

ÞÐÛÏÐÕɯÛÏÌɯ1!2%ɯÛÙÖ×ÐÊÈÓɯÔÖÜÕÛÈÐÕɯÍÖÙÌÚÛɯÞÈÚɯËÌÝÌÓÖ×ÌËɯÈÕËɯÛÏÌɯ×ÙÌ-ËÐÊÛÌËɯ

ÍÖÙÌÚÛɯÚÜÊÊÌÚÚÐÖÕɯËàÕÈÔÐÊÚɯÞÌÙÌɯÌßÈÔÐÕÌËɯȹ#ÐÚÓÐÊÏɯÌÛɯÈÓȭɯƖƔƔƝȺȭɯ#ÈÛÈɯÍÙÖÔɯ

ÙÌ×ÌÈÛÌËɯÍÐÌÓËɯÐÕÝÌÕÛÖÙÐÌÚɯȹƖƔƔƘȮɯƖƔƔƙȮɯÈÕËɯƖƔƔƛȺɯÖÍɯƘȭƜƜɯÏÌÊÛÈÙÌÚȮɯÐÕɯÞÏÐÊÏɯÛÏÌɯ

ËÐÈÔÌÛÌÙɯÈÛɯÉÙÌÈÚÛɯÏÌÐÎÏÛɯȹƕȭƗɯÔȺɯÖÍɯÈÓÓɯÛÙÌÌÚɯÞÐÛÏɯËÐÈÔÌÛÌÙÚɯǿɯƖƔɯÊÔɯÞÈÚɯÔÌÈÚ-

ÜÙÌËȮɯÈÕËɯÍÙÖÔɯƔȭƕƖɯÏÌÊÛÈÙÌÚȮɯÐÕɯÞÏÐÊÏɯÈÓÓɯÛÙÌÌÚɯÈÉÖÝÌɯƙɯÊÔɯÞÌÙÌɯÔÌÈÚÜÙÌËȮɯ

ÞÌÙÌɯÜÚÌËɯÍÖÙɯÔÖËÌÓɯÊÈÓÐÉÙÈÛÐÖÕɯȹ'ÖÔÌÐÌÙɯƖƔƔƘȺȭ 

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, Bussmann et al. 2008). Apart from different soil 

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 around 1800 mm a-1 

(Rollenbeck et al. 2007). Since the downscaled climate scenarios suggest an 

increase in rainfall by ~+515 mm a-1 (IPCC-SRES scenario A1B), future changes 

in frequency and/or magnitude of extreme rain events will also affect 

landslide dyna mics. 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 (Velázquez and 

Gómez-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 increasing 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. 
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4.3 Results and Discussion  

4.3.1 Biomass Production and Competition on the Pastures upon Local 

Warming  

%ÖÙɯÛÏÌɯÊÖÔ×ÈÙÐÚÖÕɯÖÍɯ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯ×ÙÖËÜÊÛÐÝÐÛàɯÖÍɯÛÏÌɯÛÞÖɯÚ×ÌÊÐÌÚɯÐÕɯÛÏÌɯ

×ÈÚÛÜÙÌɯ ÚàÚÛÌÔȮɯ ÛÌÔ×ÌÙÈÛÜÙÌɯ ÐÚɯ ÈÕɯ ÌÚÚÌÕÛÐÈÓɯ ÌÕÝÐÙÖÕÔÌÕÛÈÓɯ ×ÈÙÈÔÌÛÌÙȭɯ

/ÏÖÛÖÚàÕÛÏÌÛÐÊɯ×ÌÙÍÖÙÔÈÕÊÌɯ ÚÛÙÖÕÎÓàɯ ËÌ×ÌÕËÚɯ ÖÕɯ ÛÌÔ×ÌÙÈÛÜÙÌȮɯ ÌÚ×ÌÊÐÈÓÓàɯ

ÞÏÌÕɯÊÖÔ×ÈÙÐÕÎɯÈɯÏÐÎÏ-ÛÌÔ×ÌÙÈÛÜÙÌɯ"Ƙ-Ûà×ÌɯÎÙÈÚÚɯȹ2ÌÛÈÙÐÈȺɯÞÐÛÏɯÈɯÔÖËÌÙÈÛÌ-

ÛÌÔ×ÌÙÈÛÜÙÌɯ "Ɨ-Ûà×Ìɯ Ú×ÌÊÐÌÚɯ ȹÉÙÈÊÒÌÕȺȭɯ #ÜÌɯ ÛÖɯ Èɯ ÏÐÎÏÌÙɯ ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯ

ÌÍÍÐÊÐÌÕÊàɯ"Ƙ-×ÓÈÕÛÚɯÖÍÛÌÕɯ×ÙÌÝÈÐÓɯÐÕɯÏÈÉÐÛÈÛÚɯÞÐÛÏɯÞÈÙÔɯÈÕËɯÏÜÔÐËɯÖÙɯËÙàɯ

ÊÖÕËÐÛÐÖÕÚɯÈÕËɯÏÐÎÏɯÖÙɯÔÖËÌÙÈÛÌɯÐÙÙÈËÐÈÛÐÖÕȮɯÞÏÌÙÌÈÚɯÜÕËÌÙɯÊÖÖÓÌÙɯÊÖÕËÐÛÐÖÕÚɯ

"Ɨ-×ÓÈÕÛÚɯÏÈÝÌɯÛÏÌɯÌËÎÌɯÖÕɯ×ÏÖÛÖÚàÕÛÏÌÛÐÊɯÉÐÖÔÈÚÚɯ×ÙÖËÜÊÛÐÖÕɯÈÕËɯÎÙÖÞÛÏɯ

ȹ2ÈÎÌɯÌÛɯÈÓȭɯƕƝƝƝȺȮɯ×ÈÙÛÐÊÜÓÈÙÓàɯÉÌÊÈÜÚÌɯ"Ɨ-×ÏÖÛÖÙÌÚ×ÐÙÈÛÐÖÕɯËÌÊÙÌÈÚÌÚɯÞÐÛÏɯ

ÓÖÞÌÙɯÛÌÔ×ÌÙÈÛÜÙÌÚȭɯ(ÕɯÖÜÙɯËÈàÚȮɯÛÏÌɯËÈÐÓàɯÈÝÌÙÈÎÌɯÈÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯÐÚɯƕƘȭƜɯȘ"ɯ

ÖÕɯÛÏÌɯ×ÈÚÛÜÙÌÚɯȹ2ÐÓÝÈɯÌÛɯÈÓȭɯƖƔƕƖȺɯÞÏÐÊÏɯÐÚɯÚÜÉÖ×ÛÐÔÈÓɯÍÖÙɯ2ÌÛÈÙÐÈȮɯÈÕËɯÛÏÜÚȮɯ

ÚÏÖÜÓËɯÍÈÝÖÜÙɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÝÌɯÚÛÙÌÕÎÛÏɯÖÍɯÉÙÈÊÒÌÕȭɯɯ 

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 

Setaria at 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 Setaria increases 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 (Fig 4-1b). In that case the amount of bracken-

RubisCO appears to correlate inversely with the temperature, being higher at 

10 °C growth temperature than at 20 and 30 °C (Fig. 4-1c). 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 CO2-uptake at the canopy level (Fig. 4-1d-

e) which generally confirms the contrasting thermal dependency of CO 2 

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 µmol CO2 mǸƖ sǸƕ for bracken and Setaria leaves 

respectively, and as 0.9 and 2.0 µmol CO2 kgǸƕ sǸƕ 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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%ÐÎÜÙÌɯƘ-ƕȭɯ 3ÌÔ×ÌÙÈÛÜÙÌɯ ËÌ×ÌÕËÌÕÊàɯ ÖÍɯ ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯ ÐÕɯ 2ÖÜÛÏÌÙÕɯ

!ÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺɯ"Ɨ-×ÓÈÕÛȺɯÈÕËɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈɯȹ"Ƙ-

×ÓÈÕÛȺȭɯ,ÌÈÚÜÙÌÔÌÕÛÚɯȹÈȺȯɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕɯȹÞÏÐÛÌɯÉÈÙÚȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÎÙÌàɯ

ÉÈÙÚȺɯÞÌÙÌɯÊÜÓÛÐÝÈÛÌËɯÈÛɯƖƔɯȘ"ȮɯÈÕËɯÕÌÛɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÈÛɯ

ËÐÍÍÌÙÌÕÛɯ ÓÌÈÍɯ ÛÌÔ×ÌÙÈÛÜÙÌÚɯ ÈÛɯ ƕƖƔƔɯ ϟÔÖÓɯ ØÜÈÕÛÈɯ Ô-ƖɯÚ-ƕȭɯ ȹÉȺȯɯ 2ÖÜÛÏÌÙÕɯ

!ÙÈÊÒÌÕɯȹÞÏÐÛÌɯÉÈÙÚȺɯÈÕËɯ2ÌÛÈÙÐÈɯȹÎÙÌàɯÉÈÙÚȺɯÞÌÙÌɯÊÜÓÛÐÝÈÛÌËɯÈÛɯƕƔȮɯƖƔȮɯÈÕËɯƗƔɯ

Ș"ȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÛɯƙƔƔɯϟÔÖÓɯØÜÈÕÛÈɯÔ-ƖɯÚ-ƕȮɯÈÕËɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕɯÞÈÚɯ

ÔÌÈÚÜÙÌËɯÈÛɯÛÏÌɯÎÙÖÞÛÏɯÛÌÔ×ÌÙÈÛÜÙÌÚȭɯȹÊȺȯɯ ÔÖÜÕÛɯÖÍɯ1ÜÉÐÚ".ɯ×ÙÖÛÌÐÕɯÐÕɯ

ÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÞÏÐÊÏɯÞÌÙÌɯÎÙÖÞÕɯÜÕËÌÙɯƕƔȮɯƖƔȮɯÈÕËɯƗƔɯȘ"Ȯɯ

ÙÌÚ×ÌÊÛÐÝÌÓàȭɯ3ÏÌɯÙÌÓÈÛÐÝÌɯÈÔÖÜÕÛÚɯÖÍɯÛÏÌɯ×ÙÖÛÌÐÕɯÞÌÙÌɯËÌÛÌÙÔÐÕÌËɯÉàɯÙÖÊÒÌÛɯ

ÐÔÔÜÕÖ-ÌÓÌÊÛÙÖ×ÏÖÙÌÚÐÚɯÖÍɯÓÌÈÍɯÌßÛÙÈÊÛÚȭɯ2ÐÔÜÓÈÛÐÖÕÚɯȹËȺȯɯ2ÊÈÛÛÌÙɯ×ÓÖÛɯÖÍɯ

ÊÈÕÖ×àɯÕÌÛɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕɯÞÐÛÏɯËÈÐÓàɯÔÌÈÕÚɯÖÍɯÓÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌɯÐÕɯÛÏÌɯ

àÌÈÙɯƖƔƔƜȭɯȹÌȺȯɯ"ÈÕÖ×àɯÕÌÛɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕɯËÌ×ÌÕËÐÕÎɯÖÕɯÓÌÈÍɯÛÌÔ×ÌÙÈÛÜÙÌȭ 
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%ÖÓÓÖÞÐÕÎɯ ÛÏÌɯ ÔÖÚÛɯ ÓÐÒÌÓàɯ (/""-21$2ɯ  ƕ!ɯ ÌÔÐÚÚÐÖÕɯ ÚÊÌÕÈÙÐÖɯɬɯÞÏÐÊÏɯ

×ÙÌÚÜÔÌÚɯÈɯÍÈÚÛɯÎÙÖÞÐÕÎɯÞÖÙÓËɯ×Ö×ÜÓÈÛÐÖÕɯÈÕËɯÈɯÉÈÓÈÕÊÌËɯÜÚÌɯÖÍɯÍÖÚÚÐÓɯÈÕËɯ

ÕÖÕ-ÍÖÚÚÐÓɯÍÜÌÓÚɯɬɯÈÕËɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÌÕÚÌÔÉÓÌɯÊÈÓÊÜÓÈÛÐÖÕÚȮɯÈÔÉÐÌÕÛɯÈÐÙɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯ ÈÛɯ ÛÏÌɯ ÈÓÛÐÛÜËÐÕÈÓɯ ÓÌÝÌÓɯ ÖÍɯ ÛÏÌɯ ×ÈÚÛÜÙÌɯ ȹ1!2%ɯ ÔÌÛÌÖÙÖÓÖÎÐÊÈÓɯ

ÚÛÈÛÐÖÕȺɯÞÐÓÓɯÐÕÊÙÌÈÚÌɯÉàɯƕȭƕɯȘ"ɯȹϦɯǻɯƔȭƙȺɯÉàɯƖƔƗƝȮɯƖȭƕɯȘ"ɯȹϦɯǻɯƔȭƚȺɯÉàɯƖƔƚƝɯÈÕËɯ

ƖȭƝɯȘ"ɯȹϦɯǻɯƔȭƝȺɯÉàɯƖƔƝƝɯȹ%ÐÎȭɯƘ-ƖÈȺȭɯ 

 ÚɯÈɯÙÌÚÜÓÛȮɯÎÓÖÉÈÓɯÞÈÙÔÐÕÎɯÔÐÎÏÛɯÈÓÛÌÙɯÛÏÌɯÎÙÖÞÛÏɯ×ÖÛÌÕÛÐÈÓɯÈÕËɯÊÖÔ×ÌÛÐÛÐÝÌɯ

ÚÛÙÌÕÎÛÏɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯÐÕɯÍÈÝÖÜÙɯÖÍɯÛÏÌɯÎÙÈÚÚȭɯ%ÐÎȭɯƘ-ƖɯȹÉ-ËȺɯÙÌÝÌÈÓÚɯ

ÛÏÈÛɯ×ÈÙÛÐÊÜÓÈÙÓàɯ2ÌÛÈÙÐÈɯÊÈÕɯÙÌÚ×ÖÕËɯÛÖɯÈÕɯÐÕÊÙÌÈÚÌɯÖÍɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÉàɯƖȭƝɯ

Ș"ɯȹàÌÈÙɯƖƔƝƝȺɯÞÐÛÏɯÈÕɯÐÕÊÙÌÈÚÌɯÖÍɯÎÙÖÚÚɯ".ƖɯÈÚÚÐÔÐÓÈÛÐÖÕɯÍÙÖÔɯƖƕɯÛÖɯƘƛɯÔÖÓɯ

".ƖɯÜ×ÛÈÒÌɯ×ÌÙɯÔƖɯÈÕËɯàÌÈÙɯÞÏÌÙÌÈÚɯÐÕÊÙÌÈÚÌɯÖÍɯÉÙÈÊÒÌÕɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÞÐÓÓɯ

ÉÌɯÖÕÓàɯÍÙÖÔɯƕɯÛÖɯƖɯÔÖÓɯ".ƖɯÔ-ƖɯÈ-ƕȭɯ ÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌȮɯÙÌÚ×ÐÙÈÛÐÖÕɯÓÖÚÚÌÚɯÞÐÓÓɯ

ÈÓÚÖɯÐÕÊÙÌÈÚÌɯËÐÍÍÌÙÌÕÛÓàɯÐÕɯÉÖÛÏɯÚ×ÌÊÐÌÚȮɯÉÌÐÕÎɯÏÐÎÏÌÙɯÐÕɯ2ÌÛÈÙÐÈɯȹǶɯƕƗǔȺɯÛÏÈÕɯÐÕɯ

ÉÙÈÊÒÌÕɯȹǶɯƘǔȺȭɯ!ÐÖÔÈÚÚɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯ2ÌÛÈÙÐÈɯÞÐÓÓɯËÖÜÉÓÌɯÜÕÛÐÓɯƖƔƝƝɯÞÏÐÓÌɯ

ÛÏÈÛɯ ÖÍɯ ÉÙÈÊÒÌÕȮɯ ËÜÌɯ ÛÖɯ Èɯ ÚÛÙÖÕÎÌÙɯ ÐÕÊÙÌÈÚÌɯ ÖÍɯ ÙÌÚ×ÐÙÈÛÐÖÕɯ ÛÏÈÕɯ ÖÍɯ ÎÙÖÚÚɯ

×ÏÖÛÖÚàÕÛÏÌÚÐÚɯÞÐÓÓɯÚÓÐÎÏÛÓàɯËÌ-ÊÙÌÈÚÌȭɯ-ÖÛÈÉÓàȮɯÈÊÊÖÙËÐÕÎɯÛÖɯÈɯÚÛÌÌ×ÌÙɯÙÈÛÌɯÖÍɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯ ÐÕÊÙÌÈÚÌɯ ÉÌÛÞÌÌÕɯ ƖƔƕƔɯ ÈÕËɯ ƖƔƚƝɯ ÛÏÌɯ ÐÕÊÙÌÈÚÌɯ ÐÕɯ ÉÐÖÔÈÚÚɯ

×ÙÖËÜÊÛÐÖÕɯÖÍɯ2ÌÛÈÙÐÈɯÞÐÓÓɯÈÓÚÖɯÉÌɯÏÐÎÏÌÙɯËÜÙÐÕÎɯÛÏÈÛɯÛÐÔÌɯ×ÌÙÐÖËɯÛÏÈÕɯÐÕɯÛÏÌɯ

ÊÖÜÙÚÌɯÖÍɯÛÏÌɯÍÖÓÓÖÞÐÕÎɯËÌÊÈËÌÚɯÜÕÛÐÓɯƖƔƝƝȭɯ 
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%ÐÎÜÙÌɯƘ-Ɩȭɯ,ÖËÌÓÓÌËɯÐÕÍÓÜÌÕÊÌɯÖÍɯÐÕÊÙÌÈÚÐÕÎɯÛÌÔ×ÌÙÈÛÜÙÌÚɯÖÕɯ2ÌÛÈÙÐÈɯÈÕËɯ

ÉÙÈÊÒÌÕɯÍÖÙɯÍÜÛÜÙÌɯàÌÈÙÚȭɯȹÈȺɯ ÐÙɯÛÌÔ×ÌÙÈÛÜÙÌɯÖÍɯÛÏÌɯÙÌÚÌÈÙÊÏɯÚÐÛÌɯȹÈÛɯƖɯÔɯ

ÏÌÐÎÏÛȺɯÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯ(/""-21$2ɯ ƕ!ɯÚÊÌÕÈÙÐÖɯȹÈÝÌÙÈÎÌɯÈÕËɯÚÛÈÕËÈÙËɯ

