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  Summary  

  Although not often discrete, the canopy (i.e., the organization of branches, shoot systems and 
their extent) remains the most defi nable and useful unit of function in bryophytes. Chambers 
used for gas exchange provide an integrated summary of canopy photosynthetic function. 
However, other techniques can provide more information on spatial variation in physiological 
process in both the horizontal and vertical planes. Three examples of such studies are presented 
here. First, variation in photosystem II (PSII) function has been evaluated, along a canopy 
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 Abbreviations:     Chl –    Chlorophyll;      ETR –    Rate of photo-
synthetic electron transport as calculated from chlorophyll 
 a  fl uorescence measurements;      F 0     – Baseline fl uorescence 
in dark-adapted tissue;      F 0 ’    – Baseline fl uorescence in 
light-adapted tissue;      F m     – Maximum chlorophyll  a  fl uo-
rescence in dark-adapted tissue at saturating light;      F v /F m     
– Ratio of variable (=F m  − F o ) to maximal fl uorescence in 
dark-adapted tissue;      F v ’/F m ’    – Ratio of variable to maxi-
mal fl uorescence in light-adapted tissue;      I 0     – Intensity 
of incident light at top of canopy;      I x     – Intensity of inci-
dent light at depth  x  within canopy;      K    – Light extinction 
coeffi cient;      K app     – Apparent light extinction coeffi cient, 
product of K and SAIx;      PPFD    – Photosynthetic photon 
fl ux density;      PRI    – Photochemical refl ectance index;    
  Q 10     – Temperature coeffi cient;      RETR    – Relative rate of 
(calculated) photosynthetic electron transport;      SAI x     – 
Shoot area index above depth  x  within canopy;      ϕ PSII     – 
Quantum yield of photosynthesis as calculated from 
chlorophyll a fl uorescence parameters    

surface, using an imaging chlorophyll fl uorometer. We evaluated the quantum yield of PSII, 
ϕ PSII , and calculated the relative rate of photosynthetic electron transport (RETR) on 7 cm 
diameter samples of ten  Sphagnum  species during drying. Spatial variation in RETR 
increased both during drying as well as in high light, which led to different relationships 
between mean RETR and its variation—across light gradients, the relationship was positive, 
but negative when RETR was reduced by tissue desiccation. Studies of photosynthetic function 
using chlorophyll fl uorescence measurements need to match their sampling protocols to 
account for this difference. Further, combining a laser scanning approach that provides three- 
dimensional information on canopy structure with functional imaging allows assessment 
of function in three dimensions (3D) within the canopy. This is illustrated using a thermal 
imaging camera to measure temperature distribution within  Pleurozium schreberi  canopies 
under still conditions and with wind. This imaging system resolved 9 °C temperature differ-
ences within the canopy and localized shoot temperature relative to canopy height. Finally, 
computational canopy (i.e., virtual) models have been developed for bryophyte canopies, 
 particularly ones with simple branching structure. A model of this type is shown here for the 
liverwort  Bazzania trilobata  and a light model implemented using a ray tracing algorithm. 
Output from this model followed the attenuation of light predicted by the Lambert- Beer 
Law and such a technique can be used to evaluate how branching architecture and density 
affect the dynamics of light capture in bryophytes. New approaches based on novel imaging 
technologies are in rapid development and present opportunities to further our understanding 
of function within bryophyte canopies.  

I.         Introduction 

 The canopy represents an important unit of 
matter and energy exchange in bryophytes; 
however, canopies do not display homoge-
neous function in either the horizontal or 

