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Abstract: 
Progress made in the first year of a 5-year project is reported.  Towards the first objective 
of providing relationships between tree height increment and light levels, growth 
measurements and hemispherical photos were taken for 30 Douglas-fir and western 
hemlock saplings.  Percent above canopy light (PACL) was estimated from the 
hemispherical photos and the relationship between height growth and PACL was appears 
consistent with expectations.  Further tree measurements and hemispherical photos will 
be taken.  Towards the second objective of evaluating model estimates of light and tree 
growth in real forests, light measurements made with mobile or fixed quantum sensors 
were compared with light estimates made by the TASS-tRAYci light model for a 
partially cut interior Douglas-fir stand.  For a single cloud-free day, model estimates 
show less spatial variation than do light sensor measurements.  Comparisons for full 
growing season light estimates and measurements will be made in fy05/06.  Further 
evaluation of the light model estimates will be done using the interior Douglas-fir stand 
as well as partially cut coastal Douglas-fir stands.  Visualisation of 3-dimensional PACL 
estimates has been enhanced by modification of the VISTAS computer programme.  This 
will help in the qualatative evaluation of light model PACL estimates and spatial patterns.  
Proposed future work will build on activities undertaken in the first year of this project as 
well as interact with other new and ongoing work undertaken by the BC Ministry of 
Forests Stand Development Modelling group.   
 
Introduction: 
 
Field performance of young forest trees in British Columbia has been related to their light 
environment (Carter and Klinka 1992; Chen 1997; Chen and Klinka 1998; Coates and 
Burton 1999; Drever and Lertzman 2001; Klinka et al. 1992; Mailly and Kimmins 1997; 
Mitchell and Arnott 1995; Wang et al. 1994; Wright et al. 1998). Survival and growth of 
understory trees, or trees adjacent to forest edges, can be substantially less than that of 
open-grown trees (Hansen et al. 1993; Mitchell 2001).  Reduced field performance of 
these trees at or near forest edges may have important negative consequences for future 



stand growth and yield.  This is particularly the case where partial cutting or variable 
retention harvesting systems are used as alternatives to traditional clearcut – single cohort 
forest management practices.  With partial cutting and variable retention harvesting, 
greater portions of regenerating stands are under the influence of residual stand trees.  It 
is, therefore, of practical importance to develop a means of predicting the forest growth 
and yield consequences of forest practices that result in more spatially complex stands. 
 
In British Columbia, a spatially explicit model used to estimate growth and yield for 
simple, single species and single cohort stands (i.e. the Tree and Stand Simulator [TASS] 
see http://www.for.gov.bc.ca/research/gymodels/TASS/ ; Mitchell 1975) is now being 
modified for use with more complex forest stands containing multiple species and/or 
cohorts.   In the new model (TASS-III), larger overstory trees exert a competitive 
influence on smaller (younger) understory trees by modifying the light available to the 
smaller trees, and hence affect their mortality and growth rates. 
 
Central to the development of TASS-III is the generation of predictive relationships 
between light, mortality, and growth for the economically important species in British 
Columbia, and, the development and linking of light models that can provide spatially 
explicit light estimates. 
 
I report here on progress made in the first year of a five-year project that has the 
objectives of (1) providing relationships between tree height increment and light levels, 
and, (2) evaluating model estimates of light and tree growth in real forests. 
 
Methods: 
Relationships between height increment and light 
 
The absorption of light, fixation of atmospheric carbon dioxide and conversion of fixed 
carbon to economically useful biomass is the fundamental biological basis of commercial 
forestry.  Stand level forest yield and individual tree growth very much depend on how 
much light is available to be absorbed by foliage.  For individual trees, it has been 
commonly observed that with increasing light tree growth increases, often resulting in an 
asymptotic relationship between growth and light.  
 
Research which reports relationships between tree growth and light generally use two 
approaches. Experimental approaches where young seedlings are planted in a variety of 
light environments typically found across the gradient of light that exists adjacent to 
stand-clearcut edges.  Alternatively, retrospective approaches have been used where older 
seedlings or saplings growing in a variety of local environments are selected and growth 
differences among these individuals are presumed to be due mostly to variation in their 
light environments.  The experimental approach has the advantage that because of the 
somewhat controlled nature of the experiment there is greater certainty that the tree 
growth differences observed are due to light variation.  The retrospective approaches 
have the practical advantage of being able to obtain data for larger trees without having to 
wait for young trees to grow.   
 