ËÌÝÐÈÛÐÖÕɯÖÍɯƕƔɯÔÖËÌÓÚȺɯÈÕËɯȹÉȺɯÙÌÚÜÓÛÐÕÎɯÊÏÈÕÎÌÚɯȹǻɯËÐÍÍÌÙÌÕÊÌɯÉÌ-ÛÞÌÌÕɯ

ÚÊÌÕÈÙÐÖɯɬɯ×ÙÌÚÌÕÛɯËÈàɯÝÈÓÜÌÚȺɯÖÍɯÎÙÖÚÚɯ×ÏÖÛÖÚàÕÛÏÌÚÐÚɯȹ&//ȺȮɯȹÊȺɯÙÌÚ×ÐÙÈÛÐÖÕɯ

ȹÚÜÔɯÖÍɯÔÈÐÕÛÌÕÈÕÊÌɯÈÕËɯÎÙÖÞÛÏɯÙÌÚ×ÐÙÈÛÐÖÕȺȮɯÈÚɯÞÌÓÓɯÈÚɯȹËȺɯËÙàɯÔÈÛÛÌÙɯ

×ÙÖËÜÊÛÐÖÕɯÍÖÙɯ2ÖÜÛÏÌÙÕɯ!ÙÈÊÒÌÕɯÈÕËɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈȭ 
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4.3.2 Forest Dynamics after Natural Disturbance  

3ÏÌɯÚÐÔÜÓÈÛÌËɯÐÔ×ÈÊÛɯÖÍɯÓÈÕËÚÓÐËÌÚɯÐÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯ%ÐÎȭɯƘ-Ɨȭɯ.ÕɯÛÏÌɯÌÕÛÐÙÌɯÚÜÙ-

ÍÈÊÌɯÖÍɯÛÏÌɯÓÈÕËÚÓÐËÌȮɯÛÏÌɯÊÖÔ×ÓÌÛÌɯÛÙÌÌɯÉÐÖÔÈÚÚɯÐÚɯÙÌÔÖÝÌËɯÈÕËɯÙÌÔÈÐÕÚɯÓÖÞÌÙɯ

ÛÏÈÕɯÛÏÌɯÖÙÐÎÐÕÈÓɯÖÕÌɯËÜÙÐÕÎɯÛÏÌɯÍÐÙÚÛɯƙƔɯàÌÈÙÚɯÈÍÛÌÙɯÛÏÌɯÌÝÌÕÛɯȹ%ÐÎȭɯƘ-ƗÊȺȭɯ3ÏÌɯ

ÚÜÉÚÌØÜÌÕÛɯÈÊÊÜÔÜÓÈÛÐÖÕɯÖÍɯÕÌÞɯÛÙÌÌɯÉÐÖÔÈÚÚɯÐÕÐÛÐÈÓÓàɯÖÙÐÎÐÕÈÛÌÚɯÍÙÖÔɯÛÏÌɯÍÈÚÛɯ

ÎÙÖÞÐÕÎɯ×ÐÖÕÌÌÙɯÚ×ÌÊÐÌÚɯȹ/%3ɯƕɯÈÕËɯƖȺɯÞÐÛÏɯÈÕɯÐÕÊÙÌÈÚÐÕÎɯÚÏÈÙÌɯÍÙÖÔɯÔÐË-

ÚÜÊÊÌÚÚÐÖÕÈÓɯÚ×ÌÊÐÌÚɯȹ/%3ɯƗɯÈÕËɯƘȺɯÈÕËɯÌÝÌÕÛÜÈÓÓàɯÈÓÚÖɯÍÙÖÔɯÚÓÖÞɯÎÙÖÞÐÕÎɯ

Ú×ÌÊÐÌÚɯȹ/%3ɯƙȮɯƚɯÈÕËɯƛȺȭɯ ÍÛÌÙɯƛƙɯàÌÈÙÚȮɯÛÏÌɯÖÝÌÙÈÓÓɯÉÐÖÔÈÚÚɯÈÛÛÈÐÕÚɯÈɯÊÓÖÚÌɯÛÖɯ

×ÙÌ-ËÐÚÛÜÙÉÈÕÊÌɯÓÌÝÌÓȮɯÉÜÛɯÌÝÌÕɯÈÍÛÌÙɯƕƙƔɯàÌÈÙÚɯÛÏÌɯÊÖÔ×ÖÚÐÛÐÖÕɯÖÍɯÛÏÌɯËÐÍÍÌÙÌÕÛɯ

×ÓÈÕÛɯÍÜÕÊÛÐÖÕÈÓɯÛà×ÌÚɯÐÚɯÉÐÈÚÌËɯÛÖÞÈÙËÚɯÍÈÚÛɯÎÙÖÞÐÕÎɯÛÙÌÌɯÚ×ÌÊÐÌÚȭɯ(ÛɯÛÈÒÌÚɯ

ÈÙÖÜÕËɯ ƗƙƔɯ àÌÈÙÚȮɯ ÜÕÛÐÓɯ ÈÓÓɯ Ú×ÌÊÐÌÚɯ ÎÙÖÜ×Úɯ ÙÌÈÊÏɯ ÛÏÌÐÙɯ ÔÈÛÜÙÌɯ ÉÐÖÔÈÚÚȭɯ

(ÕÛÌÙÌÚÛÐÕÎÓàȮɯÌÝÌÕɯÐÕɯÛÏÌɯÔÈÛÜÙÌɯÙÐËÎÌɯÍÖÙÌÚÛȮɯÛÏÌɯÍÈÚÛɯÎÙÖÞÐÕÎɯÚ×ÌÊÐÌÚɯȹ/%3ɯƕɯ

ÈÕËɯƖȺɯÈÊÊÖÜÕÛɯÍÖÙɯÈɯÔÈÑÖÙɯÚÏÈÙÌɯÖÍɯÛÙÌÌɯÉÐÖÔÈÚÚɯÞÏÐÊÏɯÔÐÎÏÛɯÉÌɯÈÛÛÙÐÉÜÛÌËɯÛÖɯ

ÈɯÎÌÕÌÙÈÓÓàɯÏÐÎÏɯÍÙÌØÜÌÕÊàɯÖÍɯËÐÚÛÜÙÉÈÕÊÌÚɯÈÕËɯ×ÖÖÙɯÌËÈ×ÏÐÊɯÊÖÕËÐÛÐÖÕÚɯÛÏÈÛɯ

×ÙÌÝÌÕÛɯÈɯËÖÔÐÕÈÕÊÌɯÖÍɯÓÈÛÌɯÚÜÊÊÌÚÚÐÖÕÈÓɯÚ×ÌÊÐÌÚȭɯɯ 

 



 

ƝƜ 

 

 

%ÐÎÜÙÌɯƘ-Ɨȭɯ2ÐÔÜÓÈÛÌËɯÐÔ×ÈÊÛɯÖÍɯÓÈÕËÚÓÐËÌÚɯÖÕɯÛÏÌɯÍÖÙÌÚÛȭɯȹÈȺȯɯ5ÐÚÜÈÓÐÚÈÛÐÖÕɯ

ÖÍɯÛÏÌɯÍÖÙÌÚÛɯÔÖËÌÓɯȹÈÙÌÈɯƕɯÏÈȺɯÞÐÛÏɯÙÌÊÌÕÛɯÓÈÕËÚÓÐËÌɯËÐÚÛÜÙÉÈÕÊÌɯȹÊÍȭɯ#ÐÚÓÐÊÏɯ

ÈÕËɯ'ÜÛÏɯƖƔƕƖȮɯ%ÐÎȭɯƕȺȭɯȹÉȺȯɯ/ÏÖÛÖÎÙÈ×ÏɯÖÍɯÛÏÌɯ1!2%ɯÍÖÙÌÚÛɯÞÐÛÏɯÚÌÝÌÙÈÓɯ

ÝÐÚÐÉÓÌɯÛÙÈÊÌÚɯÖÍɯÓÈÕËÚÓÐËÌÚȭɯȹÊȺȯɯ2ÐÔÜÓÈÛÌËɯÈÊÊÜÔÜÓÈÛÐÖÕɯÖÍɯÈÉÖÝÌ-ÎÙÖÜÕËɯ

ÛÙÌÌɯÉÐÖÔÈÚÚɯÈÍÛÌÙɯÓÈÕËÚÓÐËÌɯËÐÚÛÜÙÉÈÕÊÌɯÍÙÖÔɯËÐÍÍÌÙÌÕÛɯ×ÓÈÕÛɯÍÜÕÊÛÐÖÕÈÓɯ

Ûà×ÌÚɯ ȹ/%3Ⱥȭɯ ȹËȺȯɯ  ÉÖÝÌÎÙÖÜÕËɯ ÛÙÌÌɯ ÉÐÖÔÈÚÚɯ ÜÕËÌÙɯ ËÐÍÍÌÙÌÕÛɯ ÓÈÕËÚÓÐËÌɯ

ÍÙÌØÜÌÕÊÐÌÚɯȹÊÜÙÙÌÕÛɯÓÈÕËÚÓÐËÌɯÍÙÌØÜÌÕÊàɯÐÚɯƔȭƔƖɯÏÈ-ƕɯàÌÈÙ-ƕȺȭɯ ÓÓɯÚÐÔÜÓÈÛÐÖÕɯ

ÙÜÕÚɯÈ××ÓàɯÈɯÙÌËÜÊÌËɯÎÙÖÞÛÏɯÙÈÛÌɯÖÍɯÛÙÌÌÚɯÖÕɯÓÈÕËÚÓÐËÌ-ËÐÚÛÜÙÉÌËɯÈÙÌÈÚɯËÜÌɯ

ÛÖɯÕÜÛÙÐÌÕÛɯÓÐÔÐÛÈÛÐÖÕȭɯ3ÏÌɯÍÜÕÊÛÐÖÕÈÓɯÛà×ÌÚɯÖÍɯÛÏÌɯÛÙÌÌ-Ú×ÌÊÐÌÚɯÈÙÌɯÊÓÈÚÚÐÍÐÌËɯ

ÈÚȯɯÍÈÚÛ-ÎÙÖÞÐÕÎɯ×ÐÖÕÌÌÙɯÚ×ÌÊÐÌÚɯȹ/%3ɯƕɯÈÕËɯƖȮɯÎÙÌÌÕȺȮɯÔÐË-ÚÜÊÊÌÚÚÐÖÕÈÓɯ

Ú×ÌÊÐÌÚɯȹ/%3ɯƗɯÈÕËɯƘȮɯÉÓÜÌȺȮɯÚÓÖÞɯÎÙÖÞÐÕÎɯÚ×ÌÊÐÌÚɯȹ/%3ɯƙȮɯƚɯÈÕËɯƛȮɯÖÙÈÕÎÌɯ

ÈÕËɯÙÌËȺȭ 

.Õɯ ÛÏÌɯ ÓÈÕËÚÊÈ×Ìɯ ÓÌÝÌÓȮɯ ÓÈÕËÚÓÐËÌÚɯ ÐÕÊÙÌÈÚÌɯ ÛÏÌɯ ÏÌÛÌÙÖÎÌÕÌÐÛàɯÖÍɯ ÉÐÖÔÈÚÚɯ

ËÐÚÛÙÐÉÜÛÐÖÕɯÈÕËɯÛÏÌÙÌÍÖÙÌɯÐÕÊÙÌÈÚÌɯÓÈÕËÚÊÈ×ÌɯÏÌÛÌÙÖÎÌÕÌÐÛàɯÉàɯÊÙÌÈÛÐÕÎɯ Èɯ

ÔÖÚÈÐÊɯ ÓÈÕË-ÚÊÈ×Ìɯ ÚÛÙÜÊÛÜÙÌɯ ÊÖÕÚÐÚÛÐÕÎɯ ÖÍɯ ÍÖÙÌÚÛɯ ×ÈÛÊÏÌÚɯ ÞÐÛÏɯ ËÐÍÍÌÙÌÕÛɯ

ÚÜÊÊÌÚÚÐÖÕÈÓɯÚÛÈÎÌÚɯȹ8ÈÔÈÔÖÛÖɯÌÛɯÈÓȭɯƕƝƝƙȮɯ&ÌÌÙÛÚÌÔÈɯÈÕËɯ/ÖÑÈÙɯƖƔƔƛȺȭɯ3ÏÌɯ

ÚÐÔÜÓÈÛÐÖÕɯÌß×ÌÙÐÔÌÕÛɯËÌÔÖÕÚÛÙÈÛÌÚɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÓÈÕËÚÓÐËÌÚɯÖÕɯÈÉÖÝÌÎÙÖÜÕËɯ

ÊÈÙÉÖÕɯÚÛÖÊÒÚɯ ÐÕɯÛÏÌɯ 1!2%ɯÍÖÙÌÚÛɯÌÊÖÚàÚÛÌÔȭɯ ××ÓàÐÕÎɯ ÈɯÙÌÈÓÐÚÛÐÊɯÊÜÙÙÌÕÛɯ

ÓÈÕËÚÓÐËÌɯÍÙÌØÜÌÕÊàɯȹƔȭƔƖɯÓÈÕËÚÓÐËÌÚɯ×ÌÙɯÏÌÊÛÈÙÌɯÈÕËɯàÌÈÙȺɯÈÕËɯÓÈÕËÚÓÐËÌɯÚÐáÌɯ

ËÐÚÛÙÐÉÜÛÐÖÕɯ ÞÏÐÊÏɯ ÞÌÙÌɯ ËÌÙÐÝÌËɯ ÍÙÖÔɯ ÈÌÙÐÈÓɯ ×ÏÖÛÖÎÙÈ×ÏÚȮɯ ÛÏÌɯ ÈÝÌÙÈÎÌɯ

ÈÉÖÝÌÎÙÖÜÕËɯÛÙÌÌɯÉÐÖÔÈÚÚɯÐÚɯ×ÙÌËÐÊÛÌËɯÈÚɯƝƘɯÛÖÕÚɯ×ÌÙɯÏÌÊÛÈÙÌɯȹ%ÐÎȭɯƘ-ƗËȺȭɯ Õɯ

ÐÕÊÙÌÈÚÌɯ ÖÍɯ ÛÏÌɯ ÊÜÙÙÌÕÛɯ ÓÈÕËÚÓÐËÌɯ ÍÙÌØÜÌÕÊàɯ ÍÖÓÓÖÞÐÕÎɯ ÈÕɯ ÐÕÊÙÌÈÚÌɯ ÖÍɯ

×ÙÌÊÐ×ÐÛÈÛÐÖÕɯÙÌËÜÊÌÚɯÛÏÌɯÈÉÖÝÌÎÙÖÜÕËɯÊÈÙÉÖÕɯÚÛÖÊÒÚɯÊÖÕÚÐËÌÙÈÉÓàɯɬɯËÖÜÉÓÐÕÎɯ



 

ƝƝ 

 

ÖÙɯÌÝÌÕɯØÜÈËÙÜ×ÓÐÊÈÛÐÕÎɯÛÏÌɯÊÜÙÙÌÕÛɯÓÈÕËÚÓÐËÌɯÍÙÌØÜÌÕÊàɯÞÖÜÓËɯÙÌÚÜÓÛɯÐÕɯƕƖǔɯ

ÖÙɯƗƛǔɯÓÌÚÚɯÛÙÌÌɯÉÐÖÔÈÚÚȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ(ÕɯÛÏÌɯÖ××ÖÚÐÛÌɯÊÈÚÌɯÖÍɯËÐÔÐÕÐÚÏÐÕÎɯ

ÓÈÕËÚÓÐËÌɯÍÙÌØÜÌÕÊÐÌÚȮɯÛÏÌɯÜ××ÌÙɯÓÐÔÐÛɯÖÍɯÛÙÌÌɯÉÐÖÔÈÚÚɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÈÚɯƕƕƛɯ

ÛÖÕÚɯ ×ÌÙɯ ÏÌÊÛÈÙÌȮɯ ÙÌ×ÙÌÚÌÕÛÐÕÎɯ Èɯ Ɩƙǔɯ ÐÕÊÙÌÈÚÌɯ ÊÖÔ×ÈÙÌËɯ ÛÖɯ ÛÏÌɯ ÊÜÙÙÌÕÛɯ

ÉÐÖÔÈÚÚȭɯ#Ì-×ÌÕËÐÕÎɯÖÕɯÛÏÌɯÓÈÕËÚÓÐËÌɯÍÙÌØÜÌÕÊàɯÛÏÌɯÔÖËÌÓɯ×ÙÌËÐÊÛÚɯÊÏÈÕÎÌÚɯ

ÐÕɯÛÏÌɯÊÖÔÔÜÕÐÛàɯÊÖÔ×ÖÚÐÛÐÖÕȭɯ6ÐÛÏɯÐÕÊÙÌÈÚÐÕÎɯËÐÚÛÜÙÉÈÕÊÌɯÍÙÌØÜÌÕÊàȮɯÛÏÌɯ

ÙÌÓÈÛÐÝÌɯÈÉÜÕËÈÕÊÌɯÖÍɯÍÈÚÛɯÎÙÖÞÐÕÎɯ×ÐÖÕÌÌÙɯÛÙÌÌɯÚ×ÌÊÐÌÚɯȹ/%3ɯƕɯÈÕËɯƖȺɯÚÓÐÎÏÛÓàɯ

ÐÕÊÙÌÈÚÌÚɯÈÛɯÛÏÌɯÊÖÚÛɯÖÍɯÚÓÖÞɯÎÙÖÞÐÕÎɯÚ×ÌÊÐÌÚɯȹ/%3ɯƙȮɯƚɯÈÕËɯƛȺȭ 

The influence of landslide disturbances on forest productivity is 

ambiguous ɬ 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  

3ÏÌɯ×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯÛÏÌɯ"Ƙ-×ÈÚÛÜÙÌɯÎÙÈÚÚɯ2ÌÛÈÙÐÈɯÜÕËÌÙɯÊÜÙÙÌÕÛɯËÈàɯÛÏÌÙÔÈÓɯ

ÊÖÕËÐÛÐÖÕÚɯÖÍɯÛÏÌɯÙÌÚÌÈÙÊÏɯÈÙÌÈɯÚÏÖÞÚɯÛÏÈÛɯÛÏÌɯÎÙÈÚÚɯÐÚɯÕÖÛɯÖ×ÛÐÔÈÓÓàɯÈËÈ×ÛÌËɯ

ÍÖÙɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÖÕɯÞÐÛÏɯÛÏÌɯ"Ɨ-ÉÙÈÊÒÌÕɯÍÌÙÕȭɯ"ÜÙÙÌÕÛÓàȮɯ2ÌÛÈÙÐÈɯÐÚɯÚÛÙÐÝÐÕÎɯ

ÊÓÖÚÌɯÛÖɯÛÏÌɯÛÏÌÙÔÈÓɯÛÜÙÕÐÕÎɯ×ÖÐÕÛɯÛÖÞÈÙËÚɯÈɯÉÌÛÛÌÙɯÊÖÔ×ÌÛÐÛÐÝÌɯÚÛÙÌÕÎÛÏɯÐÕɯ

ÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÉÙÈÊÒÌÕɯÞÏÐÊÏɯÐÚɯËÖÐÕÎɯÝÌÙàɯÞÌÓÓȭɯ/ÓÈÕÛÐÕÎɯÈɯ"Ɨ-ÎÙÈÚÚɯÐÕÚÛÌÈËɯ