vertical planes. For example, plant water 
status, photosynthetic pigment concentra-
tion, photosynthetic capacity, photoinhibi-
tion, leaf or shoot area, light intensity, 
temperature and humidity can all vary along 
and within bryophyte canopies (Hayward 
and Clymo  1982 ; van der Hoeven et al.  1993 ; 
Gerdol et al.  1994 ; Davey and Ellis-Evans 
 1996 ; Zona et al.  2011 ), and affect rates of 
whole canopy photosynthesis (Zotz and 
Kahler  2007 ; Rice et al.  2008 ,  2011b ; Tobias 
and Niinemets  2010 ). Unfortunately, this 
variation is normally neglected as methods 
of evaluating photosynthetic function often 
either provide measurements of average, 
coarse-scale properties (>4 cm scale or above 
the size of individual shoots; e.g., gas 
exchange methods) or they allow for fi ne- 
scale measurements (0.1–2 cm or at scale of 
large leaves or branches; e.g., fi ber-optic 
evaluations of chlorophyll fl uorescence 
parameters) that may obscure larger scale 
patterns. Although limitations of the latter 
may be overcome by dense sampling and 
exploring the variance structure of the data, 
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this is rarely done. Few methods have been 
developed that allow investigations across 
fi ne- and coarse-scales that would help pro-
vide an understanding of how physiological 
processes integrate across these scales within 
canopies and would allow for a more mecha-
nistic understanding of physiological scaling 
of bryophytes. 

 Consequently, we have limited under-
standing of how variation in the horizontal 
and vertical dimensions affects bryophyte 
canopy function. Variation in the horizontal 
plane will be caused by extrinsic factors that 
affect microclimate, particularly those infl u-
encing energy and water budgets, as well as 
structural variation within the canopy that 
affect boundary layer processes and, hence 
water relations, or self-shading. When inte-
gration among adjacent shoots within the 
canopy is limited, portions of the canopy 
may experience different physiological 
conditions. This may be caused by uneven 
drying, or heating because of the resistance 
to capillary transport and heat movement 
within and among shoots. Depending on the 
scale of the underlying causes of spatial vari-
ation and the degree of spatial integration, 
physiological function may vary at fi ne- or 
coarse-scales, both, or neither. Fine-scale 
variation may occur when biotic or abiotic 
conditions vary among nearby leaves or 
shoots when there is limited physiological 
integration. For example when distal leaves 
or branches dry, there may be limited ability 
for plants to rehydrate from interior water 
stores causing high variability in the water 
status of distal branches. 

 Coarse-scale patterns may occur when 
local conditions within leaves and shoots are 
similar, but are patchy at larger spatial scales. 
This can be caused by development of different 
heights of shoot systems, existence of capillary 
networks that share water among nearby, but 
not distant shoots, proximity to local wind-
shelters or regions of high humidity, or to the 
patchy distribution of ambient light. Recent 
studies of spatial variation in vascular plant 
leaf photosynthesis using 2D imaging chlo-
rophyll fl uorometers have localized regions 
of high photosynthetic activity or damage 

and related it to stomatal dynamics when 
combined with other imaging approaches 
(Oxborough  2004 ; Aldea et al.  2006 ; Chaerle 
et al.  2007 ; Morison and Lawson  2007 ; 
Baker  2008 ). In this chapter, we employ a 
similar approach to compare the structure of 
variation in photosynthetic electron transport, 
as inferred from chlorophyll a fl uorescence 
measurements, during drying and across 
gradients of light availability in a multispe-
cies comparison in  Sphagnum . In addition, 
we introduce two methods that could prove 
promising for understanding physiological 
function and integration in studies of bryo-
phyte canopies, namely 3D functional imag-
ing combining laser scanning with thermal 
imaging and the use of simulated virtual 
canopies where processes can be explored 
using computer simulation modeling on 3D 
canopy representations.  

II.    Chlorophyll Fluorescence 2D 
Imaging in  Sphagnum  

 Understanding the physiological mechanisms 
that underlie variation in whole plant or 
canopy function will require not only the 
ability to evaluate the performance of physi-
ological units (e.g., leaves, branch systems 
or populations), but also variation in those 
units and their interaction. Using an imaging 
chlorophyll fl uorometer (Fluorocam, PSI, 
Czech Republic) with a closed-chamber gas 
exchange system (LI-COR 6200, Lincoln, 
NB, USA), we have explored variation in 
photosynthetic characteristics obtained using 
chlorophyll fl uorescence and CO 2  uptake 
simultaneously in a multi-species comparison 
in the genus  Sphagnum . 