For this project, a retrospective approach has been used to generate relationships between 
tree growth and light.  This approach was selected for two reasons.  First, I have been 
involved with previous research that used an experimental approach, and second, while 
satisfied that experimental approaches are very appropriate, the time frame of this project 
is not sufficiently long nor are sufficient funds available to repeat earlier studies.  My 
hope is that data collected in this project will complement data collected in earlier 
studies.  
 
Characterisation of an individual tree’s light environment: For this project, available 
light approximately 1.5 m above ground line where saplings selected for growth 
measurement had been growing was determined by analysis of hemispherical photos.  
Photos were taken using a Nikon CoolPix E5400 digital camera equipped with a Nikor 
Fisheye converter (FC-9E) and 2x lens adapter. The digital images were taken in 
‘normal’ mode with an image size of 1024x780 pixels and with lens aperture and 
exposure speed determined by the camera auto focus feature.  All exposures were made 
when the sun was obscured by cloud.  Images were stored for subsequent analysis with a 
software programme (SLIM ; Comeau, Macdonald and Bryce 2003) used to estimate the 
percentage of above canopy light (PACL) received at that location over the course of an 
entire growing season.  All digital images are presently stored on Ministry of Forests 
computers at the Kalamalka Research Station in Vernon BC. 
  
Measures of tree growth:  For retrospective determination of tree growth in response to 
light environment I feel that it is important to so far as possible select measurement trees 
from environments where light availability could be reasonably expected to have 
influenced their growth.  The focus of effort over the 3-year period of this project will be 
on four tree species: Douglas-fir, western hemlock, lodgepole pine and interior spruce.  
For the first year, Douglas-fir and western hemlock saplings have been selected for 
measurement.  In choosing particular sites where trees are to be measured, attention was 
given to sites with locally uniform topography and soils and to sites which were expected 
to have mesic or average moisture and nutrient availability.  Additionally, site selection 
was made with a view to economising on travel and field related costs.  Initially, the field 
sites are in the BCMoF administrative area of the Southern Interior Region.   
 
The saplings selected for measurement have been chosen to ensure that trees growing 
over a wide range of light values are selected.  Typically these trees were selected 
growing along forest stand edges, in small stand gaps, in partially harvested stands, in 
clearcuts or under fully developed canopies.   Particular attention has been given to 
selecting saplings growing in situations where they receive from 5 to 50% PACL. As a 
target population for each species, 200 trees selected from 8 to 10 sites was my initial 
objective.  Based on my first year experience, this number was an ambitious objective 
and may change due to logistic considerations.   
 
In choosing a particular sapling for measurement, the saplings must meet the following 
criteria: 
• they will be chosen from situations where it can be judged that the light environment 

over the previous 5 to 10 years has not particularly changed.  They should be selected 



so that, where shaded, the shade is from overstory trees rather than from similar sized 
neighbour trees.  This requirement will allow present time PACL levels to be related to 
growth in previous years.  

• they must be free from evidence of disease, insect, animal and abiotic damage. 
• compared with adjacent neighbours they should represent the most vigorous trees 

analogous to top-height trees used in site index determinations. 
• they must not be selected from areas where growth limiting environmental features 

such as soil compaction, water excess/deficit, or recent disturbance could be expected to 
interact and/or confound effects of light on growth.   

•  It is appreciated that environmental factors affecting tree growth often interact and 
are confounded in natural settings, thus growth responses can not definitively be 
attributed to one factor, in this case light alone.  In practice, light is a surrogate 
environmental variable for competitive influence one tree might exert on another. 