ÖÍɯ2ÌÛÈÙÐÈɯÞÖÜÓËɯ×ÖÚÚÐÉÓàɯÐÔ×ÙÖÝÌɯ×ÈÚÛÜÙÌɯàÐÌÓËÚȮɯÈÚɯÓÖÕÎɯÈÚɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯ

ȹÈÕËɯÖÛÏÌÙɯÊÓÐÔÈÛÌɯÝÈÙÐÈÉÓÌÚɯÞÐÓÓɯÙÌÔÈÐÕɯÛÏÌɯÚÈÔÌȭɯ6ÐÛÏɯÛÏÌɯÌß×ÌÊÛÌËɯÐÕÊÙÌÈÚÌɯ

ÐÕɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÐÛÏÖÜÛɯÚÐÎÕÐÍÐÊÈÕÛɯËÌÊÙÌÈÚÌɯÐÕɯÏÜÔÐËÐÛàȮɯÏÖÞÌÝÌÙȮɯÛÏÌɯÎÙÖÞÛÏɯ

×ÖÛÌÕÛÐÈÓɯÖÍɯÛÏÌɯ"Ƙ-ÎÙÈÚÚɯÞÐÓÓɯÚÛÌÈËÐÓàɯÐÕÊÙÌÈÚÌȭɯ1ÌÎÈÙËÐÕÎɯÛÖɯÚÜ××ÖÙÛÐÕÎɯÈÕËɯ

ÙÌÎÜÓÈÛÐÕÎɯÚÌÙÝÐÊÌÚȮɯÛÏÐÚɯÔÌÈÕÚɯÛÏÈÛɯÎÓÖÉÈÓɯÞÈÙÔÐÕÎɯÞÐÓÓɯÍÖÚÛÌÙɯÛÏÌɯÎÙÖÞÛÏɯÖÍɯ

ÛÏÌɯ ×ÈÚÛÜÙÌɯ ÎÙÈÚÚȮɯ ÓÌÈËÐÕÎɯ ÛÖɯ ÈÕɯ ÌÕÏÈÕÊÌËɯ ÊÈÙÉÖÕɯ ÚÌØÜÌÚÛÙÈÛÐÖÕɯ Éàɯ ÛÏÌɯ

×ÈÚÛÜÙÌÚȭɯ  ËËÐÛÐÖÕÈÓÓàȮɯ ÛÏÌɯ ÎÙÖÞÛÏɯ ÈËÝÈÕÛÈÎÌɯ ÖÍɯ2ÌÛÈÙÐÈɯÞÐÓÓɯ ÐÕËÜÊÌɯ ÈÕɯ

ÐÕÊÙÌÈÚÌɯ ÖÍɯ ÐÛÚɯ ÊÖÔ×ÌÛÐÛÐÝÌɯ ÚÛÙÌÕÎÛÏɯ ÈÎÈÐÕÚÛɯ ÛÏÌɯ 2ÖÜÛÏÌÙÕɯ !ÙÈÊÒÌÕɯ ÞÏÐÊÏɯ

ÚÏÖÜÓËɯÍÈÊÐÓÐÛÈÛÌɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛȮɯ×ÈÙÛÐÊÜÓÈÙÓàɯÉÙÈÊÒÌÕɯÊÖÕÛÙÖÓȭɯɯɯ 

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). 



 

ƕƔƔ 

 

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 t aken 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 composition. 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 of understanding future regulations of 

important ecosystem services like carbon sequestration and carbon storage 

capacity in tropical mountain forests.  

 ÊÒÕÖÞÓÌËÎÔÌÕÛÚɯ 

3ÏÌɯÈÜÛÏÖÙÚɯÈÙÌɯÐÕËÌÉÛÌËɯÛÖɯÛÏÌɯ&ÌÙÔÈÕɯ1ÌÚÌÈÙÊÏɯ%ÖÜÕËÈÛÐÖÕɯȹ#%&ȺɯÍÖÙɯ

ÍÜÕËÐÕÎɯÛÏÌɯ1ÌÚÌÈÙÊÏɯ4ÕÐÛɯƜƕƚɯȹ×ÙÖÑÌÊÛÚɯ!$ɯƕƛƜƔɤƕƚ-ƖȮɯ!$ɯƘƛƗɤƗƜ-ƕȮɯ'ÜɯƛƘƕɤƘ-ƖȮɯ

2"'$ɯƖƕƛɤƕƘ-ƖɯÈÕËɯ2"'1ƕƔƔƔɤƘ-ƕȺȭɯ3ÏÌɯÍÐÙÚÛɯÈÜÛÏÖÙɯ!ȭɯ2ÐÓÝÈɯÞÖÜÓËɯÓÐÒÌɯÛÖɯ

ÛÏÈÕÒɯ ÛÏÌɯ !ÙÈáÐÓÐÈÕɯ "ÖÜÕÊÐÓɯ ÖÍɯ 3ÌÊÏÕÖÓÖÎÐÊÈÓɯ ÈÕËɯ 2ÊÐÌÕÛÐÍÐÊɯ #ÌÝÌÓÖ×ÔÌÕÛɯ

ȹ"-/ØȺɯÍÖÙɯÙÌÚÌÈÙÊÏɯÎÙÈÕÛÚɯȹ&#$ɯƖƝƔƔƗƗɤƖƔƔƛ-ƕȺȭɯ6ÌɯÛÏÈÕÒɯ1ĹÛÎÌÙɯ1ÖÓÓÌÕÉÌÊÒɯ

ȹ4ÕÐÝȭɯ,ÈÙÉÜÙÎȺɯÈÕËɯ-ÐÊÖÓÈÚɯ*ġÕÐÎɯȹ4ÕÐÝȭɯÖÍɯ.ÚÕÈÉÙĹÊÒȺɯÍÖÙɯÛÏÌÐÙɯÏÌÓ×ɯÐÕɯÛÏÌɯ

ÍÐÌÓËɯÌß×ÌÙÐÔÌÕÛÚɯÖÕɯÛÏÌɯ×ÈÚÛÜÙÌÚȭɯ 
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5. +ÖÞ-ÈÓÛÐÛÜËÌȮɯÊÖÚÛ-ÌÍÍÌÊÛÐÝÌɯÈÌÙÐÈÓɯ

×ÏÖÛÖÎÙÈ×ÏàɯÖÍɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯ

ÎÙÈÚÚÓÈÕËɯÚ×ÌÊÐÌÚ 

 

!ÙÌÕÕÌÙɯ2ÐÓÝÈƕȮɯ+ȭɯ+ÌÏÕÌÙÛƕȮɯ*ȭɯ1ÖÖÚƖȮɯ ȭɯ%ÙÐÌÚƗȮɯ1ȭɯ1ÖÓÓÌÕÉÌÊÒƕȮɯ$ȭɯ!ÌÊÒƖȮɯÈÕËɯ)ȭɯ

!ÌÕËÐßƕ 
ƕɯ#Ì×ÈÙÛÔÌÕÛɯÖÍɯ&ÌÖÎÙÈ×ÏàȮɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ,ÈÙÉÜÙÎȮɯ&ÌÙÔÈÕà 

Ɩɯ!ÈàÙÌÜÛÏɯ"ÌÕÛÙÌɯÖÍɯ$ÊÖÓÖÎàɯÈÕËɯ$ÕÝÐÙÖÕÔÌÕÛÈÓɯ1ÌÚÌÈÙÊÏȮɯ&ÌÙÔÈÕà 
Ɨɯɯ3ÌÊÏÕÐÊÈÓɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ+ÖÑÈȮɯ$ÊÜÈËÖÙ 

 

2ÜÉÔÐÛÛÌËɯÛÖɯ($$$-)ÖÜÙÕÈÓɯÖÍɯ2ÌÓÌÊÛÌËɯ3Ö×ÐÊÚɯÐÕɯ ××ÓÐÌËɯ$ÈÙÛÏɯ.ÉÚÌÙÝÈÛÐÖÕÚɯÈÕËɯ

1ÌÔÖÛÌɯ2ÌÕÚÐÕÎ 

 

 ÉÚÛÙÈÊÛɯ 

 ɯÊÖÚÛ-ÌÍÍÌÊÛÐÝÌɯÈ××ÙÖÈÊÏɯÜÚÐÕÎɯÓÖÞ-ÈÓÛÐÛÜËÌɯÙÌÔÖÛÌɯÚÌÕÚÐÕÎɯÈÕËɯÓÌÈÍɯÈÙÌÈɯ

ÔÌÈÚÜÙÌÔÌÕÛÚɯÞÈÚɯËÌÝÌÓÖ×ÌËɯÍÖÙɯÔÖÕÐÛÖÙÐÕÎɯÛÏÌɯ×ÖÚÛ-ÍÐÙÌɯÊÈÕÖ×àɯÙÌÊÖÝÌÙàɯÖÍɯ

ÛÞÖɯÊÖÔ×ÌÛÐÕÎɯÎÙÈÚÚÓÈÕËɯÚ×ÌÊÐÌÚɯÐÕɯÈÕɯÌß×ÌÙÐÔÌÕÛÈÓɯ×ÓÖÛȭɯ ɯÛÌÛÏÌÙÌËɯÉÈÓÓÖÖÕɯ

ÞÐÛÏɯÈɯËÐÎÐÛÈÓɯÊÈÔÌÙÈɯÞÈÚɯËÌ×ÓÖàÌËɯÛÖɯÙÌÊÖÙËɯÈɯÛÐÔÌ-ÚÌÙÐÌÚɯÖÍɯÝÌÙàɯÏÐÎÏ-

ÙÌÚÖÓÜÛÐÖÕɯ×ÏÖÛÖÚɯÖÍɯÛÏÌɯÛÞÖɯÚ×ÌÊÐÌÚɯÊÖÝÌÙÐÕÎɯÛÏÌɯ×ÓÖÛȯɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȮɯ

2ÌÛÈÙÐÈɯ Ú×ÏÈÊÌÓÈÛÈȰɯ ÈÕËɯ ÛÏÌɯ ÈÎÎÙÌÚÚÐÝÌɯ ÚÖÜÛÏÌÙÕɯ ÉÙÈÊÒÌÕȮɯ/ÛÌÙÐËÐÜÔɯ

ÈÙÈÊÏÕÖÐËÌÜÔȭɯ(ÔÈÎÌɯ×ÙÖÊÌÚÚÐÕÎɯÛÌÊÏÕÐØÜÌÚɯÞÌÙÌɯÊÖÔÉÐÕÌËɯÛÖɯÚÖÓÝÌɯÎÌÖÔÌÛÙÐÊɯ

ÐÚÚÜÌÚɯÈÕËɯÊÖÕÚÛÙÜÊÛɯØÜÈÓÐÛàɯÔÖÚÈÐÊÚɯÍÖÙɯÐÔÈÎÌɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕȭɯ ɯÊÜÚÛÖÔÐÚÌËɯ

ÈÜÛÖÔÈÛÐÊɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕȮɯÉÈÚÌËɯÖÕɯÎÌÖÔÌÛÙÐÊɯÈÕËɯÛÌßÛÜÙÈÓɯÍÌÈÛÜÙÌÚɯÖÍɯÐÔÈÎÌɯ

ÚÌÎÔÌÕÛÚȮɯÚÏÖÞÌËɯ×ÙÖÔÐÚÐÕÎɯÙÌÚÜÓÛÚɯÍÖÙɯËÌÛÌÊÛÐÕÎɯÛÏÌɯÐÕÝÈÚÐÝÌɯÉÙÈÊÒÌÕɯÍÌÙÕɯÐÕɯ

2ÌÛÈÙÐÈɯ×ÈÚÛÜÙÌÚȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÈÓÓÖÔÌÛÙÐÊɯÍÜÕÊÛÐÖÕÚɯÞÌÙÌɯÜÚÌËɯÛÖɯÊÖÕÝÌÙÛɯÛÏÌɯ

×ÙÖÑÌÊÛÌËɯ ÊÖÝÌÙɯ ÐÕÛÖɯ Ú×ÌÊÐÌÚ-Ú×ÌÊÐÍÐÊɯ ÔÈ×Úɯ ÖÍɯ ÛÏÌɯ ÓÌÈÍɯ ÈÙÌÈɯ ÐÕËÌßȭɯ 3ÏÌɯ

ËÌÝÌÓÖ×ÌËɯ ÔÌÛÏÖËɯ ÊÖÕÚÛÐÛÜÛÌÚɯ ÈÕɯ ÐÔ×ÖÙÛÈÕÛɯ ÈÕËɯ ÈÊÊÌÚÚÐÉÓÌɯ ÛÖÖÓɯ ÍÖÙɯ ÉÖÛÏɯ

ÌÊÖÓÖÎÐÊÈÓɯÐÕÝÌÚÛÐÎÈÛÐÖÕɯÖÍɯÊÖÔ×ÌÛÐÕÎɯÚ×ÌÊÐÌÚɯÐÕɯ×ÈÚÛÜÙÌɯÈÕËɯÝÈÓÐËÈÛÐÖÕɯÖÍɯ

ÙÌÔÖÛÌɯÚÌÕÚÐÕÎɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÔÖÜÕÛÈÐÕɯÌÕÝÐÙÖÕÔÌÕÛȭ 
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5.1 Introduction  

3ÏÌɯ ÕËÌÚɯÐÕɯÚÖÜÛÏÌÙÕɯ$ÊÜÈËÖÙɯÈÙÌɯÈɯÎÓÖÉÈÓɯÏÖÛÚ×ÖÛɯÖÍɯÉÐÖËÐÝÌÙÚÐÛàɯȻƕȼȮɯÈÚɯÐÚɯ

ÛÏÌɯ1ÐÖɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯÝÈÓÓÌàȮɯÞÏÐÊÏɯÉÙÌÈÊÏÌÚɯÛÏÌɯÌÈÚÛÌÙÕɯ ÕËÌÈÕɯÊÖÙËÐÓÓÌÙÈȮɯ

ÊÖÕÕÌÊÛÐÕÎɯÛÏÌɯ×ÙÖÝÐÕÊÐÈÓɯÊÈ×ÐÛÈÓÚɯÖÍɯ+ÖÑÈɯÈÕËɯ9ÈÔÖÙÈɯȻƖȼȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯÏÐÎÏɯ

ÉÐÖËÐÝÌÙÚÐÛàɯÏÈÙÉÖÜÙÌËɯÉàɯÛÏÌɯÕÈÛÜÙÈÓɯÔÖÜÕÛÈÐÕɯÙÈÐÕɯÍÖÙÌÚÛɯÐÚɯÛÏÙÌÈÛÌÕÌËɯÉàɯ

ÏÜÔÈÕɯÈÊÛÐÝÐÛÐÌÚȮɯÐÕɯ×ÈÙÛÐÊÜÓÈÙɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÖÍɯÍÖÙÌÚÛɯÛÖɯ×ÈÚÛÜÙÌȭɯ2ÈÛÌÓÓÐÛÌɯ

ÐÔÈÎÌɯÐÕÛÌÙ×ÙÌÛÈÛÐÖÕɯÏÈÚɯÙÌÝÌÈÓÌËɯÛÏÈÛɯÛÏÐÚɯ×ÙÖÉÓÌÔɯÐÚɯÌÚ×ÌÊÐÈÓÓàɯÌÝÐËÌÕÛɯÖÕɯ

ÛÏÌɯÓÖÞÌÙɯÚÓÖ×ÌÚɯÖÍɯÜÕ×ÙÖÛÌÊÛÌËɯÍÖÙÌÚÛɯÈÙÌÈÚɯÊÓÖÚÌɯÛÖɯÛÏÌɯÔÈÐÕɯ+ÖÑÈ-9ÈÔÖÙÈɯ

ÊÖÕÕÌÊÛÐÖÕɯÙÖÈËɯȻƗȼȭɯ.ÕɯÛÏÌɯÊÓÌÈÙÌËɯÚÓÖ×ÌÚȮɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȮɯ2ÌÛÈÙÐÈɯÚ×ÏÈÊÌÓÈÛÈȮɯ

ÐÚɯ ×ÓÈÕÛÌËɯ Éàɯ ÛÏÌɯ ÓÖÊÈÓɯ ÍÈÙÔÌÙÚȭɯ 4ÕÍÖÙÛÜÕÈÛÌÓàȮɯ ÈÕɯ ÈÎÎÙÌÚÚÐÝÌɯ ÞÌÌËȮɯ ÛÏÌɯ

ÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯÍÌÙÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺȮɯÐÚɯÐÕÝÈËÐÕÎɯÛÏÌɯ×ÈÚÛÜÙÌÚɯÈÍÛÌÙɯ

ÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎȮɯÞÏÐÊÏɯÐÚɯÛÏÌɯ×ÙÐÔÈÙàɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛɯÔÌÛÏÖËɯÖÍɯÛÏÌɯ

ÓÖÊÈÓɯ×Ö×ÜÓÈÛÐÖÕȭɯ!ÙÈÊÒÌÕɯÖÜÛÊÖÔ×ÌÛÌÚɯÛÏÌɯ×ÈÚÛÜÙÌɯÎÙÈÚÚȮɯÈÕËɯÛÏÌɯ×ÈÚÛÜÙÌÚɯÈÙÌɯ

ÈÉÈÕËÖÕÌËȮɯÞÏÐÊÏɯÐÕÊÙÌÈÚÌÚɯÛÏÌɯ×ÙÌÚÚÜÙÌɯÛÖɯÊÓÌÈÙɯÔÖÙÌɯÖÍɯÛÏÌɯÕÈÛÜÙÈÓɯÍÖÙÌÚÛɯ

ȻƘȼȭɯ ɯÕÜÔÌÙÐÊÈÓɯÎÙÖÞÛÏɯÔÖËÌÓɯÍÖÙɯÉÖÛÏɯÚ×ÌÊÐÌÚɯÞÈÚɯËÌÝÌÓÖ×ÌËɯÛÖɯËÌÛÌÙÔÐÕÌɯ

ÛÏÌɯÔÌÊÏÈÕÐÚÔɯÍÖÙɯÛÏÌɯÊÖÔ×ÌÛÐÛÐÝÌɯËÖÔÐÕÈÕÊÌɯÖÍɯÉÙÈÊÒÌÕɯȻƙȼȮȻƚȼȭɯ'ÖÞÌÝÌÙȮɯÛÖɯ

ÜÕËÌÙÚÛÈÕËɯÛÏÌɯÚ×ÈÛÐÈÓɯÚ×ÙÌÈËɯÖÍɯÉÙÈÊÒÌÕɯÖÝÌÙɯÛÐÔÌɯÈÕËɯÚ×ÈÛÐÈÓÓàɯÝÈÓÐËÈÛÌɯÛÏÌɯ

ÙÌÚÜÓÛÚɯÖÍɯÛÏÌɯÎÙÖÞÛÏɯÔÖËÌÓȮɯÈÕɯÌÍÍÌÊÛÐÝÌɯÛÖÖÓɯÐÚɯÙÌØÜÐÙÌËɯÛÖɯÔÈ×ɯÛÏÌɯÉÙÈÊÒÌÕɯ

ÈÕËɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯÊÖÝÌÙÈÎÌɯȹÌȭÎȭȮɯÐÕɯÛÌÙÔÚɯÖÍɯÛÏÌɯÍÖÓÐÈÎÌɯ×ÙÖÑÌÊÛÐÝÌɯÊÖÝÌÙȺȭɯ3ÏÐÚɯ