A.    Photosynthetic Drying and 
Light Response Curves 

 Samples of ten  Sphagnum  species that varied 
in their preferred habitat and morphology 
were collected in the fi eld and reared in a 
greenhouse under 300 μmol quanta m −2  s −1  
maximum photosynthetic photon fl ux den-
sity (PPFD) for over 90 days. Intact 7.5 cm 
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diameter canopies containing only new growth 
were used for analysis. Samples were placed 
in a 1.8 l closed chamber and CO 2  exchange 
measured in two 20 s intervals. Rates of net 
photosynthesis were assessed over a set of 
seven light intensities (30–730 μmol quanta 
m −2  s −1  PPFD) for each sample (n = 3 per species). 
A photosynthetic drying curve (n = 1 per spe-
cies) was also performed over a 2–3 days 
period. Details on sample collection, growth 
conditions and gas exchange are reported 
more fully in Rice et al. ( 2008 ). Following 
gas exchange measurements, a 2D imaging 
fl uorometer (Fluorcam, PSI, The Czech 
Republic) was used to estimate both the pho-
tochemical yield (ϕ PSII ) and the relative rate 
of photochemical electron transport (RETR; 
rate of electron transport scaled between 0 
and 1 for each sample) at 0.3 mm spatial 
scales (Fig.  10.1 ; for basics on chlorophyll  a  
fl uorescence, see Govindjee  2004 ; and other 
chapters in Papageorgiou and Govindjee 
(eds)  2004 ). LED panel lighting provided 

measuring light at 618 nm and a white saturating 
burst. The parameter ϕ PSII  was calculated 
as Fv’/Fm’ (ratio of variable to maximum 
fl uorescence in light adapted tissue) and 
ETR calculated as the product of ϕ PSII , the 
light level and 0.5, the latter to account for 
energy going to photosystem II (Maxwell 
and Johnson  2000 ); absorption was 
assumed constant among species. This may 
deviate from 0.5 due to system state changes 
(see Papageorgiou and Govindjee  2011 ) 
and we report relative rates (RETR) to 
account for possible variation among species. 
The mean and standard deviation of RETR 
were derived and compared.

   All samples showed characteristic light 
response curves with light compensation 
points varying between 37 and 72 μmol quanta 
m −2  s −1  PPFD and PPFD 95 %  (light level at 
95 % of maximum net photosynthesis) between 
491 and 648 μmol quanta m −2  s −1  PPFD (Rice 
et al.  2008 ). Within species, integrated 
values of ϕ PSII  and RETR showed typical 

  Fig. 10.1.    Relative photosynthetic electron transport rates ( RETR ), as estimated from chlorophyll fl uorescence 
measurements, at different water contents and light intensities in  Sphagnum recurvum  for 7.5 cm diameter samples. 
The quantum yield of Photosystem II, ϕ PSII , as estimated from chlorophyll fl uorescence parameters was measured 
at 0.3 mm resolution using 2D imaging. RETR was standardized relative to the maximum value in ( a ) during 
increasing light intensities (PPFD 60, 120, 250 and 500 μmol photons m −2  s −1 ) and ( b ) during drying from optimal 
water content to zero. Mean RETR and standard deviations are shown. Higher RETR values and associated rates 
of photosynthesis at high light show elevated variation as evidenced by the increase in the standard deviation. 
The opposite relationship is shown when RTER was decreased during drying: where lower RETR is associated 
with high variation.       
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patterns with all displaying saturating 
responses through 730 μmol quanta m −2  s −1  
PPFD. All species sampled showed charac-
teristic responses of net photosynthesis and 
RETR to drying. At high water content, 
external water fi lms reduce access to CO 2  by 
increasing diffusion resistance thereby low-
ering rates of photosynthesis. Photosynthesis 
is optimized at intermediate water content 
where externally held water is minimized, 
but cells remain in full turgor. This is achieved 
at water content between 10 and 22 g H 2 O 
g −1  dry wt for the different species in this 
study. As plants dry, photosynthesis declines 
as cells desiccate. These responses were evi-
dent in the measures of net photosynthesis 
and RETR.  

B.    Fine- and Coarse-Scale Patterns 
of Electron Transport Rate 

 In the confi guration used in this study, imag-
ing fl uorescence provides 0.3 mm spatial 
resolution of photosynthetic function for up 
to 50,000 points. This allows an evaluation 
of the variation as well as the spatial struc-
ture of the photosynthetic parameters. Mean 
and variation in RETR differed across both 
light and water content gradients (Fig.  10.1 ). 