 
Trees selected for measurement, were cut at ground level with a hand saw and then the 
following measurements made: total height the previous fall; height increment for current 
year and previous 5-years; branch increments for current year and previous 3- or 5-years 
for a representative 3-year-old and 5-year-old branches; main stem diameter at ground 
line, and in the middle of the 3-year-old and 5-year-old internode.. Stem disks cut at 
ground line and from the 3-year and 5-year internodes were taken and have been retained 
in –20C storage at the Kalamalka Research Station in Vernon BC.   The geographical 
location of the sample location as GPS co-ordinates for each tree has been was recorded.   
The cut-stump locations have been marked in the field with plastic flagging and the 
stumps marked with felt pen to allow re-location of the sample locations for a short (1-
year ?) period, if necessary.  Data is stored on computers at the BC Ministry of Forests 
Kalamalka Research Station in Vernon BC. 
 
Relationships between tree growth and light:  Data analysis will be undertaken by 
plotting height increment vs. PACL values for all trees of a species.  Non-linear 
regression models will be fit to either all the data, or, only those data representing 
‘boundary line values’ (Webb 1972).  The rationale for fitting boundary line relationships 
(rather than functions that represent all the data) is that light is only one of many factors 
affecting growth of trees thus variation is expected in relationships between height and 
PACL.  However, light is a limiting factor such that, at low light growth will be minimal 
even when other environmental factors are not at limiting levels.  At high light, growth is 
not limited by light, thus growth variation reflects other (unmeasured) factors and can 
vary from nil to maximum.  In practice, for 5-10% intervals over the 0-100% range of 
PACL values, the 90th percentile of growth is plotted and fitted with a non-linear 
(quadratic usually) function.  Normalised, this relationship becomes the scaling function 
for inclusion in TASS to modify the site index increment at each growth step when light 
levels within the model stand are calculated. 
 
Data collected in the first year of this project represent only a few trees, thus boundary 
line analysis has not been used to examine relationships in the data. 
 



Evaluation of light model performance 
 
A light model (tRAYci) developed by Brunner (1998) has been linked with TASS-III.  It 
can provide growing season estimates of available light (% of above-canopy light = 
PACL= transmittance) at any point within a 3-dimensional spatially explicit virtual stand 
modelled to represent a stem-mapped forest stand.  To date, we have collected light data 
in only a few stem-mapped stands that have also been represented as TASS stands.  Our 
initial focus was a simple stand edge between a 100+ year-old ICH forest and a small 
clearcut (Burton Creek Project).  The model estimates of light values across north and 
south facing stand-clearcut edges appeared to agree very favourably with short- and long-
term light measurements.  A second, more structurally complex interior Douglas-fir stand 
(Pothole Creek Project) has also been stem mapped and modelled.  Light values 
estimated along a 25m transect in this stand also appeared to correspond favourably with 
light data collected using a mobile TRAM system.   In a third stem mapped stand 
(Westwold Partial Cutting Trial), data collected was collected with the TRAM system 
and an array of fixed quantum sensors. 
 
TRAM System:  A Licor quantum sensor is mounted on a mobile cart that moves at a 
constant speed along wires over a 25-m distance.  Over the course of a single day, the 
cart moves back and forth along the distance collecting light data (photosynthetic photon 
flux density = PPFD) at 1-second intervals and recording these values for later analysis  
Based on timing the cart travel, for 20cm intervals along the TRAM distance, the light 
readings over the course of a day are used to characterise the light availability at that 
particular spot.  Data from a similar quantum sensor located in a large clearcut (open sky 
sensor) is used to convert the TRAM sensor readings into PACL values for an entire day.   
 
Fixed Quantum Sensors: At the Westwold site, an array of 16 Licor quantum sensors  
was set out in mid-June 2004.  These sensors record PPFD continuously and save hourly 
averages to data loggers for later analysis.  PACL values for an entire growing season 
will be determined relative to the open sky sensor for spatially specific locations within 
the stem mapped Westwold stand. 
 
TASS – tRAYci PACL estimates: The x-y location, diameter, height, height to base of 
live crown and species for all trees with diameters greater than 10cm have been 
determined for an approximately 200 x 200m area at Westwold BC.  A TASS virtual 
representation of this stand has been created and the tRAYci model run to provide 
growing season as well as specific day estimates of PACL at 1.5m above ground line.  
These PACL estimates for the virtual stand at Westwold are used for comparison with 
real PACL values measured with the TRAM or fixed quantum sensors. 
 