ÛÖÖÓɯ ÔÜÚÛɯ ÉÌɯ ÈËÈ×ÛÌËɯ ÛÖɯ ÛÏÌɯ ËÐÍÍÐÊÜÓÛɯ ÊÖÕËÐÛÐÖÕÚɯ ÖÍɯ Èɯ ÙÌÔÖÛÌȮɯ ×ÈÙÛÓàɯ

ÐÕÈÊÊÌÚÚÐÉÓÌɯÈÕËɯÚÛÌÌ×ɯÏÐÎÏ-ÔÖÜÕÛÈÐÕɯÈÙÌÈȭɯ2ÈÛÌÓÓÐÛÌɯÙÌÔÖÛÌɯÚÌÕÚÐÕÎɯÔÐÎÏÛɯÉÌɯ

ÈÕɯÖ×ÛÐÖÕȮɯÉÜÛɯÚ×ÈÛÐÈÓɯÈÕËɯÛÌÔ×ÖÙÈÓɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯÛÏÌɯÊÜÙÙÌÕÛɯÖ×ÌÙÈÛÐÖÕÈÓɯ

ÚÌÕÚÖÙÚɯȹÌȭÎȭȮɯ0ÜÐÊÒÉÐÙËȺɯÐÚɯÕÖÛɯÚÜÍÍÐÊÐÌÕÛɯÛÖɯËÌÓÐÕÌÈÛÌɯÛÏÌɯÛÞÖɯÊÖÔ×ÌÛÐÕÎɯ

Ú×ÌÊÐÌÚɯÈÕËɯÛÏÌɯÓÖÊÈÓɯÊÓÖÜËɯÍÙÌØÜÌÕÊàɯȹǿƜƔǔȺɯȻƛȼɯÚÌÝÌÙÌÓàɯÊÖÔ×ÓÐÊÈÛÌÚɯÐÔÈÎÌɯ

ÈÊØÜÐÚÐÛÐÖÕɯÍÙÖÔɯÚ×ÈÊÌȭ 

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 either 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 
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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 t rees 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 fine-scale 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 lowɬlevel, Gabor waveletsɬbased feature 

extraction technique with  a neural networkɬbased 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 lea f mass and reflectance in the red, blue, and near-infrared 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 near-infrared (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 re-growth 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 

species-specific 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 LAI 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 

3ÏÌɯÊÜÙÙÌÕÛɯ×ÙÖÑÌÊÛɯÞÈÚɯÊÖÕËÜÊÛÌËɯÐÕɯÛÏÌɯÍÙÈÔÌÞÖÙÒɯÖÍɯÈÕɯÐÕÛÌÙËÐÚÊÐ×ÓÐÕÈÙàȮɯ

ÌÊÖÓÖÎÐÊÈÓɯÙÌÚÌÈÙÊÏɯ×ÙÖÑÌÊÛɯÚÐÛÜÈÛÌËɯÈÛɯÛÏÌɯÌÈÚÛÌÙÕɯÚÓÖ×ÌÚɯÖÍɯÛÏÌɯÌÈÚÛÌÙÕɯ ÕËÌÈÕɯ

ÊÖÙËÐÓÓÌÙÈɯÖÍɯÚÖÜÛÏÌÈÚÛɯ$ÊÜÈËÖÙɯÐÕɯÛÏÌɯ2ÈÕɯ%ÙÈÕÊÐÚÊÖɯ1ÐÝÌÙɯÝÈÓÓÌàɯȹ%ÐÎȭɯƙ-ƕȺɯȻƖȼȭɯ

3Öɯ ÐÕÝÌÚÛÐÎÈÛÌɯ ÛÏÌɯ ÊÖÔ×ÌÛÐÛÐÖÕɯ ÉÌÛÞÌÌÕɯ ×ÈÚÛÜÙÌɯ ÎÙÈÚÚɯ ÈÕËɯ ÉÙÈÊÒÌÕȮɯ ÈÕɯ

Ìß×ÌÙÐÔÌÕÛÈÓɯÚÐÛÌɯÞÈÚɯÌÚÛÈÉÓÐÚÏÌËɯÍÖÙɯÛÏÌɯÌÊÖÓÖÎÐÊÈÓɯÍÐÙÌɯÌß×ÌÙÐÔÌÕÛɯȹ%ÐÎȭɯƙ-ƖȺȮɯ

ÞÏÐÊÏɯÞÈÚɯÜÚÌËɯÛÖɯËÌÝÌÓÖ×ɯÛÏÌɯÓÖÞ-ÊÖÚÛɯ+ 12ɯÔÌÛÏÖËÖÓÖÎàɯ×ÙÌÚÌÕÛÌËɯÐÕɯÛÏÐÚɯ

ÞÖÙÒȭɯ3ÏÌɯ×ÓÖÛɯÐÚɯƙƔɯßɯƖƔɯÔɯÈÕËɯÏÈÚɯÈɯÚÓÖ×ÌɯÐÕÊÓÐÕÈÛÐÖÕɯÖÍɯƗƜɯËÌÎÙÌÌÚȭɯ(ÛɯÐÚɯ

ÓÖÊÈÛÌËɯÈÛɯ2ɯƗȘɯƙƜɀɯƕƜɀɀɯȹÓÈÛÐÛÜËÌȺȮɯ6ɯƛƝȘɯƘɀɯƘƙɀɀɯȹÓÖÕÎÐÛÜËÌȺɯÈÛɯƖȮƕƔƛɯÔɯÈȭÚȭÓȭȭɯ3ÏÌɯ

×ÓÖÛɯ ÐÚɯ ÔÖÚÛÓàɯ ÊÖÝÌÙÌËɯ Éàɯ ÛÏÌɯ ÊÖÔÔÖÕɯ ×ÈÚÛÜÙÌɯ ÎÙÈÚÚɯ ȹ2ÌÛÈÙÐÈɯ Ú×ÏÈÊÌÓÈÛÈȺȮɯ

×ÓÈÕÛÌËɯÐÕɯÙÖÞÚȮɯÈÕËɯÛÏÌɯÐÕÝÈÚÐÝÌɯÚÖÜÛÏÌÙÕɯÉÙÈÊÒÌÕɯȹ/ÛÌÙÐËÐÜÔɯÈÙÈÊÏÕÖÐËÌÜÔȺȭɯ

3ÏÌɯÈÙÌÈɯÞÈÚɯÊÖÔ×ÓÌÛÌÓàɯÉÜÙÕÌËɯÐÕɯ2Ì×ÛÌÔÉÌÙɯƖƔƔƜɯÈÕËɯÈÎÈÐÕɯÐÕɯ-ÖÝÌÔÉÌÙɯ

ƖƔƔƝɯÛÖɯÔÐÔÐÊɯÛÏÌɯÊÜÙÙÌÕÛɯ×ÈÚÛÜÙÌɯÔÈÕÈÎÌÔÌÕÛɯ×ÙÈÊÛÐÊÌɯÖÍɯÙÌÊÜÙÙÌÕÛɯÉÜÙÕÐÕÎɯ

ÈÕËɯÛÖɯÌÝÈÓÜÈÛÌɯÐÛÚɯÐÔ×ÈÊÛɯÖÕɯÝÌÎÌÛÈÛÐÖÕɯÚÜÊÊÌÚÚÐÖÕȭɯ6ÌɯÜÚÌËɯÛÏÌɯÉÈÓÓÖÖÕɯ

×ÓÈÛÍÖÙÔɯÛÖɯÔÖÕÐÛÖÙɯÝÌÎÌÛÈÛÐÖÕɯÚÜÊÊÌÚÚÐÖÕɯÈÍÛÌÙɯ-ÖÝÌÔÉÌÙɯƖƔƔƝȭ 
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%ÐÎÜÙÌɯƙ-ƕȭɯ2ÐÛÌɯÓÖÊÈÛÐÖÕȭ 

 

%ÐÎÜÙÌɯƙ-Ɩȭɯ$ß×ÌÙÐÔÌÕÛÈÓɯÚÌÛÜ×ȭ 
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5.3 Balloon photos and ancillary data  

 ÌÙÐÈÓɯÐÔÈÎÌÚɯÞÌÙÌɯÊÈ×ÛÜÙÌËɯÞÐÛÏɯÈɯÚÛÈÕËÈÙËɯËÐÎÐÛÈÓɯÊÈÔÌÙÈɯȹ(ßÜÚ-ƝƔȰɯ"ÈÕÖÕȮɯ

(ÕÊȭȮɯ3ÖÒàÖȮɯ)È×ÈÕȺɯÔÖÜÕÛÌËɯÖÕɯÈɯÛÌÛÏÌÙÌËȮɯƗɯÔƵɯÏÌÓÐÜÔɯÉÈÓÓÖÖÕȮɯÞÏÐÊÏɯÊÈÕɯÓÐÍÛɯ

ÈɯƕȭƗɯÒÎɯ×ÈàÓÖÈËȭɯ3ÏÌɯÊÈÔÌÙÈɯÞÈÚɯÈÛÛÈÊÏÌËɯÛÖɯÛÏÌɯÉÈÓÓÖÖÕɯÞÐÛÏɯÈÕɯÈÜÛÖÔÈÛÐÊɯ

ÚÏÜÛÛÌÙɯÜÚÐÕÎɯÈɯÓÐÎÏÛɯÔÌÛÈÓɯÍÙÈÔÌɯÈÕËɯÈɯÊÙÖÚÚ-ÞÐÙÌËɯ×ÐÊÈÝÌÛɯȻƖƝȼȭɯ ɯÚÌÊÖÕËɯ

ÊÈÔÌÙÈȮɯÔÖËÐÍÐÌËɯÞÐÛÏɯÈÕɯ(1ɯÛÙÈÕÚÔÐÛÛÐÕÎɯÍÐÓÛÌÙɯ1&ƛƕƙɯȹ2"'.33ɯ &Ȯɯ,ÈÐÕáȮɯ

&ÌÙÔÈÕàȺȮɯÞÈÚɯËÌ×ÓÖàÌËɯÖÕɯÈɯÊÖÕÚÌÊÜÛÐÝÌɯÍÓÐÎÏÛɯÛÖɯÖÉÛÈÐÕɯÐÔÈÎÌÚɯÐÕɯÛÏÌɯÕÌÈÙ-

ÐÕÍÙÈÙÌËȭɯ3ÏÌɯƗƙɯÔÔ-ÌØÜÐÝÈÓÌÕÛɯÊÈÔÌÙÈɯÙÌÊÖÙËÚɯÐÔÈÎÌÚɯÖÍɯƖƛƗƚɯßɯƗƚƘƜɯ×ÐßÌÓÚȮɯ

ÞÏÐÊÏȮɯÈÛɯÈɯÏÌÐÎÏÛɯÖÍɯƗƙɯÔȮɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÈɯÍÐÌÓËɯÖÍɯÝÐÌÞɯÖÍɯƖƚɯßɯƗƘɯÔȮɯÞÐÛÏɯƕɯ

ÊÔɯÎÙÖÜÕËɯÙÌÚÖÓÜÛÐÖÕȭɯ3ÏÌɯÛÖÛÈÓɯÊÖÚÛɯÖÍɯÛÏÌɯ×ÓÈÛÍÖÙÔɯÈÕËɯÊÈÔÌÙÈɯÞÈÚɯ42ȜƕȮƖƔƔɯ

ȹȥɯƝƔƔȺȭɯ#ÜÙÐÕÎɯÌÈÊÏɯÍÓÐÎÏÛȮɯÛÏÌɯÈÜÛÖÔÈÛÐÊɯÚÏÜÛÛÌÙɯÙÌÓÌÈÚÌËɯÖÕÌɯ×ÏÖÛÖɯÌÝÌÙàɯÛÌÕɯ

ÚÌÊÖÕËÚɯÞÏÐÓÌɯÛÏÌɯÛÌÛÏÌÙÌËɯÉÈÓÓÖÖÕɯÞÈÚɯÛÖÞÌËɯÖÝÌÙɯÛÏÌɯ×ÓÖÛȭɯ#ÜÌɯÛÖɯÍÙÌØÜÌÕÛɯ

ÈÐÙɯÛÜÙÉÜÓÌÕÊÌȮɯÈɯÊÖÔ×ÓÌÛÌɯÐÔÈÎÐÕÎɯÖÍɯÛÏÌɯÛÈÙÎÌÛɯÈÙÌÈɯÞÈÚɯÖÕÓàɯ×ÖÚÚÐÉÓÌɯÜÚÐÕÎɯ

ÖÉÓÐØÜÌɯÚÏÖÛÚɯÈÛɯËÐÍÍÌÙÌÕÛɯÏÌÐÎÏÛÚȭɯ ÍÛÌÙɯÌÈÊÏɯÍÓÐÎÏÛȮɯÛÏÌɯÚÌÛɯÖÍɯÛÐÓÌÚɯÞÐÛÏɯÛÏÌɯ

ÉÌÚÛɯÐÔÈÎÌɯØÜÈÓÐÛàȮɯÞÏÐÓÌɯÊÖÝÌÙÐÕÎɯÛÏÌɯÌÕÛÐÙÌɯ×ÓÖÛȮɯÞÈÚɯÝÐÚÜÈÓÓàɯÚÌÓÌÊÛÌËɯÍÖÙɯ

×ÙÖÊÌÚÚÐÕÎȭɯ3ÏÌÚÌɯ×ÏÖÛÖÚɯÈÙÌɯÙÌÍÌÙÙÌËɯÛÖɯÈÚɯɆÐÔÈÎÌ-ÛÐÓÌÚɆɯÐÕɯÛÏÌɯ×ÙÖÊÌÚÚÐÕÎɯ

ÞÖÙÒÍÓÖÞɯȹÚÌÌɯ2ÌÊÛÐÖÕɯƙȭƗȭƗȺȭɯ3ÈÉÓÌɯƕɯÚÜÔÔÈÙÐÚÌÚɯÛÏÌɯÐÔÈÎÌÚɯÈÕËɯÈÕÊÐÓÓÈÙàɯ

ËÈÛÈɯÜÚÌËȭ 
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3ÈÉÓÌɯƙ-ƕȭɯ2ÜÔÔÈÙàɯÖÍɯÐÔÈÎÌɯÈÕËɯÈÕÊÐÓÓÈÙàɯËÈÛÈȭɯ3ÏÌɯËÈÛÌɯÖÍɯÛÏÌɯÍÓÐÎÏÛɯÐÚɯ

ÚÏÖÞÕɯÐÕɯÛÏÌɯÓÌÍÛÔÖÚÛɯÊÖÓÜÔÕȭɯɁ, !ɂɯÐÚɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÔÖÕÛÏÚɯ×ÖÚÛ-ÉÜÙÕȭɯ

Ɂ,ÖËÌɂɯÐÚɯÛÏÌɯÊÈÔÌÙÈɯÔÖËÌɯȹ5(2ȯɯÝÐÚÐÉÓÌȰɯ-(1ȯɯÕÌÈÙ-ÐÕÍÙÈÙÌËȺȭɯɁ2ÏÖÛÚɂɯÐÚɯ

ÛÏÌɯÕÜÔÉÌÙɯÖÍɯÐÔÈÎÌÚɯÊÈ×ÛÜÙÌËɯ×ÌÙɯÍÓÐÎÏÛȭɯɁ3ÐÓÌÚɂɯÙÌÍÌÙÚɯÛÖɯÛÏÌɯÚÌÓÌÊÛÌËɯ

ÐÔÈÎÌ-ÛÐÓÌÚɯÍÙÖÔɯÚÏÖÛÚȭɯ+ÌÈÍɯÈÙÌÈɯÐÕËÌßɯȹ&ÙÖÜÕËɯ+ (ȺɯÔÌÈÚÜÙÌÔÌÕÛÚɯȹÕǻƘƔɯ

×ÌÙɯËÈÛÌɯÈÕËɯÚ×ÌÊÐÌÚȺɯÈÙÌɯÚÏÖÞÕɯÉàɯËÈÛÌɯÈÕËɯɁ, !ɂȭɯ ɯÚÜÔÔÈÙàɯÖÍɯÛÏÌɯ

#&/2ɯÚÜÙÝÌàɯÐÚɯÚÏÖÞÕɯÐÕɯÛÏÌɯÙÐÎÏÛÔÖÚÛɯÊÖÓÜÔÕȭ 

!ÈÓÓÖÖÕɯɯ

ÍÓÐÎÏÛ 
     

&ÙÖÜÕËɯ

+ ( 
  &/2 

#ÈÛÌ , ! ,ÖËÌ 2ÏÖÛÚ 3ÐÓÌÚ  #ÈÛÌ , !  #ÈÛÌ 

ƗƕȭƕƔȭƖƔƔƝ -ƕ 5(2 ƕƙƚ Ɲ  ƕƙȭƔƗȭƖƔƔƜ -ƕ  ƔƗȭƕƕȭƖƔƔƝ 

  -(1 Ɩƙƚ ƕƔ  ƕƜȭƔƝȭƖƔƔƜ -ƕ   

ƜȭƕƕȭƖƔƔƝ Ɣ 5(2 ƕƚƚ ƕƗ  ƖƙȭƔƝȭƖƔƔƜ Ɣ  -ȭɯ/ÖÐÕÛÚ 

  -(1 Ɯƛ Ɲ  ƖƜȭƔƝȭƖƔƔƜ Ɣ  Ɨƚ 

ƚȭƕƖȭƖƔƔƝ ƕ 5(2 ƕƚƕ ƕƔ  ƕȭƕƖȭƖƔƔƜ Ɩ   

  -(1 ƕƘƘ Ɯ  ƕƘȭƔƕȭƖƔƔƝ Ƙ  'ÖÙÐáȭɯ/ÙÌÊȭ 

ƕƘȭƔƗȭƖƔƕƔ Ƙ 5(2 ƗƗƖ Ɨ  ƕƕȭƗȭƖƔƔƝ ƚ  Ɣȭƛƚ 

  -(1 ƕƘƝ Ɯ  ƖƘȭƕƔȭƖƔƔƝ -ƕ   

ƖƛȭƕƔȭƖƔƕƔ ƕƖ 5(2 ƙƗƙ Ƙ  ƛȭƕƕȭƖƔƔƝ Ɣ  5ÌÙÛȭɯ/ÙÌÊȭ 

  -(1 ƕƜƙ Ƙ  ƕƔȭƕƕȭƖƔƔƝ Ɣ  ƕȭƗƚ 

      ƕƙȭƔƙȭƖƔƕƔ ƚ   

      ƖƗȭƕƔȭƖƔƕƔ ƕƖ   

 