During light response curves, both mean 
values and the variation, as represented by 
the standard deviation of RETR, increased at 
higher light intensities and correspondingly 
higher rates of net photosynthesis were 
obtained using gas exchange (Fig.  10.2 ). 
Increased dispersion of the measurements 
at high light is likely caused by enhanced 
sensitivity to noise in calculating the ratio 
F v ’/F m ’, used to estimate RETR. The numer-
ator, the difference between the maximum 
fl uorescence (F m ’) at the saturating burst and 
the minimum at ambient light (F 0 ’), is more 
sensitive to small changes in F m ’ when F 0 ’ is 
high under higher ambient light. Consequently, 
instead of indicating differences in the physi-
ological function at fi ne spatial scales, higher 
spatial variation in RETR at high light is 
associated with greater measurement error.

   In contrast, the relationship between 
variation and the mean RETR is reversed 
during drying (Fig.  10.1 ). In this case, as 
plants dehydrate and rates of photosynthesis 
and mean RETR decrease, the standard devi-
ation of RETR increases (Fig.  10.2 ). During 
drying in  Sphagnum , isolated distal branches, 
branch tips, and the edges of colonies dry 
fi rst while areas of high branch and leaf 
density like the capitula retain water. This can 

  Fig. 10.2.    Summary of spatial variation in relative rates of electron transport ( RTER ) estimated from imaging 
chlorophyll fl uorescence associated with differences in plant water content ( a ) and light intensity ( b ). Means and 
standard errors are shown for n = 10 samples, each of a different  Sphagnum  species. Measurements of RETR 
assume constant fraction of excited electrons going to photosystem II within a sample (Note the difference in 
scales).       
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be observed in Fig.  10.1  and was common in 
other samples as well. This leads to spatial 
variation in physiological function and 
measures of RETR. Aggregation of regions 
of high photosynthetic activity increases at 
intermediate states of desiccation, as canopies 
continue to dry, the entire surface becomes 
desiccated and the regions of high activity 
become more dispersed. The cause of this 
pattern differs from that responsible for 
spatial variation in high light. During drying, 
high spatial variation in RETR is associated 
with uneven drying; it refl ects underlying 
biophysical changes in the distribution of 
plant water. The large and non- uniform 
spatial variation observed in RETR derived 
from chlorophyll fl uorescence studies should 
allow us to plan for sampling and measuring 
strategies in chlorophyll fl uorescence studies 
of bryophytes. When fiber- optic probes 
are used, suffi cient sampling should be 
performed to summarize variation as well as 
mean values.   

III.    3D Thermal Mapping 
of Bryophyte Canopies 

 As the previous section illustrates, imaging 
systems are able to evaluate physiological 
function in two dimensions. Similarly, cam-
era systems have been deployed in the fi eld 
to monitor the physiological state of  Tortula 
princeps  (= Syntrichia princeps ) during 
wet- dry cycles (Graham et al.  2006 ). With 
the development of new indices based on 
spectral refl ectance data in the visible and 
near- infrared spectrum, there is now the 
potential to track both water status (Water 
Index) and physiological stress (PRI) remotely 
using imaging systems (Gamon et al.  1997 ; 
Lovelock and Robinson  2002 ; Harris  2008 ; 
Ollinger  2011 ). However, canopies are three- 
dimensional and even 2D representations 
will be limited in their ability to develop an 
understanding of canopy-level functional 
integration. Recent developments in 3D 
rendering of canopy structure using laser 
scanning may be combined with 2D imaging 
to explore physiological function in three 

dimensions. Below, we provide a proof-of- 
concept using thermal imaging to map the 
temperature distribution within  Polytrichum 
commune  canopies. 