Results: 
Relationships between height increment and light 
 
For the first year of this project a total 24 interior Douglas-fir and six western hemlock 
trees have been selected and measured.  All 24 Douglas-fir trees have had representative 
hemispherical photos taken and analysed.  Hemispherical photos have not been taken for 



the western hemlock trees.   The Douglas-fir were selected at three sites (Mara lake; 
Craigalachie; Fiddlesticks) and the western hemlock at one site (Craigalachie).  An 
additional site for both species has been selected near Nakusp, but no trees have been 
measured.  Several days of field touring revealed that finding suitable locations and 
subject trees was substantially more difficult that initally expected.   Most larger saplings 
(5m or so) growing adjacent to stand edges are also growing with faster growing 
deciduous trees who have caused the local light environment to vary in the subject trees 
recent history.  Additional Douglas-fir and western hemlock trees will be sought in the 
summer of 2005 for measurement and hemispherical photography.  Interior spruce and 
lodgepole pine will be the subjects of study for summer 2006.  Collaborations with other 
projects (STEMS near Campbell River and Roberts Creek near Gibsons) will be 
undertaken to obtain data for light and tree growth.  Field tours to both these coastal 
study sites were undertaken in fy 2004/05.  Stem map data was collected at Roberts 
Creek an will be used to generate a TASS virtual stand for future light model testing. 
 
The initial results for Douglas-fir (Figure 1) suggest that I have been reasonably 
successful in selecting subject trees over fairly wide range of light environments (26 –85 
% PPFD or PACL).  Further, the relationship between 5-year height increment and light 
for these trees (heavy blue line ) is similar to the boundary line relationship observed at 
Burton Creek (thin red line) in an experimental approach.  In the present study the trees 
are generally older and larger than those in the Burton Creek study. The apparently more 
negative effect on growth at lower light values may represent an interaction between tree 
size and light level where larger trees may require higher light levels to maintain similar 
growth rates.  As there are data for too few trees to generate a boundary line, further 
comparison of data will be reported in future reports. 
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Figure 1. Five year height increment (% of maximum) of 25 Douglas-fir saplings vs. percent
 above canopy light (%PPFD) estimated from hemispherical photos.  Solid circles are observed
data and solid triangles (with line) are predicted values.  Predicted values are the height increment
for the tallest 90% percentile of young trees based on observations at Burton Creek.  

 



Evaluation of Light Model estimates. 
 
TRAM Data: On two completely cloud-free days (July 27 and 28, 2004) the TRAM was 
run at the Westwold site.  The PACL values along the TRAM (Figure 2) for the period 
8:30 to 18:00 show that the light levels are generally low (0.2 to 0.4 PACL) but that here 
is some variation along the TRAM path.   
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Figure 2. Light levels at 1.5m above ground line in a partially cut Douglas-fir forest 
measured with a mobile quantum sensor along the TRAM (solid line), with fixed 
quantum sensors (solid circles) or estimated using the TASS-tRAYci light model (small 
scattered points).  PACL determined as PPF of sensors / PPF of open sky sensors for July 
27, 2004. 
 
Fixed Quantum Sensor Data:  The array of 16 fixed quantum sensors was installed at 
Westwold in mid-June 2004.  Data was downloaded several times from the data logger, 
but for the last download date a technical problem prevented the data from being down 
loaded correctly.  Unfortunately this problem was not discovered until the site became 
inaccessible, thus present results are limited to a period up until the end of July.  The 
missed data will be recovered and transferred to storage at the Kalamalka Research 
Station when the data loggers are serviced in late April 2005.  For illustrative purposes, 
the light data for a single day (July 27, 2004) for each of the 16-sensors is shown in 
Figure 3.  For this cloud-free day when daily PPF was 58.3 umol/m2, the PACL values 
for the sensors varied from 0.04 to 0.30. (PACL= sensor daily PPF / daily open sky PPF)   
The PACL values for two of the fixed sensors that were along the path of the TRAM are 
shown as solid circles in Figure 2.   
 
Note that PACL values for the fixed sensors included data for the entire day, whereas 
PACL values for the TRAM only cover the period 8:30 to 18:00. 