5.3.1 Ground control points and elevation model  

3ÖɯÍÈÊÐÓÐÛÈÛÌɯÎÌÖÔÌÛÙÐÊɯÊÖÙÙÌÊÛÐÖÕȮɯÈɯÚÌÛɯÖÍɯ#&/2-ÓÖÊÈÛÌËɯȹ#ÐÍÍÌÙÌÕÛÐÈÓɯ&ÓÖÉÈÓɯ

/ÖÚÐÛÐÖÕÐÕÎɯ2àÚÛÌÔȺɯÓÈÕËÔÈÙÒÚɯȹƕƔɯßɯƕƔɯÔȺɯÞÈÚɯÐÕÚÛÈÓÓÌËɯÈÛɯÊÈÕÖ×àɯÏÌÐÎÏÛɯȹȃƙƔɯ

ÊÔɯÈÉÖÝÌɯÎÙÖÜÕËȺȭɯ ËËÐÛÐÖÕÈÓɯ#&/2ɯÊÖÖÙËÐÕÈÛÌÚɯÞÌÙÌɯÛÈÒÌÕɯÈÕËɯÐÕÛÌÙ×ÖÓÈÛÌËɯ

ÜÚÐÕÎɯɁÒÙÐÎÐÕÎɂɯÛÖɯÊÖÕÚÛÙÜÊÛɯÈɯËÐÎÐÛÈÓɯÌÓÌÝÈÛÐÖÕɯÔÖËÌÓɯȹ#$,Ⱥȭɯ3ÏÌɯÊÖÓÓÌÊÛÌËɯ

#&/2ɯËÈÛÈɯÞÌÙÌɯ×ÙÖÊÌÚÚÌËɯÞÐÛÏɯÈɯÔÌÈÕɯÏÖÙÐáÖÕÛÈÓɯÈÕËɯÝÌÙÛÐÊÈÓɯ×ÙÌÊÐÚÐÖÕɯÖÍɯ

ƔȭƛƚɯÈÕËɯƕȭƗƚɯÔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ3ÏÌɯÎÌÕÌÙÈÛÌËɯ#$,ɯÏÈÚɯÈɯÎÙÐËɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯƖɯ

ÊÔɯÈÕËɯÐÚɯÜÚÌËɯ-ɯÈÚɯÈɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÖÍɯÛÏÌɯÉÈÙÌɯÎÙÖÜÕËɯ-ɯÐÕɯÛÏÌɯÖÙÛÏÖ-

ÙÌÊÛÐÍÐÊÈÛÐÖÕɯÖÍɯÛÏÌɯÉÈÓÓÖÖÕɯÐÔÈÎÌÙàȭ 
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5.3.2 Leaf area index data  

+ (ɯÞÈÚɯÔÌÈÚÜÙÌËɯÉÈÚÌËɯÖÕɯÕÌÈÙ-ÏÌÔÐÚ×ÏÌÙÐÊÈÓɯÓÐÎÏÛɯÛÙÈÕÚÔÐÛÛÈÕÊÌɯÞÐÛÏɯÈɯ+(-

".1ɯ+ (-ƖƔƔƔɯ/ÓÈÕÛɯ"ÈÕÖ×àɯ ÕÈÓàÚÌÙɯȹ+(-".1Ȯɯ(ÕÊȭȮɯ+ÐÕÊÖÓÕȮɯ-$Ȯɯ42 Ⱥȭɯ ɯ

ÔÌÈÚÜÙÐÕÎɯ×ÙÖÛÖÊÖÓɯȻƗƔȼɯÞÈÚɯÜÚÌËɯÞÐÛÏɯÈɯÝÐÌÞɯÙÌÚÛÙÐÊÛÖÙɯȹƘƙȘȺɯÈÕËɯÜÕËÌÙɯ

ËÐÍÍÜÚÌɯÓÐÎÏÛɯÊÖÕËÐÛÐÖÕÚɯÛÖɯÈÝÖÐËɯÔÜÓÛÐ×ÓÌɯÚÊÈÛÛÌÙÐÕÎȭɯ%ÐÝÌɯÚÈÔ×ÓÌɯÈÙÌÈÚɯȹƕɯÔƖȺɯ

ÞÌÙÌɯÔÈÙÒÌËɯÖÕɯÛÏÌɯÎÙÖÜÕËɯÞÐÛÏÐÕɯÈɯƖƙɯÔƴɯÈÙÌÈɯ×ÙÌËÖÔÐÕÈÕÛÓàɯÖÊÊÜ×ÐÌËɯÉàɯ

ÖÕÓàɯÖÕÌɯÚ×ÌÊÐÌÚɯȹÉÙÈÊÒÌÕɯÖÙɯ2ÌÛÈÙÐÈȺȭɯ%ÖÜÙɯ+ (ɯÔÌÈÚÜÙÌÔÌÕÛÚɯÞÌÙÌɯÔÈËÌɯÍÖÙɯ

ÌÈÊÏɯÚÈÔ×ÓÌɯÈÙÌÈɯÍÖÙɯÈɯÛÖÛÈÓɯÖÍɯƘƔɯ+ (ɯÔÌÈÚÜÙÌÔÌÕÛÚɯÍÖÙɯÌÈÊÏɯÚ×ÌÊÐÌÚɯ×ÌÙɯ

ÚÈÔ×ÓÐÕÎɯËÈÛÌȭ 

5.3.3  Image processing 

3ÏÌɯ ÞÖÙÒÍÓÖÞɯ ÊÈÕɯ ÉÌɯ ËÐÝÐËÌËɯ ÐÕÛÖɯ ÛÏÙÌÌɯ ÊÖÕÚÌÊÜÛÐÝÌɯ ×ÙÖÊÌÚÚÐÕÎɯ ÚÛÌ×ÚȮɯ

ÚÌ×ÈÙÈÛÌËɯÉàɯËÖÛÛÌËɯÓÐÕÌÚɯÐÕɯ%ÐÎȭɯƙ-Ɨȭɯ3ÏÌɯÍÐÙÚÛɯ×ÙÖÊÌÚÚÐÕÎɯÚÛÌ×ɯȹ%ÐÎȭɯƙ-ƗȮɯÓÌÍÛȺɯÐÚɯ

ÛÏÌɯÔÖÚÈÐÊɯÊÖÕÚÛÙÜÊÛÐÖÕȭɯ'ÌÙÌȮɯÛÏÌɯÐÔÈÎÌÚɯÞÌÙÌɯ×ÙÖÊÌÚÚÌËɯÛÖɯÙÌËÜÊÌɯÊÖÕÛÙÈÚÛɯ

ÉÌÛÞÌÌÕɯÐÔÈÎÌÚȭɯ3ÏÌÕȮɯÛÏÌɯÔÖÚÈÐÊɯÞÈÚɯÖÉÛÈÐÕÌËɯÉàɯÖÙÛÏÖ-ÙÌÊÛÐÍÐÊÈÛÐÖÕɯÛÖɯÛÏÌɯ

ÚÜÙÍÈÊÌȭɯ3ÏÌɯÚÌÊÖÕËɯ×ÙÖÊÌÚÚɯÚÛÌ×ɯȹ%ÐÎȭɯƙ-ƗȮɯÊÌÕÛÙÌȺɯÐÚɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕȭɯ%ÐÙÚÛȮɯÛÏÌɯ

ÐÔÈÎÌɯÞÈÚɯÌÕÏÈÕÊÌËɯÉàɯÉÈÕËɯËÐÍÍÌÙÌÕÊÐÕÎȭɯ2ÌÊÖÕËȮɯÐÕËÐÝÐËÜÈÓɯÚÌÎÔÌÕÛÚɯÞÌÙÌɯ

ËÌÓÐÕÌÈÛÌËȭɯ3ÏÐÙËȮɯÚÛÈÛÐÚÛÐÊÚɯÍÙÖÔɯ-(1ɯÈÕËɯ1&!ɯÐÔÈÎÌÚȮɯÈÚɯÞÌÓÓɯÈÚɯÎÌÖÔÌÛÙàɯ

ÐÕËÐÊÌÚȮɯÞÌÙÌɯÊÈÓÊÜÓÈÛÌËɯÛÖɯÛÏÌɯÚÌÎÔÌÕÛÚɯÈÛÛÙÐÉÜÛÌɯÛÈÉÓÌȭɯ3ÏÌɯÌßÛÙÈÊÛÌËɯÌÕÛÐÛÐÌÚɯ

ÞÌÙÌɯÊÓÈÚÚÐÍÐÌËɯÐÕÛÖɯÉÙÈÊÒÌÕɯÈÕËɯ×ÈÚÛÜÙÌɯÎÙÈÚÚɯÉÈÚÌËɯÖÕɯÛÏÌɯÈÛÛÙÐÉÜÛÌɯÛÈÉÓÌȭɯ

3ÏÌÕȮɯ ÛÏÌɯ ÈÜÛÖÔÈÛÐÊÈÓÓàɯ ÌßÛÙÈÊÛÌËɯ ÚÌÎÔÌÕÛÚɯ ÞÌÙÌɯ ÝÐÚÜÈÓÓàɯ ÊÓÈÚÚÐÍÐÌËɯ ÍÖÙɯ

ÝÈÓÐËÈÛÐÖÕȭɯ3ÏÌɯÛÏÐÙËɯ×ÙÖÊÌÚÚɯÚÛÌ×ɯȹ%ÐÎȭɯƙ-ƗȮɯÙÐÎÏÛȺɯÐÚɯÛÏÌɯÊÖÕÝÌÙÚÐÖÕɯÖÍɯÛÏÌɯ

×ÙÖÑÌÊÛÐÝÌɯÊÖÝÌÙɯÛÖɯÓÌÈÍɯÈÙÌÈȮɯÞÏÐÊÏɯÊÖÕÚÐÚÛÚɯÖÍɯÈɯÚÐÕÎÓÌɯÚÛÌ×ȭɯ3ÏÌɯ+ (ɯËÈÛÈ-ÚÌÛɯ

ÞÈÚɯÉÐÚÌÊÛÌËȭɯ.ÕÌɯÚÌÛɯÞÈÚɯÜÚÌËɯÛÖɯËÌÙÐÝÌɯÛÏÌɯÈÓÓÖÔÌÛÙÐÊɯÊÖÕÝÌÙÚÐÖÕɯÍÜÕÊÛÐÖÕȮɯ

ÈÕËɯÛÏÌɯÖÛÏÌÙɯÞÈÚɯÜÚÌËɯÍÖÙɯÝÈÓÐËÈÛÐÖÕȭ 
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%ÐÎÜÙÌɯƙ-Ɨȭɯ,ÈÐÕɯ×ÙÖÊÌÚÚÐÕÎɯÞÖÙÒÍÓÖÞȭɯ3ÏÌɯÕÜÔÉÌÙÚɯÐÕɯÉÙÈÊÒÌÛÚɯÙÌÍÌÙɯÛÖɯÛÏÌɯ

ÍÖÓÓÖÞÐÕÎɯÚÌÊÛÐÖÕÚȭ 

5.3.4 Contrast balancing  

3ÖɯÈÕÈÓàÚÌɯÛÏÌɯÊÖÕÛÙÈÚÛɯÉÈÓÈÕÊÐÕÎɯÜÚÐÕÎɯÛÏÌɯ×ÙÖËÜÊÌËɯÔÖÚÈÐÊÚȮɯÚ×ÌÊÛÙÈÓɯËÈÛÈɯ

ÈÕËɯËÐÎÐÛÈÓɯ×ÏÖÛÖÚɯÞÌÙÌɯÛÈÒÌÕɯÖÕɯÎÙÖÜÕËɯÍÙÖÔɯÍÙÌÚÏɯÎÙÌÌÕɯÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯ

ÈÕËɯ2ÌÛÈÙÐÈȭɯ -ÐÕÌɯ ÚÈÔ×ÓÌÚɯ ÖÍɯ Ú×ÌÊÛÙÈÓɯ ÙÌÍÓÌÊÛÈÕÊÌɯ ÍÖÙɯ ÌÈÊÏɯ Ú×ÌÊÐÌÚɯ ÞÌÙÌɯ

ÊÖÓÓÌÊÛÌËɯÞÐÛÏɯÛÏÌɯ'ÈÕËàÚ×ÌÊ-ƕƘɯÍÐÌÓËɯÚ×ÌÊÛÙÖÔÌÛÌÙɯȹ3ÌÊƙȮɯ &Ȯɯ.ÉÌÙÜÙÚÌÓȮɯ

&ÌÙÔÈÕàȺɯÜÚÐÕÎɯÛÏÌɯÔÌÛÏÖËɯÖÍɯȻƗƕȼȭɯ3ÏÌɯÚ×ÌÊÛÙÈÓɯËÈÛÈɯÞÌÙÌɯÐÕÛÌÎÙÈÛÌËɯÛÖɯÛÏÌɯ

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÚ×ÌÊÛÙÈÓɯÙÈÕÎÌÚɯÖÍɯÛÏÌɯÐÔÈÎÌ-ÛÐÓÌÚɯȹÉÓÜÌɯƘƙƔ-ƙƖƔɯÕÔȮɯÎÙÌÌÕɯƙƖƔ-

ƚƔƔɯ ÕÔȮɯ ÙÌËɯ ƚƗƔ-ƝƔƔɯ ÕÔȮɯ -(1ɯ ƛƚƔ-ƝƔƔɯ ÕÔȺȭɯ 3ÏÌɯ ÚÈÔÌɯ ÚÈÔ×ÓÌÚɯ ÞÌÙÌɯ

×ÏÖÛÖÎÙÈ×ÏÌËɯÜÚÐÕÎɯÛÏÌɯÉÈÓÓÖÖÕɯËÐÎÐÛÈÓɯÊÈÔÌÙÈɯȹ(742-ƝƙȮɯ"ÈÕÖÕȮɯ(ÕÊȭȺȭɯ 

The contrast balancing was done by taking a nearly horizontal image-

tile, containing Setaria and bracken cover, as reference. The image contrast 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 and Setaria, as observed 

in the mosaic, are realistic. On the final mosaic, 50 digital values were 

randomly sampled on green l eaves of bracken and Setaria and compared with 

spectroscopy and digital photos made on ground.  

5.3.5 Geometric rectification  

3ÏÌɯÍÐÙÚÛɯÚÛÌ×ɯÞÈÚɯÛÖɯÖÉÛÈÐÕɯÈɯÞÌÓÓɯÙÌÊÛÐÍÐÌËɯÐÔÈÎÌȮɯÞÏÐÊÏɯÞÈÚɯÉÈÚÌËɯÖÕɯÛÏÌɯ

ËÐÎÐÛÈÓɯÌÓÌÝÈÛÐÖÕɯÔÖËÌÓɯȹ#$,ȺɯÈÕËɯ#&/2-ÊÖÖÙËÐÕÈÛÌÚȭɯ%ÐÙÚÛȮɯÛÏÌɯÓÈÕËÔÈÙÒɯ

ÊÖÖÙËÐÕÈÛÌÚɯÞÌÙÌɯÜÚÌËɯÈÚɯÎÙÖÜÕËɯÊÖÕÛÙÖÓɯ×ÖÐÕÛÚɯȹ&"/ȺɯÛÖɯÖÙÛÏÖ-ÙÌÊÛÐÍàɯÛÏÌɯ

1&!ɯÐÔÈÎÌɯÖÍɯƖƛȭƕƔȭƖƔƕƔȮɯÞÏÐÊÏɯÞÈÚɯÛÏÌÕɯÛÈÒÌÕɯÈÚɯÙÌÍÌÙÌÕÊÌɯÍÖÙɯÈÚÚÐÚÛÌËɯ

ÙÌÊÛÐÍÐÊÈÛÐÖÕɯÖÍɯÛÏÌɯÛÐÔÌ-ÚÌÙÐÌÚȭɯ3ÏÌÕȮɯÞÌɯÜÚÌËɯÓÈÕËÔÈÙÒÚɯÈÕËɯÐÔÈÎÌ-ÛÖ-ÐÔÈÎÌɯ

&"/ÚɯÛÖÎÌÛÏÌÙɯÞÐÛÏɯÛÏÌɯÊÈÔÌÙÈɯÊÖÕÚÛÈÕÛÚɯȹÍÐÌÓËɯÖÍɯÝÐÌÞȺɯÛÖɯÊÈÓÊÜÓÈÛÌɯÊÈÔÌÙÈɯ

ÊÖÖÙËÐÕÈÛÌÚɯÍÖÙɯÌÈÊÏɯÐÔÈÎÌ-ÛÐÓÌȭɯ"ÈÔÌÙÈɯÊÖÖÙËÐÕÈÛÌÚɯÞÌÙÌɯÜÚÌËɯÛÖɯÊÈÓÊÜÓÈÛÌɯ

ÛÏÌɯÈÕÎÓÌɯÖÍɯÈÊØÜÐÚÐÛÐÖÕɯÍÖÙɯÌÈÊÏɯ×ÐßÌÓȮɯÞÏÐÊÏɯÈÙÌɯÉÈÚÌËɯÖÕɯÛÏÌɯÊÈÔÌÙÈɯÈÛÛÐÛÜËÌɯ

ȹ×ÐÛÊÏȮɯÙÖÓÓȮɯÈÕËɯàÈÞȺɯÈÕËɯÛÏÌɯ#$,ȭɯ%ÐÎȭɯƙ-ƘɯÚÏÖÞÚɯÛÏÌɯÈÊØÜÐÚÐÛÐÖÕɯÎÌÖÔÌÛÙàɯÖÍɯ

ÌÈÊÏɯÛÐÓÌɯÍÖÙɯÈɯÚÐÕÎÓÌɯÍÓÐÎÏÛɯÐÕɯ.ÊÛÖÉÌÙɯƖƔƕƔȭɯ(ÕɯÛÏÐÚɯÌßÈÔ×ÓÌȮɯÛÏÌɯÐÔÈÎÌɯÔÖÚÈÐÊɯ