A.    Combining Thermal Imaging 
and 3D Laser Scanning 

 A 3D thermal imaging system was developed 
by combining a thermal imaging camera 
(FLIR i7, Boston, MA, USA) with 0.1 °C 
temperature resolution with a laser scanning 
system using an optical camera. In brief, the 
laser scanning system positions a plane of 
laser light perpendicular to the surface and 
the intersection between the canopy surface 
and the light is captured from the camera at 
an angle of 45° from the normal. Following 
transformation, the horizontal and vertical 
locations of all points along the intersection 
are determined. Coarse-scale patterns in 
canopy height were removed by using resid-
uals from a linear multiple regression using 
the axes of the horizontal plane as input. 
Following a scan, the apparatus was moved 
0.5 cm and a new scan was obtained. Ten scans 
allowed for the scanning of a 5 cm × 5 cm 
area of each sample. Details of the laser 
scanning system are described more fully in 
Rice et al. ( 2005 ). The system was constructed 
so that the two cameras could be positioned 
sequentially to view the sample from the 
same viewpoint, allowing for registration 
between images of each type. Image regis-
tration used the Turboreg plugin (Thévenaz 
et al.  1998 ) implemented in ImageJ (Abramoff 
et al.  2004 ). This brought the resolution to 
the minimum of the two images (120 × 120 
pixels for the thermal image). Final spatial 
resolution was 0.23 cm/pixel in the vertical 
plane and 0.12 cm/pixel in the horizontal 
plane. After registration, images from the 
laser scans were thresholded to identify 
the portion in the laser plane and those 
points were selected from the thermal image. 
Following transformation into Cartesian 
spatial dimensions, the data contain spatial 
coordinates and temperature distribution for 
over 500 points within the 5 cm × 5 cm 
canopy (Fig.  10.3 ).
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B.       Temperature Distribution 
in Polytrichum commune Canopies 

 We employed this system to explore differences 
in temperature distribution within canopies 
of  Polytrichum commune , collected in Saratoga 
County, NY, USA. The stem density of the 
sample was 1.8 stems/cm 2 . Samples were 
measured under laboratory conditions 
(25.5 °C, 10 % relative humidity) in still air 
as well as within an unconditioned fl ow gen-
erated by a fan (1.1 m/s average wind speed). 
Linear regressions were used to compare 
temperatures and heights within the canopy. 

 In still air, temperatures within the canopy 
ranged from 16.9 to 23.7 °C (19.9 °C mean, 
1.3 °C standard deviation). With 1.1 m/s wind, 
temperatures were depressed and ranged 
from 15.2 to 23.8 °C with a 18.1 °C mean 
and 1.9 °C standard deviation. Under both 
conditions, there was a signifi cant negative 

relationship with canopy height (Fig.  10.4a, b , 
p < 0.0001); however, they differed in their 
slopes and also in their explanatory power. In 
still air, the slope of the canopy height—tem-
perature relationship was signifi cantly 
more negative (−0.76 ± 0.04) than that in 
wind (−0.46 ± 0.10). Without wind, the linear 
model accounted for 24 % of variation in the 
data, whereas this was only 3 % with wind.

   Clearly, temperature variation within 
bryophyte canopies is high. Although some 
may be due to measurement error as there is 
coarse resolution of the thermal imaging sys-
tem used in this study, some is clearly related 
to evaporative cooling within bryophyte can-
opies, a phenomenon expected to be greater 
in the upper-canopy where boundary layers 
are thinner. The temperature ranges displayed 
are biologically signifi cant, particularly for 
water loss, as evaporation is a temperature-
dependent process. However, they are also 
signifi cant for respiratory rates as the Q 10  
(temperature coeffi cient) of respiration is 
often >2 and even above 4 in bryophytes 
(Davey and Rothery  1997 ; Uchida et al.  2002 ), 
and although photochemistry does not nor-
mally display a similarly dramatic response 
to temperature, Q 10  values can also be >2 for 
gross photosynthesis (Davey and Rothery 
 1997 ). Canopy photosynthesis models in 
bryophytes have only incorporated light and 
shoot-level acclimation responses (Zotz and 
Kahler  2007 ;    Rice et al.  2011a ,  b ), but not 
temperature differences that might impact 
shoot-level rates of net photosynthesis. 
Higher temperatures that allow for increased 
respiration together with low light in canopy 
interiors would further reduce the contribu-
tion of interior shoots to net carbon gain. 