 
PPFD at Westwold - July 27 and 28, 2004
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Figure  3.  Hourly average PPFD (umol/m2/s) data for July 27 and 28, 2004 for fixed 
quantum sensors in Plot 5 and open sky sensor at Westwold BC.  PACL values indicated 
for each sensor and are calculated as PACL = sensor daily PPF / open sky daily PPF.  
Open sky PPF was 58.3 mol photons / m2.  



PPFD at Westwold - July 27 and 28, 2004
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Figure  3 (continued).  Hourly average PPFD (umol/m2/s) data for July 27 and 28, 2004 
for fixed quantum sensors in Plot 6 and open sky sensor at Westwold BC.  PACL values 
indicated for each sensor and are calculated as PACL = sensor daily PPF / open sky daily 
PPF.  Open sky PPF was 58.3 mol photons / m2. 



 
TASS-tRAYci Model Estimates: For July 27 using the TASS virtual forest generated 
from the stem map of the Westwold study area, estimates of PACL at 1.5m above ground 
level were generated (Figure 4).  The TASS model represents virtual trees as opaque 
paraboloids having leaf area density of an arbitrary value (2 in this case).  In calculating 
the PACL for a specific 3D point in the model, light interception by numerous ‘rays’ 
which reach those points is determined.  The model permits the number of rays to vary, in 
this case rays were considered at a 1-degree frequency over a 360-degree radius and a 
180-degree azimuth.   
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Figure 4. PACL patterns in Plot 5 at Westwold.  Trees with diameters greater than 10cm 
are indicated with green circles. 
 



The TASS-tRAYci light model estimates for PACL (Figure 2) show very little variation 
along the TRAM line on July 27.  Also, the PACL estimates were higher than either those 
calculated for the TRAM or fixed quantum sensors.   It is unclear the reason(s) for the 
somewhat homogenous light levels along the TRAM line.  Possible reasons may include: 
assumptions within the model regarding the open sky or above canopy light levels;  the 
model representation of virtual trees as opaque objects rather than as having branches;or, 
assumptions regarding the total height and height to live crown which were made for only 
a sample of trees and estimated for others.   Likewise, it may be simply that the variation 
in actual light in this partially cut Douglas-fir forest is not sufficiently large enough to be 
reasonably predicted using the TASS-tRAYci model.  Further more detailed evaluation of 
the light model estimates will be undertaken.     
 
Discussion: 
 
Retrospective data relating tree growth and light environment over a range of available 
light levels for Douglas-fir saplings appears to provide relationships of a similar 
asymptotic form as observed in other studies.  Location of suitable measurement trees 
was found to take more time than expected.  This, combined with the need to share 
photographic equipment with other studies, meant only 30 trees were measured in the 
first year of this 5-year project.  Funds to purchase a new camera system will reduce the 
equipment scheduling limitation.  Further field- work is planned for the 2005 field 
season.  The retrospective approach appears to produce reasonable data (conforms to 
expectations) justifying continuing the approach.  
 
Data from mobile (TRAM) and fixed quantum sensors in a partially cut interior Douglas-
fir stand near Westwold has been compared with single day PACL estimated using the 
TASS-tRAYci light model.   The single day results suggest the light model estimates are 
less spatially variable compared with the data along the 25m TRAM line.  Longer-term 
data from the fixed quantum sensors will be downloaded from field data loggers shortly 
and will be used for comparison with full growing season estimates.  Further examination 
of the TASS-tRAYci model representation of the Westwold stand will be undertaken. 
 
A future study site (Roberts Creek) has been stem mapped and the data will be used to 
develop a TASS virtual representation of this partially cut (dispersed retention) coastal 
Douglas-fir stand.  Interaction will continue with studies underway at the STEMS project 
near Campbell River where tree growth of a variety of coastal species in a range of light 
environments is being examined. 
 
Conclusion and Management Implications: 
 
Results from this project will be closely linked with other on-going studies aimed at 
developing the BCMoF TASS-lll model for more complex forest stands.  Forest 
management toots (models) for complex forests remain a practical priority for the MoF 
and forest industry. 
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