ÐÚɯÊÖÔ×ÖÚÌËɯÖÍɯÍÖÜÙɯÐÔÈÎÌ-ÛÐÓÌÚɯÍÙÖÔɯÞÏÐÊÏɯÛÏÌɯÐÔÈÎÌɯÕÜÔÉÌÙɯƖɯÐÚɯÛÈÒÌÕɯÈÚɯ

ÙÌÍÌÙÌÕÊÌɯÍÖÙɯÊÖÕÛÙÈÚÛɯÔÈÛÊÏÐÕÎɯȹÚÌÌɯ2ÌÊÛÐÖÕɯƙȭƗȭƗȺȭɯ"ÈÔÌÙÈɯÊÖÖÙËÐÕÈÛÌÚɯÞÌÙÌɯ

ÊÈÓÊÜÓÈÛÌËɯÍÖÙɯÌÈÊÏɯÍÖÖÛ×ÙÐÕÛɯÉÈÚÌËɯÖÕɯÛÏÌɯÖÙÛÏÖ-ÙÌÊÛÐÍÐÊÈÛÐÖÕȭɯ ɯÚÊÙÐ×ÛɯÍÖÙɯ

ÝÐÚÜÈÓÐáÈÛÐÖÕɯÖÍɯÛÏÌɯÈÊØÜÐÚÐÛÐÖÕɯÎÌÖÔÌÛÙàɯȹ%ÐÎȭɯƙ-ƘȺɯÏÌÓ×ÌËɯÛÖɯÐÔ×ÙÖÝÌɯÛÏÌɯ

ÚÌÓÌÊÛÐÖÕɯÖÍɯÎÙÖÜÕËɯÊÖÕÛÙÖÓɯ×ÖÐÕÛÚȮɯÍÖÙɯÐÕÚÛÈÕÊÌȮɯÉàɯÈÝÖÐËÐÕÎɯÈÙÌÈÚɯÖÍɯÏÐÎÏɯ

ÖÉÓÐØÜÐÛàɯËÜÙÐÕÎɯÛÏÌɯÊÖÓÓÌÊÛÐÖÕɯÖÍɯ&"/Úȭɯ 
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%ÐÎÜÙÌɯƙ-Ƙȭɯ ÊØÜÐÚÐÛÐÖÕɯÎÌÖÔÌÛÙàɯÍÖÙɯÍÓÐÎÏÛɯƖƛ-ƕƔ-ƖƔƕƔȭ 

%ÖÙɯ ÌÈÊÏɯ ËÈÛÌȮɯ ÛÏÌɯ ÊÖÙÙÌÚ×ÖÕËÐÕÎɯ ÐÔÈÎÌ-ÛÐÓÌÚɯ ÞÌÙÌɯ ÖÙÛÏÖ-ÙÌÊÛÐÍÐÌËɯ ÜÚÐÕÎɯ

&1 22ɯÚÖÍÛÞÈÙÌɯȻƗƗȼɯÈÕËɯÊÖÔ×ÖÚÌËɯÐÕÛÖɯÈɯÔÖÚÈÐÊȭɯ3ÏÌɯØÜÈÓÐÛàɯÖÍɯÛÏÌɯÖÙÛÏÖ-

ÙÌÊÛÐÍÐÊÈÛÐÖÕɯÏÈÚɯÉÌÌÕɯÙÌÊÌÕÛÓàɯÈÚÚÌÚÚÌËɯȻƗƘȼȭɯ6ÌɯÜÚÌËɯÛÏÌɯÙÖÖÛɯÔÌÈÕɯÚØÜÈÙÌɯ

ÌÙÙÖÙɯ ȹ1,2$Ⱥɯ ÛÖɯ ÌÚÛÐÔÈÛÌɯ Ú×ÈÛÐÈÓɯ ÈÊÊÜÙÈÊàɯ ÖÍɯ ÌÈÊÏɯ ÔÖÚÈÐÊȮɯ ÈÍÛÌÙɯ ÖÙÛÏÖ-

ÙÌÊÛÐÍÐÊÈÛÐÖÕȭɯ3ÏÌɯÔÌÈÕɯÚØÜÈÙÌɯÌÙÙÖÙɯÐÚɯÛÏÌɯÈÝÌÙÈÎÌɯÖÍɯÛÏÌɯÚØÜÈÙÌËɯÙÌÚÐËÜÈÓÚɯÐÕɯ

ÛÏÌɯßɯÈÕËɯàɯÈßÌÚɯÍÖÙɯÛÌÕɯÈËËÐÛÐÖÕÈÓɯÊÖÕÛÙÖÓɯ×ÖÐÕÛÚȭɯ3ÖɯÊÖÕÚÛÙÜÊÛɯÛÏÌɯÛÐÔÌ-ÚÌÙÐÌÚȮɯ

ÊÖÖÙËÐÕÈÛÌÚɯÍÙÖÔɯÐÔÈÎÌɯÍÌÈÛÜÙÌÚɯÊÖÔÔÖÕɯÛÖɯÈÓÓɯÔÖÚÈÐÊÚɯÞÌÙÌɯÜÚÌËɯÐÕɯÛÏÌɯ

ÚÈÔÌɯÞÈàɯÛÖɯÊÈÓÊÜÓÈÛÌɯÛÏÌɯÖÝÌÙÈÓÓɯ1,2$ȭɯ 

5.3.6 Enhancement 

3ÖɯÙÌËÜÊÌɯÛÏÌɯ1&!ɯÉÈÕËÚɯÈÐÔÐÕÎɯÈɯÚÐÕÎÓÌ-ÉÈÕËɯÉÈÚÌËɯÚÌÎÔÌÕÛÈÛÐÖÕȮɯÉÈÕËɯ

ËÐÍÍÌÙÌÕÊÌɯ ÐÔÈÎÌÚɯ ÞÌÙÌɯ ÊÈÓÊÜÓÈÛÌËɯ ÛÖɯ ÌÕÏÈÕÊÌɯ ÎÙÌÌÕɯ ÝÌÎÌÛÈÛÐÖÕɯ ȹƕȺȭɯ

$ÕÏÈÕÊÌÔÌÕÛɯÖÍɯÖÝÌÙÓÈàÐÕÎɯÎÙÌÌÕɯÓÌÈÝÌÚɯÉàɯÛÏÌɯÊÏÖÚÌÕɯÉÈÕËÚɯÞÈÚɯÈÓÙÌÈËàɯ

ÊÖÕÍÐÙÔÌËɯÉàɯÚ×ÌÊÛÙÖÚÊÖ×àɯȻƙȼȮȻƗƙȼȭɯ(ÕɯÛÏÌɯÕÖÕ-ÊÈÓÐÉÙÈÛÌËɯÊÈÔÌÙÈȮɯÛÏÌɯÙÌÚÜÓÛÐÕÎɯ

ÐÔÈÎÌɯȹÌ1&!ȺɯÐÚɯÎÐÝÌÕɯÈÚɯÍÖÓÓÖÞÚȯ 
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 Ì1&!ɯǻɯƖɯǺɯÎɯ-ɯÙɯ-ɯÉ ȹƕȺ 

ÞÏÌÙÌɯÎȮɯÙȮɯÈÕËɯÉɯÈÙÌɯÛÏÌɯËÐÎÐÛÈÓɯÝÈÓÜÌÚɯÐÕɯÎÙÌÌÕȮɯÙÌËȮɯÈÕËɯÉÓÜÌɯÊÏÈÕÕÌÓÚȮɯ

ÙÌÚ×ÌÊÛÐÝÌÓàȭɯ%ÐÕÈÓÓàȮɯÛÏÌɯÐÔÈÎÌɯÏÐÚÛÖÎÙÈÔɯÞÈÚɯÚÛÙÌÛÊÏÌËɯÓÐÕÌÈÙÓàɯÛÖɯÖÉÛÈÐÕɯÈɯ

ÊÖÕÛÙÈÚÛ-ÙÐÊÏɯÊÈÕÖ×àɯÍÖÙÌÎÙÖÜÕËɯÈÕËɯÎÙÖÜÕËɯÞÐÛÏɯÕÜÓÓɯÝÈÓÜÌÚȭɯ3ÏÐÚɯÙÌÚÜÓÛÐÕÎɯ

ÐÔÈÎÌɯÐÚɯÚÐÔÐÓÈÙɯÛÖɯÛÏÌɯ-(1-ÔÖÚÈÐÊȮɯÉÜÛɯÏÐÎÏÌÙɯÐÕɯÊÖÕÛÙÈÚÛȭɯ3ÏÌÙÌÍÖÙÌɯÛÏÌɯ

ÌÕÏÈÕÊÌËɯÐÔÈÎÌɯȹÌ1&!ȺɯÞÈÚɯÜÚÌËɯÍÖÙɯÚÌÎÔÌÕÛÈÛÐÖÕȮɯÞÏÐÓÌɯÛÏÌɯ-(1-ÔÖÚÈÐÊɯÍÌËɯ

ÛÏÌɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯȹ2ÌÊÛÐÖÕɯƙȭƗȭƗȺȭ 

5.3.7 Segmentation  

(ÔÈÎÌɯÚÌÎÔÌÕÛÈÛÐÖÕɯÉàɯÚÌÌËÌËɯÙÌÎÐÖÕ-ÎÙÖÞÐÕÎɯÞÈÚɯÈ××ÓÐÌËɯÛÖɯÛÏÌɯÐÔÈÎÌɯÐÕɯ

ÚÜÊÊÌÚÚÐÝÌɯÐÛÌÙÈÛÐÖÕÚɯÖÍɯÛÞÖɯÉÈÚÐÊɯÚÛÌ×ÚȯɯȹÐȺɯÛÏÌɯÚÌÌËÐÕÎɯÉàɯËÌÓÐÕÌÈÛÐÖÕɯÖÍɯÐÕÐÛÐÈÓɯ

ÚÌÎÔÌÕÛÚȰɯÈÕËɯȹÐÐȺɯÛÏÌɯÚ×ÈÛÐÈÓɯÌß×ÈÕÚÐÖÕɯÖÍɯÛÏÌɯÚÌÎÔÌÕÛɯÉàɯÛÏÌɯÙÌÎÐÖÕɯÎÙÖÞÐÕÎɯ

ÛÌÊÏÕÐØÜÌȭɯ3ÏÌɯÍÐÙÚÛɯÚÛÌ×ɯÐÚɯÚÐÔÐÓÈÙɯÛÖɯÛÏÈÛɯÜÚÌËɯÛÖɯËÌÛÌÊÛɯÐÕËÐÝÐËÜÈÓɯÛÙÌÌɯ

ÊÙÖÞÕÚɯÜÚÐÕÎɯ+Ð# 1ɯËÈÛÈȮɯÞÏÌÙÌɯÛÏÌɯÚÌÌËÚɯÈÙÌɯÎÐÝÌÕɯÉàɯÛÏÌɯÏÐÎÏÌÚÛɯ×ÖÐÕÛÚɯÐÕɯ

ÛÏÌɯÊÈÕÖ×àɯ×ÖÐÕÛɯÊÓÖÜËȭɯ'ÌÙÌȮɯÛÏÌɯÚÌÎÔÌÕÛÈÛÐÖÕɯÞÈÚɯÉÈÚÌËɯÖÕɯÛÏÌɯÌÕÏÈÕÊÌËɯ

ÉÙÐÎÏÛÕÌÚÚɯÝÈÓÜÌÚȮɯÞÏÐÊÏɯÈÙÌɯÙÌÓÈÛÌËɯÛÖɯÛÏÌɯÎÙÌÌÕÌÚÛɯ×ÈÙÛÚɯÖÍɯÛÏÌɯÊÈÕÖ×àȮɯÞÏÐÊÏɯ

ÐÕɯÛÏÐÚɯÊÈÚÌɯÈÙÌɯÔÖÚÛÓàɯÊÌÕÛÙÈÓɯ×ÈÙÛÚɯÖÍɯÌÈÊÏɯÐÕËÐÝÐËÜÈÓɯ×ÓÈÕÛȭɯ3ÏÌɯÐÕÐÛÐÈÓɯ

ÚÌÎÔÌÕÛÚɯ ÙÌÚÜÓÛÌËɯ ÍÙÖÔɯ Èɯ ÏÐÎÏɯ ÊÜÛ-ÖÍÍɯ ËÐÎÐÛÈÓɯ ÝÈÓÜÌɯ ȹÚÐȺɯ È××ÓÐÌËɯ ÛÖɯ ÛÏÌɯ

ÌÕÏÈÕÊÌËɯÐÔÈÎÌȭɯ3ÏÌÚÌɯÚÔÈÓÓɯÐÕÐÛÐÈÓɯÈÙÌÈÚɯÞÌÙÌɯËÌÓÐÕÌÈÛÌËɯÈÕËɯÜÚÌËɯÈÚɯÚÌÌËÚɯ

ÍÖÙɯÙÌÎÐÖÕɯÎÙÖÞÐÕÎɯȻƗƚȼȭɯ3ÏÌɯÙÌÎÐÖÕɯÎÙÖÞÐÕÎɯÉÜÐÓÛɯÛÏÌɯÌÕÛÐÛÐÌÚɯÓÐÔÐÛÌËɯÉàɯÈɯ

ÚÌÊÖÕËɯÊÜÛ-ÖÍÍɯÝÈÓÜÌȭɯ-ÌßÛȮɯÙÌÎÐÖÕɯÎÙÖÞÐÕÎɯÞÈÚɯÈ××ÓÐÌËɯÖÕɯÛÏÌɯÙÌÚÛɯÖÍɯÐÔÈÎÌɯ

ÞÐÛÏɯÈɯÓÖÞÌÙɯÊÜÛ-ÖÍÍɯÝÈÓÜÌɯȹÚÐǶƕǻɯÚÐɯ-ɯƖƙȺȮɯÞÏÐÊÏɯÞÈÚɯÜÚÌËɯÛÖɯÐÕÊÓÜËÌɯÌÕÛÐÛÐÌÚɯÞÐÛÏɯ

ËÐÍÍÌÙÌÕÛɯÉÙÐÎÏÛÕÌÚÚɯÍÙÖÔɯ×ÙÌÝÐÖÜÚɯÐÛÌÙÈÛÐÖÕȭɯ3ÏÌɯÚÜÊÊÌÚÚÐÝÌɯÛÏÙÌÚÏÖÓËÐÕÎɯÈÕËɯ

ÙÌÎÐÖÕɯÎÙÖÞÐÕÎɯ×ÌÙÔÐÛÛÌËɯÛÖɯÊÖÕÛÙÖÓɯÛÏÌɯÊÏÈÕÎÌɯÍÙÖÔɯÖÕÌɯÛÖɯÛÏÌɯÕÌßÛɯÐÛÌÙÈÛÐÖÕɯ

ÐÕɯÌÐÛÏÌÙɯÉÙÐÎÏÛÕÌÚÚɯÖÙɯÎÌÖÔÌÛÙÐÊɯËÐÔÌÕÚÐÖÕÚȭ 

5.3.8 Attributes calculation  

3ÞÖɯÚÌÛÚɯÖÍɯÈÛÛÙÐÉÜÛÌÚɯÙÌ×ÙÌÚÌÕÛÐÕÎɯÛÌßÛÜÙÌɯÈÕËɯÎÌÖÔÌÛÙàɯÞÌÙÌɯÊÈÓÊÜÓÈÛÌËɯÈÕËɯ

ÈÚÚÐÎÕÌËɯÛÖɯÌÈÊÏɯÐÔÈÎÌ-ÚÌÎÔÌÕÛȭɯ(ÔÈÎÌɯÛÌßÛÜÙÌɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÍÙÖÔɯ-(1ɯÈÕËɯ

ÛÏÌɯ1&!ɯÊÏÈÕÕÌÓÚɯÉÈÚÌËɯÖÕɯÛÏÌɯ×ÐßÌÓÚɯÞÐÛÏÐÕɯÛÏÌɯÈÙÌÈɯÖÍɯÌÈÊÏɯÐÔÈÎÌ-ÚÌÎÔÌÕÛȭɯ

3ÏÌɯÛÌßÛÜÙÌɯÈÛÛÙÐÉÜÛÌÚ-ÚÌÛɯÞÌÙÌɯÊÈÓÊÜÓÈÛÌËɯÌÐÛÏÌÙɯËÐÙÌÊÛÓàɯÍÙÖÔɯ-(1ɯÈÕËɯ1&!ɯ

ÐÔÈÎÌÚɯȹɁÔÌÈÕɂȮɯɁÝÈÙÐÈÕÊÌɂȮɯɁÕÜÔÉÌÙɯÖÍɯÏÖÙÐáÖÕÛÈÓɯÔÈßÐÔÈɂȮɯɁÕÜÔÉÌÙɯÖÍɯ

ÝÌÙÛÐÊÈÓɯÔÈßÐÔÈɂȮɯÈÕËɯɁÔÈßÐÔÈɯ×ÌÙɯÈÙÌÈɂȺɯÖÙɯËÌÙÐÝÌËɯÍÙÖÔɯÈɯÎÙÌà-ÓÌÝÌÓɯÊÖ-

ÖÊÊÜÙÙÌÕÊÌɯÔÈÛÙÐßɯÖÕɯÛÏÌɯÌÕÏÈÕÊÌËɯÐÔÈÎÌȭɯ3ÏÌɯÓÈÛÛÌÙɯÐÕÊÓÜËÌɯÕÐÕÌɯÝÈÙÐÈÉÓÌÚɯ

ȹɁÌÕÛÙÖ×àɂȮɯɁÊÖÕÛÙÈÚÛɂȮɯɁÊÖÙÙÌÓÈÛÐÖÕɂȮɯɁÐÕÝÌÙÚÌɯËÐÍÍÌÙÌÕÊÌɂȮɯɁÐÕÝÌÙÚÌɯËÐÍÍÌÙÌÕÊÌɯ

ÔÖÔÌÕÛɂȮɯɁÚÛÈÕËÈÙËÐÚÌËɯÐÕÝÌÙÚÌɯËÐÍÍÌÙÌÕÊÌɂȮɯɁÜÕÐÍÖÙÔÐÛàɂȮɯɁËÐÚÚÐÔÐÓÈÙÐÛàɂȮɯ

ÈÕËɯɁÔÈßÐÔÜÔɂȺȭɯ3ÏÌɯÙÌÈËÌÙɯÚÏÖÜÓËɯÙÌÍÌÙɯÛÖɯȻƗƛȼɯÍÖÙɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÌØÜÈÛÐÖÕÚɯ

ÛÖɯÛÏÌɯÛÌßÛÜÙÌɯÈÛÛÙÐÉÜÛÌÚȭɯ&ÌÖÔÌÛÙàɯÈÛÛÙÐÉÜÛÌÚɯÜÚÌËɯÞÌÙÌɯɁÈÙÌÈɂȮɯɁÚÌÌËɯÚÐáÌɂȮɯ

Ɂ×ÌÙÐÔÌÛÌÙɂȮɯ ɁÏÌÐÎÏÛɂȮɯ ɁÞÐËÛÏɂȮɯ ɁÏÌÐÎÏÛɂȮɯ ɁÊÖÔ×ÈÊÛÕÌÚÚɂȮɯ ɁÊÐÙÊÜÓÈÙÐÛàɂȮɯ



 

ƕƕƙ 

 

ɁÌÓÖÕÎÈÛÌÕÌÚÚɂȮɯɁÊÐÙÊÜÓÈÙÐÛàɯÙÈÛÐÖɂȮɯɁÊÐÙÊÜÓÈÙÐÛàɂȮɯɁÌÓÓÐ×ÛÐÊÐÛàɯÐÕËÌßɂȮɯɁÚÏÈ×Ìɯ

ÍÈÊÛÖÙɂȮɯÈÕËɯɁÎÙÈÐÕɯÚÏÈ×ÌɯÐÕËÌßɂȭɯ%ÖÙɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÌØÜÈÛÐÖÕÚɯÖÍɯÛÏÌɯ

ÎÌÖÔÌÛÙàɯÈÛÛÙÐÉÜÛÌÚɯÚÌÌɯȻƗƜȼȭ 

5.3.9 Classification  

3ÏÌɯÐÔÈÎÌɯÔÖÚÈÐÊÚɯÞÌÙÌɯÊÓÈÚÚÐÍÐÌËɯÐÕËÐÝÐËÜÈÓÓàȭɯ2ÐÕÊÌɯÛÏÌɯÎÙÈÚÚɯÊÖÝÌÙɯÞÈÚɯ

ÊÖÔ×ÖÚÌËɯ ÖÍɯ ÛÞÖɯ Ú×ÌÊÐÌÚɯ ȹǿƝƛǔɯ ÐÚɯ ɁÉÙÈÊÒÌÕɂɯ ÖÙɯ Ɂ2ÌÛÈÙÐÈɂȺȮɯ Èɯ ÚÜ×ÌÙÝÐÚÌËɯ

ÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯÉÈÚÌËɯÖÕɯÈÛÛÙÐÉÜÛÌÚɯÖÍɯÛÏÌɯÚÌÎÔÌÕÛÌËɯÐÔÈÎÌɯÞÈÚɯÈ××ÓÐÌËɯÛÖɯ

ËÌÛÌÊÛɯɆÉÙÈÊÒÌÕɆɯÜÕËÌÙɯÛÏÌɯɆ2ÌÛÈÙÐÈɆɯ×ÈÚÛÜÙÌȭɯ 

In the classification we used a boosted regression tree (BRT) model [39] 

ÈÕËɯÊÖÔÉÐÕÌËɯÛÏÌɯɁÎÉÔɂɯ×ÈÊÒÈÎÌɯȻƘƔȼɯÈÕËɯÊÜÚÛÖÔɯÊÖËÌɯȻƘƕȼ in R-language 

[42]. Training sites were segments within two sample areas of 100 m² 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 Setaria) 

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

5.4).  

5.3.10 Conversion of FPC to LAI  

3ÏÌɯÍÖÓÐÈÎÌɯ×ÙÖÑÌÊÛÐÝÌɯÊÖÝÌÙɯȹ%/"ȺɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÍÙÖÔɯÛÏÌɯÎÈ×ɯÍÙÈÊÛÐÖÕɯÐÕɯ

ÓÐÎÏÛɯÛÙÈÕÚÔÐÛÛÈÕÊÌɯÔÌÈÚÜÙÌÔÌÕÛÚȯ 

 %/"ɯǻɯƕɯɬɯ& ȹƖȺ 

where G is the diffuse non-interceptance perpendicular to the ground, 

or the gap fraction. The difference between G and LAI is in the instrument 

configuration, which allows tilted measurements of transmittance. While LAI 

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:  

 + (ɯǻɯ-ÓÕȹÈɯ-ɯ%/"ȺɯǺɯÉ ȹƗȺ 

where a and b are coefficients to be fitted to species-specific LAI and 

FPC data. These parameters are used to explain the species-specific 

divergence in the LAI to FPC relation due to the predominant leaf angle of 



 

ƕƕƚ 

 

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 LAI was limited to that corresponding to 0.15 < FPC < 0.95. In 

addition, we can assume LAI equals green-LAI for the first year after burning 

because the average lifespan of Setaria leaves and bracken fronds is 

approximately eleven months [4]. 

5.4  Validation  

5.4.1 Validation of classification:  

5ÈÓÐËÈÛÐÖÕɯÔÈ×ÚɯÞÌÙÌɯÊÖÕÚÛÙÜÊÛÌËɯÍÖÙɯÛÞÖɯÚÈÔ×ÓÌɯÈÙÌÈÚɯȹƕƔƔɯÔƴɯÚÐáÌȮɯËÐÚÑÖÐÕÛɯ

ÞÐÛÏɯÛÙÈÐÕÐÕÎɯÚÐÛÌÚȺɯÉàɯÝÐÚÜÈÓɯÐËÌÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯÉÙÈÊÒÌÕɯÚÌÎÔÌÕÛÚɯÜÚÐÕÎɯÛÏÌɯ

1&!ɯ×ÏÖÛÖ-ÔÖÚÈÐÊȭɯ3ÖɯÈÚÚÌÚÚɯÛÏÌɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯÈÊÊÜÙÈÊàȮɯÞÌɯÊÈÓÊÜÓÈÛÌËɯÛÏÌɯ

ÈÙÌÈɯÜÕËÌÙɯÛÏÌɯÊÜÙÝÌɯȹ 4"ȺɯÎÐÝÌÕɯÉàɯÛÏÌɯÙÌÊÌÐÝÌÙɯÖ×ÌÙÈÛÐÕÎɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯ

ȹ1."ȺɯÈÊÊÜÙÈÊàɯÔÌÛÏÖËɯȻƘƗȼȭɯ3ÏÌɯÈÙÌÈɯÜÕËÌÙɯÛÏÌɯ1."ɯÊÜÙÝÌɯȹ 4"ȺɯÌß×ÙÌÚÚɯ

ÛÏÌɯÎÌÕÌÙÈÓɯ×ÙÖÉÈÉÐÓÐÛàɯÖÍɯÈɯÎÐÝÌÕɯËÌÛÌÊÛÐÖÕɯÛÖɯÉÌɯÊÖÙÙÌÊÛɯÐÕɯÛÏÌɯÚ×ÈÊÌɯÖÍɯÈÓÓɯ

ÖÊÊÜÙÙÌÕÊÌÚɯÖÍɯÏÐÛɯÙÈÛÌɯȹÏȺɯÐÕɯÙÌÓÈÛÐÖÕɯÞÐÛÏɯÛÏÌɯÍÈÓÚÌɯÈÓÈÙÔɯÙÈÛÌɯȹÍȺȮɯÞÏÐÊÏɯÈÙÌɯ

ÎÐÝÌÕɯÉàȯ 

 Ïɯǻɯ×ɯǹɯȹɯ×ɯǶɯÕɯȺ ȹƘȺ 

 ÍɯǻɯØɯǹɯȹɯØɯǶɯÔɯȺ ȹƙȺ 

 

where p (true positive) is the fraction of the map assigned to a class 

(bracken or Setaria), 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 are q (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 LAI maps  

We used the ground measurements (FPC and LAI) to validate the final FPC 

maps. From the FPC maps, two extents (5 x 5 m2) containing the ground 

sample areas were extracted and converted to LAI (see Section 5.5.7). Mean 



 

ƕƕƛ 

 

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 LAI measurements and values 

derived from FPC maps. 

5.5 Results 

5.5.1  Image acquisition  

 ɯÛÐÔÌ-ÚÌÙÐÌÚɯÖÍɯÉÈÓÓÖÖÕ-ÉÖÙÕÌɯÈÌÙÐÈÓɯ×ÏÖÛÖÚɯÍÙÖÔɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯ×ÓÖÛɯÞÈÚɯ

ÈÊØÜÐÙÌËȮɯ×ÙÖÊÌÚÚÌËɯÐÕÛÖɯÐÔÈÎÌɯÔÖÚÈÐÊÚȮɯÈÕËɯÊÓÈÚÚÐÍÐÌËɯÛÖɯÖÉÛÈÐÕɯÛÏÌɯ×ÙÖÑÌÊÛÐÝÌɯ

ÊÖÝÌÙɯÖÍɯÛÏÌɯÛÞÖɯÚ×ÌÊÐÌÚɯÖÍɯÐÕÛÌÙÌÚÛȭɯ ɯÚÜÔÔÈÙàɯÖÍɯÈÊØÜÐÚÐÛÐÖÕɯ×ÈÙÈÔÌÛÌÙÚɯÐÚɯ

ÎÐÝÌÕɯÐÕɯ3ÈÉÓÌɯƖɯÈÕËɯÌßÌÔ×ÓÐÍÐÌÚɯÛÏÌɯÔÈÐÕɯÐÚÚÜÌɯÙÌÎÈÙËÐÕÎɯÛÏÌɯØÜÈÓÐÛàɯÖÍɯ

ÉÈÓÓÖÖÕ-ÉÖÙÕÌɯ×ÏÖÛÖÚȯɯÛÏÌɯÐÕÚÛÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ×ÓÈÛÍÖÙÔȭɯ.ÕÓàɯÐÕɯƕƘ-ƔƗ-ƖƔƕƔɯÞÈÚɯÐÛɯ

×ÖÚÚÐÉÓÌɯÛÖɯÖÉÛÈÐÕɯÊÖÔ×ÓÌÛÌɯÊÖÝÌÙÈÎÌɯÞÐÛÏɯÛÏÙÌÌɯ×ÏÖÛÖɯÛÐÓÌÚȭɯ%ÖÙɯÛÏÌɯÖÛÏÌÙɯ

ËÈÛÌÚȮɯÛÏÌɯÙÌÓÈÛÐÝÌÓàɯÏÐÎÏɯÕÜÔÉÌÙÚɯÖÍɯ×ÏÖÛÖÚɯȹÍÙÖÔɯƜɯÛÖɯƕƗȺɯÈÙÌɯËÜÌɯÛÖɯÌÐÛÏÌÙɯ

ÖÉÓÐØÜÐÛàɯÖÙɯÙÌÊÖÙËÐÕÎɯÈÛɯÓÖÞɯÏÌÐÎÏÛȭɯ%ÖÙɯÐÕÚÛÈÕÊÌȮɯÛÏÌɯÔÖÚÈÐÊɯÖÍɯƗƕ-ƕƔ-ƖƔƔƝɯÐÚɯ

ÊÖÔ×ÖÚÌËɯÖÍɯÕÐÕÌɯÛÐÓÌÚɯÈÕËɯÏÈÚɯÔÈßÐÔÜÔɯÖÉÓÐØÜÐÛàɯȹÙÖÓÓɯÖÙɯ×ÐÛÊÏȺɯÖÍɯƖƖȘɯÈÕËɯÈɯ

ÔÌÈÕɯÏÌÐÎÏÛɯÖÍɯƖƕɯÔȭɯ3ÏÌɯÔÖÚÈÐÊɯÖÍɯƕƘ-ƔƗ-ƖƔƕƔɯÏÈÚɯÈɯÔÈßÐÔÜÔɯÖÉÓÐØÜÐÛàɯÖÍɯ

ƕƛȘɯÈÛɯƖƗȭƛɯÔɯÔÌÈÕɯÏÌÐÎÏÛȭɯ#ÌÚ×ÐÛÌɯÛÏÌɯÖÉÓÐØÜÐÛàɯÖÙÛÏÖ-ÙÌÊÛÐÍÐÊÈÛÐÖÕɯÙÌÚÜÓÛÌËɯ

ÛÏÌɯÉÌÚÛɯÎÌÖÔÌÛÙÐÊɯ×ÙÌÊÐÚÐÖÕɯÍÖÙɯÛÏÌɯÔÖÚÈÐÊɯÖÍɯƖƛ-ƕƔ-ƖƔƕƔɯȹ1&!ɯÛÖɯ-(1Ⱥɯȹ1,2$ɯ

ǻɯƛɯÊÔȺȭ 

3ÈÉÓÌɯƙ-Ɩȭɯ2ÜÔÔÈÙàɯÖÍɯÈÊØÜÐÚÐÛÐÖÕȮɯ×ÖÚÛ-ÏÖÊɯÎÌÖÔÌÛÙàɯȹÔÈßÐÔÜÔɯÙÖÓÓɯȮɯ

ÔÈßÐÔÜÔɯ×ÐÛÊÏȮɯÈÕËɯÔÌÈÕɯÏÌÐÎÏÛȺɯÈÕËɯÚ×ÈÛÐÈÓɯÈÊÊÜÙÈÊàɯȹÙÖÖÛɯÔÌÈÕɯÚØÜÈÙÌɯ

ÌÙÙÖÙɯÈÍÛÌÙɯÎÌÖ-ÙÌÊÛÐÍÐÊÈÛÐÖÕȺɯÍÖÙɯÛÏÌɯ5(2ɯÈÕËɯ-(1ɯÈÌÙÐÈÓɯÐÔÈÎÌ-ÛÐÓÌÚȭ 

#ÈÛÌ ,ÈßȭɯÙÖÓÓ ,Èßȭɯ×ÐÛÊÏ ,ÌÈÕɯÏÌÐÎÏÛ &ÌÖȭɯ1,2 

ƗƕȭƕƔȭƖƔƔƝ ƖƖ ƕƚ Ɩƕ ƔȭƔƝ 

ƜȭƕƕȭƖƔƔƝ ƕƚ Ɲ ƕƜ ƔȭƕƔ 

ƚȭƕƖȭƖƔƔƝ ƕƝ ƖƜ ƖƔ ƔȭƔƝ 

ƕƘȭƔƗȭƖƔƕƔ ƕƛ Ɯ ƖƗȭƛ ƔȭƔƜ 

ƖƛȭƕƔȭƖƔƕƔ -ƕƝȭƕ -Ƙȭƛ ƖƗȭƝ ƔȭƔƛɖ 

.ÝÌÙÈÓÓ    Ɣȭƕƕɖɖ 
ɖÜÚÌËɯÈÚɯÙÌÍÌÙÌÕÊÌɯÍÖÙɯÊÖÓÓÌÊÛÐÕÎɯÎÖÙÜÕËɯÊÖÕÛÙÖÓɯ×ÖÐÕÛÚȭ 

ɖɖÊÈÓÊÜÓÈÛÌËɯÉÈÚÌËɯÖÕɯÍÌÈÛÜÙÌÚɯÊÖÔÔÖÕɯÛÖɯÈÓÓɯÔÖÚÈÐÊÚ 

ȭ 



 

ƕƕƜ 

 

5.5.2  Geometric processing  

3ÏÌɯÈÊØÜÐÚÐÛÐÖÕɯÎÌÖÔÌÛÙàɯÐÚɯÈÕɯÐÕËÐÊÈÛÖÙɯÖÍɯÚ×ÈÛÐÈÓɯÈÊÊÜÙÈÊàɯÈÕËɯÔÈ××ÐÕÎɯ

ØÜÈÓÐÛàȭɯ3ÏÌɯÖÝÌÙÈÓÓɯËÐÚ×ÓÈÊÌÔÌÕÛɯÖÍɯÛÏÌɯÛÐÔÌ-ÚÌÙÐÌÚɯÞÈÚɯƕƕȭƕɯÊÔȮɯÞÏÐÊÏɯÐÚɯÏÐÎÏɯ

ÊÖÕÚÐËÌÙÐÕÎɯÛÏÌɯÕÖÔÐÕÈÓɯÙÌÚÖÓÜÛÐÖÕɯȹƖɯÊÔȺȭɯ"ÖÕÚÌØÜÌÕÛÓàȮɯÛÏÌɯÛÐÔÌ-ÚÌÙÐÌÚɯÞÈÚɯ

ÊÖÕÚÐËÌÙÌËɯÈËÌØÜÈÛÌɯÍÖÙɯÈÕÈÓàÚÌÚɯÖÕÓàɯÐÕɯÈɯÎÙÐËɯÙÌÚÖÓÜÛÐÖÕɯÖÍɯƕɯÔÌÛÌÙȭɯ3ÏÌɯ

ÔÈßÐÔÜÔɯËÐÚ×ÓÈÊÌÔÌÕÛɯÉÌÛÞÌÌÕɯ-(1ɯÈÕËɯ1&!ɯÞÈÚɯƕƔɯÊÔȭɯ3ÏÜÚȮɯÐÕɯÛÏÌɯ

ÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯÚÛÌ×ɯȹÚÌÌɯ2ÌÊÛÐÖÕɯƙȭƗȭƗȺȮɯÛÏÌɯÈÚÚÜÔ×ÛÐÖÕɯÖÍɯÛÖ×ÖÓÖÎÐÊÈÓɯÐÕÊÓÜÚÐÖÕɯ

ÖÍɯ-(1ɯÐÔÈÎÌɯÍÌÈÛÜÙÌÚɯÛÖɯÛÏÌɯÍÐÙÚÛ-ÐÔÈÎÌ-ÚÌÎÔÌÕÛÚɯËÌ×ÌÕËÌËɯÖÕɯÚÐáÌɯÖÍɯÖÉÑÌÊÛÚɯ

ÈÕËɯÈÊØÜÐÚÐÛÐÖÕɯÎÌÖÔÌÛÙàɯÈÛɯÌÈÊÏɯÓÖÊÈÛÐÖÕȭɯ3ÏÌÚÌɯÙÌÓÈÛÐÝÌÓàɯÏÐÎÏɯËÐÚ×ÓÈÊÌÔÌÕÛɯ

ÝÈÓÜÌÚɯÞÌÙÌɯÔÈÐÕÓàɯËÜÌɯÛÖɯ×ÌÙÚ×ÌÊÛÐÝÌɯÌÍÍÌÊÛÚɯȹ×ÈÙÈÓÓÈßȺɯÖÕɯÊÈÕÖ×àɯÊÖÝÌÙȭɯ

3ÏÌÙÌÍÖÙÌȮɯÛÏÌɯÏÐÎÏÌÙɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÛÐÓÌÚɯÖÙɯÛÏÌɯÔÈßÐÔÜÔɯÙÖÓÓɯÖÙɯ×ÐÛÊÏɯȹ3ÈÉÓÌɯ