 The approach described above provides 
suffi ciently resolved 3D temperature data 
to develop thermal models for bryophyte 
canopies. When combined with the biomass 
or shoot-area distribution within the canopy, 
shoot temperatures would allow  development 
of refi ned canopy-level evaporation and 
photosynthesis models. Indeed, the degree 
of integration experienced by shoots and 
branches within the canopy, especially of 
plant water status, affects whole-canopy 

  Fig. 10.3.    Image acquisition and processing for 3D 
rendering of canopy temperatures in  Polytrichum com-
mune . Thermal images are taken ( a ) and visible light 
images are obtained from the same point of view. 
Images show intersection with the orthogonal plane of 
laser light ( b ). Images from the two sources are aligned 
and the laser—canopy intersection is highlighted using 
thresholding. The coordinates from the two images are 
generated following transformation ( c ). These points 
are identifi ed in the thermal image, resulting in sur-
face temperatures for the points within the canopy ( d ). 
Temperatures are graphed as a function of height rela-
tive to the mean canopy height ( e ).       
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function (Rice  2012 ) and 3D thermal imag-
ing should allow a better understanding of 
this process. 

 In addition to thermal imaging, other 
imaging based physiological measurements 
are excellent candidates for use in 3D func-
tional studies and include measurements of 
spectral refl ectance to characterize indices 
that track water status or photosynthetic 
activity and 2D chlorophyll imaging systems 
as described in the fi rst section of this chap-
ter. Unfortunately, there are obstacles to 
developing these methods for 3D functional 
studies. Primarily, these approaches would 
be affected by changes in light intensity and/
or quality within the canopy. In the case of 
spectral readings, refl ectance from a shoot 
within the canopy interior is infl uenced by 
light absorption, transmission and refl ection 
from the shoots above. Consequently, it will 
be diffi cult to determine the refl ectance of 
the surface if the spectral quality of light fall-
ing on it is not well characterized. It might be 
useful to explore this problem using estimates 

of average spectral signatures within the 
canopy; however, we would have to investigate 
this further to determine if there is suffi cient 
information available here to understand the 
physiology of the system. Similarly, mea-
sures of chlorophyll fl uorescence parameters 
depend on saturating pulses and given the 
rapid attenuation of light within bryophyte 
canopies, the degree of saturation may affect 
interpretation of the measurements. In this 
case, trials can be run to determine whether 
or not saturation has been achieved (as were 
performed for the section described above) 
and measurements performed using empiri-
cally determined, saturating conditions.   

IV.    Light Dynamics in Virtual 
 Bazzania trilobata  Canopies 

 Physiological function within canopies also 
varies in the vertical dimension, which can 
be caused by temperature differences described 
above, but also by self-shading, gradients in 

  Fig. 10.4.    Temperature distributions within  Polytrichum commune  canopies. Relationships are shown in still air 
( a ) and under unconditioned 1.1 m/s wind ( b ) in laboratory conditions. Temperatures decline from the canopy 
interior to shoots that are above the mean canopy height with a more negative slope in still air (−0.76) than in 
wind (−0.46). Wind depressed overall temperatures and increased the variance.       
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plant water status, and the age and acclimation 
of photosynthetic tissues. Although average 
light attenuation profi les within bryophyte 
canopies appear well modeled by the Lambert-
Beer Law (van der Hoeven et al.  1993 ; Davey 
and Ellis-Evans  1996 ; Rice et al.  2011a ,  b ), 
there is high variability due to the non-
uniform distribution of shoot area within 
the canopy. For example, in wet samples of 
 Andreaea depressinervis , the coeffi cient of 
variation of local light intensity was 0.66 and 
0.95 at depths of 0.5 and 1.0 cm and was higher 
in dry shoots (Davey and Ellis-Evans  1996 ). 

 Computer simulations have been used to 
create virtual canopy models and explore 
the interaction between plant structure and 
light within canopies. These methods have 
performed well in studies of crops, landscaped 
systems and forest canopies (Soler et al.  2003 ). 
Due to the complexity of light in a plant can-
opy, which results from the interactions of 
refl ected, scattered, and transmitted light with 
individual elements (i.e., leaves, branches, 
shoot systems), computer simulation is a use-
ful way to explore light dynamics. Although 
never employed in bryophytes, this approach 
can enhance our understanding of the rela-
tionship between canopy structure and the 
absorption and extinction of light energy. This 
would help us improve canopy photosynthe-
sis models that arise from an understanding 
of light distributions within the canopy. 

 Simulating the interaction of light within 
plant canopies involves the intersection of two 
different elements: plant models and light 
models. The approach used in this chapter 
draws on the L-systems language and the 
PlantGL package developed by Pradal et al. 
( 2008 ) from the OpenAlea software suite to 
create the initial plant model; it models light 
within the plant model using the Caribu 
package, also from the OpenAlea software 
suite. 

A.    The Plant Model 

 Lindenmayer-systems, or L-systems, were 
initially developed as a mathematical theory 
to describe plant development, but they were 
soon extended into a fl exible plant modeling 
tool and remain widely used (Prusinkiewicz 

and Lindenmayer  1990 ; Prusinkiewicz  2000 ). 
L-systems are a type of formal grammar 
similar to context free grammars, except 
all of the steps are performed in parallel. 
L-systems are well-suited for modeling 
plant development because they model the 
modularity and self similarity of plants in 
ways that mirror patterns of plant growth. 
The liverwort species  Bazzania trilobata  was 
chosen for canopy modeling due to its broad 
geographic range, ecological importance in 
boreal forests and relatively simple branching 
morphology, allowing it to be modeled more 
easily than other more structurally complex 
bryophytes. 

 Shoot structure and distributions were 
based on morphological measurements from 
30 stems from two canopies collected in 
Rensselaer County, New York, USA, and 
measurements included: the height, width, 
depth, number of forks, angle of each fork, 
length to each fork, and length to shoot apices. 
The density of shoots on a ground area basis 
was also measured. Using morphological 
information, a structural model of  B. trilobata  
shoots was constructed using L-systems and 
a canopy was simulated by populating a 
surface with shoots at a specifi ed density. 
A custom set of L-system rules and an 
L-system generator were written for this 
project. The distribution of height, width, 
depth, and branch angle were incorporated 
into the individual shoot model using a nor-
mal distribution characterized by the means 
and standard deviations of the measured 
values. The plants were rendered using the 
PlantGL package of the OpenAlea software, 
a graphics package specializing in the visu-
alization of plant structures. 

 The resulting individual morphology gen-
erated by the L-system is shown in Fig.  10.5 . 
As the shoots grow, the lower parts senesce 
and these are not included in the model. 
Using multiple iterations of the model for 
individual  B. trilobata  shoots, a canopy was 
formed by generating plants and placing 
them at coordinates that matched the density 
of the naturally occurring specimens. Random 
variation was introduced along all three 
coordinate axes in order to produce a more 
realistic result. This canopy of plants was 
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then rendered using the PlantGL package. 
Due to the rules of the L-system used to gen-
erate the individuals, the proportion of each 
type of structure is the same in the computer- 
generated model as in the actual specimens.

B.       Simulating Light Within the Canopy 

 Light was modeled within the canopy by 
the nested radiosity algorithm (Chelle and 
Andrieu  1998 ), implemented by the Caribu 
package of the OpenAlea software suite. The 
Caribu package works by modeling the light 
source as a diffuse mass, in this case located 
directly above the sample. Each individual 
plant that makes up the canopy is modeled as 
a number of discrete triangles, with poten-
tially distinct properties of refl ectiveness. 
The ground is also modeled and assigned its 
own refl ectance properties. The simulation 
works by simulating rays of light from the 
source and, upon hitting each element, calcu-
lating how the light from that element affects 
all the other elements within a certain radius 
through refl ectance. More sophisticated models 
can also incorporate transmittance, but that 
was not implemented in this work. For distant 

elements beyond that certain radius, the original 
element is grouped with its neighbors and 
their effects are averaged together. 

 The Caribu simulation was performed on 
different modeled canopies, but the results 
were similar and only one is shown. The 
visual results of the simulation are shown in 
Fig.  10.6 . Light attenuation for the modeled 
canopies followed the same general pattern 
that is well described by the Lambert-Beer 
law adapted for bryophytes: I x  = I o  exp 
(−K · SAI x ), where I x  and I o  are the light 
intensities at some depth in the canopy, x, 
and at the surface, K is the light extinction 
coeffi cient and SAI x  is the shoot area index 
above point x, the surface area of shoots per 
ground area (cm 2 /cm 2 ). The apparent light 
extinction coeffi cient (K app ) was calculated 
following Zotz and Kahler ( 2007 ), which is 
the product of K and SAI x .