ƖȺȮɯÛÏÌɯÓÖÞÌÙɯÛÏÌɯØÜÈÓÐÛàɯÈÕËɯÚ×ÈÛÐÈÓɯÈÊÊÜÙÈÊàɯÖÍɯÛÏÌɯÔÖÚÈÐÊȭɯ3ÏÐÚɯÊÖÕÊÌ×Ûɯ

ÏÖÓËÚɯÍÖÙɯÛÏÌɯÊÈÓÊÜÓÈÛÌËɯÏÌÐÎÏÛɯÈÉÖÝÌɯÎÙÖÜÕËȮɯÞÏÐÊÏɯÐÚɯÐÕÝÌÙÚÌÓàɯÊÖÙÙÌÓÈÛÌËɯÛÖɯ

ÛÏÌɯÕÜÔÉÌÙɯÖÍɯ×ÏÖÛÖ-ÛÐÓÌÚȮɯÉÜÛȮɯÐÕɯÛÏÐÚɯÊÈÚÌȮɯÐÕÊÙÌÈÚÐÕÎɯÛÏÌɯÎÙÖÜÕËɯÚÈÔ×ÓÐÕÎɯ

ËÐÚÛÈÕÊÌȭɯ#ÜÌɯÛÏÌɯÊÖÔÉÐÕÈÛÐÖÕɯÖÍɯÛÏÌÚÌɯÍÈÊÛÖÙÚȮɯÛÏÌɯÔÈ××ÐÕÎɯØÜÈÓÐÛàɯÍÖÙɯÛÏÌɯ

ÚÛÜËàɯÚÐÛÌɯÎÌÕÌÙÈÓÓàɯËÌÊÙÌÈÚÌËɯÍÙÖÔɯÛÏÌɯÊÌÕÛÙÌɯÛÖɯÛÏÌɯÌßÛÙÌÔÌɯÕÖÙÛÏɯÈÕËɯÚÖÜÛÏɯ

×ÈÙÛɯÖÍɯÛÏÌɯ×ÓÖÛȭ 

5.5.3  Relationship between brightness and reflectance  

%ÐÎȭɯƙ-ƙɯÚÏÖÞÚɯÛÏÌɯÙÌÍÓÌÊÛÈÕÊÌɯÐÕÛÌÎÙÈÛÌËɯÍÖÙɯÛÏÌɯÝÐÚÐÉÓÌɯȹ1&!ȺɯÈÕËɯÕÌÈÙ-

ÐÕÍÙÈÙÌËɯȹ-(1ȺɯÊÏÈÕÕÌÓÚɯÖÍɯÎÙÌÌÕɯÓÌÈÝÌÚɯÖÍɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈȭɯ ÚɯÖÉÚÌÙÝÌËɯÐÕɯ

ÛÏÌɯÚ×ÌÊÛÙÖÚÊÖ×àɯȹ%ÐÎȭɯƙ-ƙȹÈȺȺȮɯ2ÌÛÈÙÐÈɯÏÈÚɯÏÐÎÏÌÙɯÝÈÓÜÌÚɯÐÕɯ1&!ɯÉÜÛɯÚÓÐÎÏÛÓàɯ

ÓÖÞÌÙɯÐÕɯÛÏÌɯ-(1ɯÊÖÔ×ÈÙÌËɯÛÖɯÉÙÈÊÒÌÕȭɯ3ÏÐÚɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÐÚɯÙÌ×ÙÖËÜÊÌËɯÉàɯÛÏÌɯ

ÕÖÕ-ÊÈÓÐÉÙÈÛÌËɯÊÈÔÌÙÈɯÜÚÐÕÎɯÛÏÌɯÚÈÔÌɯÔÌÈÚÜÙÐÕÎɯÚÌÛÜ×ɯÈÚɯÍÖÙɯÚ×ÌÊÛÙÖÚÊÖ×àɯ

ȹ%ÐÎȭɯƙ-ƙȹÉȺȺȭɯ ÚɯÖÉÚÌÙÝÌËɯÐÕɯÔÖÚÈÐÊɯƖƛ-ƕƔ-ƖƔƕƔȮɯÛÏÌɯÙÌÓÈÛÐÝÌɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯ

2ÌÛÈÙÐÈɯÈÕËɯÉÙÈÊÒÌÕɯÈÙÌɯÚÐÔÐÓÈÙɯȹ%ÐÎȭɯƙ-ƙȹÊȺȺȭɯ#ÜÌɯÛÖɯÊÖÕÛÙÈÚÛɯÔÈÛÊÏÐÕÎȮɯÓÌÚÚɯ

ÙÌ×ÙÌÚÌÕÛÌËɯÝÈÓÜÌÚɯÐÕɯÛÏÌɯÙÌËɯÊÏÈÕÕÌÓɯÈÙÌɯÙÌËÜÊÌËɯÐÕɯÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÛÏÌɯÉÓÜÌɯ

ÈÕËɯÎÙÌÌÕɯÊÏÈÕÕÌÓÚɯȹ%ÐÎȭɯƙ-ƙȹÊȺȺȭɯ'ÖÞÌÝÌÙȮɯ2ÌÛÈÙÐÈɯÐÚɯÚÛÐÓÓɯÉÙÐÎÏÛÌÙɯÐÕɯÛÏÌɯÝÐÚÐÉÓÌɯ

ȹÌÚ×ÌÊÐÈÓÓàɯÐÕɯÛÏÌɯÉÓÜÌɯÈÕËɯÎÙÌÌÕɯÊÏÈÕÕÌÓÚȺɯÈÕËɯÛÌÕËÚɯÛÖɯÉÌɯËÈÙÒÌÙɯÛÏÈÕɯ

ÉÙÈÊÒÌÕɯÐÕɯÛÏÌɯ-(1ɯÊÏÈÕÕÌÓȭɯ3ÏÌÙÌÍÖÙÌȮɯËÌÚ×ÐÛÌɯÛÏÌɯÜÚÌɯÖÍɯÈɯÕÖÕ-ÊÈÓÐÉÙÈÛÌËɯ

ÚÌÕÚÖÙȮɯÙÌÓÈÛÐÝÌɯËÐÍÍÌÙÌÕÊÌÚɯÐÕɯÉÙÐÎÏÛÕÌÚÚɯÝÈÓÜÌÚɯÉÌÛÞÌÌÕɯÉÙÈÊÒÌÕɯÈÕËɯ2ÌÛÈÙÐÈɯ

ÞÌÙÌɯÔÈÐÕÛÈÐÕÌËɯÍÖÙɯÐÔÈÎÌɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕȭ 



 

ƕƕƝ 

 

 

%ÐÎÜÙÌɯƙ-ƙȭɯ1ÌÍÓÌÊÛÈÕÊÌɯÖÍɯÎÙÌÌÕɯÓÌÈÝÌÚɯÐÕɯÙÌËɯȹ1ȺȮɯÎÙÌÌÕɯȹ&ȺȮɯÉÓÜÌɯȹ!ȺɯÈÕËɯ

ÕÌÈÙɯÐÕÍÙÈÙÌËɯȹ-ȺɯÊÏÈÕÕÌÓÚɯÉàɯȹÈȺɯÍÐÌÓËɯÚ×ÌÊÛÙÖÚÊÖ×àȮɯȹÉȺɯÊÈÔÌÙÈɯËÐÎÐÛÈÓɯ

ÝÈÓÜÌÚɯÔÌÈÚÜÙÌËɯÐÕɯÛÏÌɯÍÐÌÓËɯÚ×ÌÊÛÙÖÚÊÖ×àɯÚÌÛÜ×ȮɯÈÕËɯȹÊȺɯÊÈÔÌÙÈɯËÐÎÐÛÈÓɯ

ÝÈÓÜÌÚɯÐÕɯÛÏÌɯÐÔÈÎÌɯÔÖÚÈÐÊɯÖÍɯƖƛ-ƕƔ-ƖƔƕƔȭ 



 

ƕƖƔ 

 

5.5.4 Segmentation and classification  

1ÌÓÈÛÐÝÌɯÛÖɯÛÏÌɯ1&!ɯÐÔÈÎÌɯȹ%ÐÎȭɯƙ-ƚÈȺɯÈɯÏÐÎÏɯÊÖÕÛÙÈÚÛɯÞÈÚɯÖÉÚÌÙÝÌËɯÉÌÛÞÌÌÕɯ

ÎÙÌÌÕɯÊÈÕÖ×ÐÌÚɯȹÉÙÐÎÏÛȺɯÈÕËɯÛÏÌɯÉÈÊÒÎÙÖÜÕËɯȹËÈÙÒȺɯÈÍÛÌÙɯÐÔÈÎÌɯÛÙÈÕÚÍÖÙÔÈÛÐÖÕɯ

ȹ%ÐÎȭɯƙ-ƚÉȺȭɯ3ÏÌɯ ÔÖÙÌɯ ÓÌÈÝÌÚɯÞÌÙÌɯÊÓÜÔ×ÌËȮɯÚÐËÌɯÉàɯÚÐËÌɯÈÕËɤÖÙɯËÐÙÌÊÛÓàɯ

ÖÝÌÙÓÈàÐÕÎȮɯ ÛÏÌɯ ÉÙÐÎÏÛÌÙɯ ÛÏÌɯ ËÐÎÐÛÈÓɯ ÝÈÓÜÌÚȭɯ 3ÏÌÚÌɯ ËÌÕÚÌȮɯ ÊÖÝÌÙÌËɯ ÈÙÌÈÚɯ

ÙÌÚÜÓÛÌËɯÐÕɯÛÏÌɯÊÖÕÚÛÙÜÊÛÐÖÕɯÖÍɯÚÐÕÎÓÌɯ×ÓÈÕÛɯÚÌÎÔÌÕÛÚȮɯÔÖÚÛÓàɯÚÔÈÓÓÌÙȮɯÈÕËɯ

ÚÌÎÔÌÕÛÌËɯÐÕɯÛÏÌɯÍÐÙÚÛɯÚÌÎÔÌÕÛÈÛÐÖÕɯÐÛÌÙÈÛÐÖÕɯȹ%ÐÎȭɯƙ-ƚÊȺȭɯ/ÈÙÛÐÈÓÓàɯÖÝÌÙÓÈàÐÕÎɯ

ÐÕËÐÝÐËÜÈÓÚɯÞÌÙÌɯÚÌ×ÈÙÈÛÌËɯÖÕÓàɯÐÍɯËÐÎÐÛÈÓɯÕÜÔÉÌÙÚɯÖÍɯÈÓÓɯÍÌÈÛÜÙÌÚɯËÐÍÍÌÙÌËɯÉàɯ

ÔÖÙÌɯÛÏÈÕɯÛÏÌɯÊÜÛ-ÖÍÍɯÝÈÓÜÌȭɯ3ÏÐÚɯ×ÈÛÛÌÙÕɯÞÈÚɯÖÉÚÌÙÝÌËɯÐÕɯÍÌÙÕɯÍÙÖÕËÚȮɯÐÕɯ

ÊÖÕÛÙÈÚÛɯÛÖɯ2ÌÛÈÙÐÈɯÓÌÈÝÌÚȭɯ3ÏÌɯÊÖÕÛÙÈÚÛɯÞÐÛÏÐÕɯÛÏÌɯ2ÌÛÈÙÐÈɯÊÈÕÖ×àɯÞÈÚɯÏÐÎÏÌÙɯ

ÛÏÈÕɯÛÏÈÛɯÖÍɯÉÙÈÊÒÌÕȮɯÞÏÐÊÏɯÓÌËɯÛÖɯÔÖÙÌɯÛÏÈÕɯÖÕÌɯÚÌÎÔÌÕÛɯ×ÌÙɯÎÙÈÚÚɯÉÜÕÊÏɯ

ȹ%ÐÎȭɯƙ-ƚËȺȭɯ%ÐÎȭɯƙ-ƚɯÚÏÖÞÚɯÈÓÚÖɯÛÏÌɯ-(1ɯÐÔÈÎÌɯÞÐÛÏɯÛÏÌɯÊÓÈÚÚÐÍÐÌËɯÚÌÎÔÌÕÛÚɯÈÚɯ

ÖÝÌÙÓÈàȭɯ3ÏÌɯËÐÚ×ÓÈÊÌÔÌÕÛɯȹȃɯƕƔɯÊÔȺɯÉÌÛÞÌÌÕɯ-(1ɯÈÕËɯ1&!ɯÐÔÈÎÌÚɯÊÈÕɯÉÌɯ

ÖÉÚÌÙÝÌËȭɯ#ÌÚ×ÐÛÌɯÛÏÈÛȮɯÐÕɯÛÏÌɯÊÈÚÌɯÖÍɯ%ÐÎȭɯƙ-ƚȮɯÐÔÈÎÌɯÖÍɯƖƛ-ƕƔ-ƖƔƕƔȮɯÛÏÌɯ!13-

ÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯ×ÖÐÕÛÌËɯÛÏÌɯ-(1ɯɁÔÈßÐÔÈɯ×ÌÙɯÈÙÌÈɆɯÝÈÓÜÌÚɯÈÕËɯÌ1&!ɯɁÔÌÈÕɂɯ

ÝÈÓÜÌÚɯÈÚɯÛÏÌɯÔÖÚÛɯÐÔ×ÖÙÛÈÕÛɯ×ÈÐÙÞÐÚÌɯÐÕÛÌÙÈÊÛÐÖÕɯÍÖÙɯÊÓÈÚÚÐÍÐÊÈÛÐÖÕȭɯ(ÛɯÚÏÖÞÚɯ

ÛÏÈÛɯÛÏÌɯÔÈßÐÔÜÔɯÝÈÓÜÌɯÊÈÕɯÉÌɯÜÚÌËɯÛÖɯÖÝÌÙÊÖÔÌɯÛÏÌɯÚ×ÈÛÐÈÓɯËÐÚ×ÓÈÊÌÔÌÕÛɯ

ÉÌÛÞÌÌÕɯÛÏÌɯ-(1ɯÐÔÈÎÌɯÈÕËɯÌ1&!ɯËÌÙÐÝÌËɯÚÌÎÔÌÕÛÚȭɯ(ÕɯÎÌÕÌÙÈÓȮɯɁÛÌßÛÜÙÌɂɯ

ÊÖÕÛÙÐÉÜÛÌËɯ ÔÖÙÌɯ ÛÖɯ ÊÓÈÚÚÐÍÐÊÈÛÐÖÕɯ ÛÏÈÕɯ ɁÎÌÖÔÌÛÙàɂȭɯ 'ÖÞÌÝÌÙɯ ÎÌÖÔÌÛÙàɯ

ÈÛÛÙÐÉÜÛÌÚɯÞÌÙÌɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÐÔ×ÖÙÛÈÕÛɯÐÕɯÛÏÌɯÛÞÖɯËÈÛÌÚɯÖÍɯÎÙÖÞÐÕÎɯ×ÏÈÚÌɯ

ÈÍÛÌÙɯÍÐÙÌȮɯÞÏÐÊÏɯÐÚɯÙÌÍÓÌÊÛÌËɯÐÕɯÛÏÌɯÝÈÓÐËÈÛÐÖÕȭ 

 



 

ƕƖƕ 

 

 

%ÐÎÜÙÌɯƙ-ƚȭɯ ÌÙÐÈÓɯÐÔÈÎÌɯÔÖÚÈÐÊɯȹÈȺɯÉÌÍÖÙÌɯÈÕËɯȹÉȺɯÈÍÛÌÙɯÌÕÏÈÕÊÌÔÌÕÛɯÈÕËɯȹÊȺɯ

ÈÍÛÌÙɯ ÚÌÎÔÌÕÛÈÛÐÖÕȭɯ(Õɯ ȹÊȺȮɯ ÖÉÑÌÊÛÚɯ ÙÌÚÜÓÛÐÕÎɯ ÍÙÖÔɯ ÍÖÜÙɯ ÊÖÕÚÌÊÜÛÐÝÌɯ

ÚÌÎÔÌÕÛÈÛÐÖÕɯÚÛÌ×ÚɯÈÙÌɯÚÏÖÞÕȭɯ(ÕɯȹËȺɯÛÏÌɯÊÓÈÚÚÐÍÐÌËɯÚÌÎÔÌÕÛÚɯÈÙÌɯ×ÓÖÛÛÌËɯÈÚɯ

ÖÝÌÙÓÈàɯÖÕɯÛÏÌɯ-(1ɯÐÔÈÎÌɯȹÉÙÈÊÒÌÕɯÍÌÙÕɯÐÚɯÐÕɯÙÌËȮɯ2ÌÛÈÙÐÈɯÐÕɯÉÓÜÌȺȭɯ 

5.5.5  Validation of classification  

3ÈÉÓÌɯƗɯÚÏÖÞÚɯÛÏÌɯÝÈÓÐËÈÛÐÖÕɯÙÌÚÜÓÛÚɯÉÈÚÌËɯÖÕɯÛÏÌɯÈÙÌÈɯÜÕËÌÙɯÛÏÌɯ1."ɯÊÜÙÝÌɯ

ȹ 4"Ⱥȭɯ"ÓÈÚÚÐÍÐÊÈÛÐÖÕɯ×ÌÙÍÖÙÔÈÕÊÌɯÞÈÚɯÉÌÛÞÌÌÕɯÙÌÈÚÖÕÈÉÓÌɯÈÕËɯÝÌÙàɯÎÖÖËɯÍÖÙɯ

ÛÏÌɯÐÔÈÎÌÚɯÉÌÍÖÙÌɯȹƗƕ-ƕƔ-ƖƔƔƝȺɯÈÕËɯÈÍÛÌÙɯÖÕÌɯàÌÈÙɯȹƖƛ-ƕƔ-ƖƔƕƔȺɯÖÍɯÊÈÕÖ×àɯ

ÙÌÊÖÝÌÙàɯÈÍÛÌÙɯÉÜÙÕȭɯ(ÕɯÉÖÛÏɯÚÐÛÜÈÛÐÖÕÚɯÛÏÌɯËÌÕÚÌÓàɯÊÈÕÖ×àɯÖÍɯ2ÌÛÈÙÐÈɯÙÌÚÜÓÛÌËɯ

ÐÕɯÚÔÈÓÓɯÈÙÌÈÚɯÖÍɯÙÌÍÓÌÊÛÐÖÕɯÚ×ÖÛÚɯÞÐÛÏÐÕɯÛÏÌɯÊÈÕÖ×àɯÐÕɯÛÏÌɯÌÕÏÈÕÊÌɯÐÔÈÎÌȭɯ

3ÏÌÚÌɯ ÈÙÌÈÚɯ ÊÈÜÚÌËɯ ÊÖÕÍÜÚÐÖÕɯ ÞÐÛÏɯ ÉÙÈÊÒÌÕɯ ÚÌÎÔÌÕÛÚȮɯ ÉÌÊÈÜÚÌɯ ÖÍɯ ÛÏÌɯ

0 10.5 Meters

( a) ( b)

( c) ( d)

Iteration     1      2       3      4  