   The modeled results, in comparison with 
measurements of light attenuation within 
actual canopies, displayed a much more 
 dramatic decline in light penetration. The 
K app  was calculated for fi ve live canopies and 
for fi ve modeled canopies of the same shoot 
density and compared using a t-test. Mean 

  Fig. 10.5.    Virtual canopy model of  Bazzania trilobata . Some individual  B. trilobata  shoot morphologies 
constructed using L-systems to create individual shoots ( a ), which were used to populate a virtual  B. trilobata  
canopy created by seeding individual shoots at natural densities ( b ).       
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K app -value of the modeled canopies was 
signifi cantly higher than the mean K app -value 
of the actual measured canopies (P < 0.0001) 
indicating that light attenuated faster within 
the modeled canopies (Kapp = 2.7 +/− 0.1 
versus 1.3 +/− 0.2, means with standard devi-
ations). This is likely accounted for by two 
factors. First, as employed, the Caribu light 
model only allowed refl ected, but not transmit-
ted light within the canopy interior.  Bazzania 
trilobata  canopies are translucent and trans-
mitted light might penetrate more deeply 
within the natural canopy. Second, the orienta-
tion of the shoots is vertical and the modeled 
branches that record light levels within the 
canopy are at acute angles to direct light 
from above. This contrasts with a light probe, 
which was oriented parallel to the ground 
surface. Light energy distributed on a vertical 
surface will be reduced in intensity by a 
function of the sine of the angle. 

 Bryophyte canopy structure emerges from 
the interaction of leaf, branch and stem traits 
and experimentally determining the functional 
signifi cance of variation in these traits is often 
compounded by lack of suitable controls. 
As individual traits can be manipulated inde-
pendently, virtual canopy modeling may be a 
useful approach to understand form- function 

relationships in bryophyte canopies. Further 
work should employ this approach to explore 
how variation in shoot structure affects light 
dynamics and incorporate the light distribu-
tions that result into a photosynthesis model 
to learn more about canopy- level photosyn-
thetic processes within bryophytes.   

V.    Conclusions 

 Bryophytes present opportunities to further our 
understanding of canopy-level processes as 
whole canopies can be manipulated and evalu-
ated by adapting techniques developed for 
vascular plant leaves. However, as described 
in this chapter, many of the traditional 
approaches have not allowed investigators 
to study functional variation in either the 
horizontal or vertical planes. In the simplest 
terms, understanding the distribution, not 
merely the mean values of functional traits, 
can help us in improving quantitative models 
of bryophyte canopy performance, especially 
when aggregation or interactions lead to 
non-normal distributions of functional traits. 
At a more complex level, these approaches 
will allow investigations into the physiological 
causes of functional variation within canopies. 

  Fig. 10.6.    Distribution of light within  Bazzania trilobata  canopy. A light model implementing refl ected light 
shows the distribution of light within the canopy. Lighter colors ( red ,  yellow ) represent high light intensities and 
darker colors show lower intensity ( green ,  blue ).       
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For example, the capillary connection among 
shoots within a canopy varies among species 
and likely has important functional conse-
quences. In many weft species, distal branches 
are often observed to desiccate fi rst. Although 
this will reduce overall canopy photosynthe-
sis, the dry shoots create additional bound-
ary layer and prevent shoots in the interior 
from drying, allowing prolonged positive 
carbon uptake. This effect is only possible if 
capillary networks are not fully integrated. 
Species clearly differ in the degree of capil-
lary integration among shoots, which is 
affected by the size, shape and spacing of 
leaves, by paraphyllia, and by shoot density 
and architecture. Just as our understanding 
of gas exchange in vascular plant leaves has 
improved by investigations of the spatial 
dynamics of stomatal control on leaf sur-
faces (Leinonen and Jones  2004 ; Chaerle 
et al.  2007 ; Morison and Lawson  2007 ; Rolfe 
and Scholes  2010 ), similar spatial dynamics 
are important features of bryophyte canopies 
in both principal planes, yet there has been 
little interest in exploring these processes. 
The novel approaches outlined in this chapter 
may help with such investigations.     
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